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RESUMEN AMPLIO 

 

El estrés es una respuesta fisiológica y adaptativa del organismo a las 

condiciones ambientales y cada individuo lo enfrenta de manera diferente. A 

corto plazo, puede ayudar a alcanzar objetivos y muy probablemente nos 

proporcione placer o eustress (de la palabra griega eu, que significa bueno) 

(Selye, 1975). Sin embargo, cuando el estrés se torna crónico y la respuesta 

hormonal al estrés se prolonga y persiste en el tiempo, aparecen síntomas 

nocivos para el organismo (Satsangi y Brugnoli, 2018; Sarjan y Yajurvedi, 

2018). Pueden sobrevenir diversas dolencias físicas como dolor en diferentes 

partes del cuerpo, acidez estomacal, diarrea, así como el desarrollo de otras 

patologías como el síndrome del intestino irritable, reacciones cutáneas, 

fatiga, hipertensión, dificultades respiratorias y mareos, etc. (Bennett et al., 

1998; Konturek et al., 2011; Liu et al., 2017). Además de las consecuencias 

sobre la salud física, numerosos estudios han demostrado la relación entre el 

estrés crónico, la función cognitiva y la salud mental (véase la revisión de 

Marin et al., 2011). 

Nuestro entorno social es cambiante y complejo y demanda lidiar 

persistentemente con diferentes tipos de estresores por lo que puede afectar a 

nuestro equilibrio y bienestar (Pearlin, 2010; Pearlin et al., 2005). Está 

extensamente documentado que una de las principales fuentes de estrés 

emana de la interacción social (Tough et al., 2017; Sánchez-Salvador et al., 

2021; Miller y Kirschbaum, 2019), es decir, de los problemas o peleas que 

surgen entre compañeros y superiores, con vecinos, entre los propios amigos 

o dentro del hogar. Por esta razón, el estrés social influye significativamente 

en la incidencia de diversas enfermedades mentales, incluyendo el desarrollo 

de conductas adictivas (Atrooz et al., 2019; Koo y Wohleb, 2021; Cattaneo y 
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Riva, 2016).  La literatura científica muestra que en modelos animales las 

experiencias de estrés social inducen un incremento en la respuesta reforzante 

de las drogas y facilitan la reinstauración de la búsqueda de la droga tras 

periodos de abstinencia en paradigmas como el condicionamiento de la 

preferencia de lugar (CPL) (Montagud-Romero et al., 2018) o la 

autoadministración de drogas (Rodríguez-Arias et al., 2016, 2017). Las 

consecuencias del estrés se reflejan en diversos sistemas cerebrales, entre los 

que podemos destacar el sistema dopaminérgico mesolímbico (Tielbeek et al., 

2018; Li et al., 2016; Vaessen et al., 2015; Bonapersona et al., 2018), en los 

que se observan cambios epigenéticos y neuroplásticos y alteraciones 

estructurales y funcionales a largo plazo (Turecki y Meaney, 2016; 

Montagud-Romero et al., 2016; Park et al., 2019).  

Como ya hemos señalado, el estrés social crónico influye 

negativamente en todas las etapas del proceso adictivo o trastorno por 

consumo de sustancias (TCS), según la terminología del DSM-5. Es decir, el 

estrés facilita la adquisición y el mantenimiento del consumo de drogas, 

promueve la escalada (abuso) y, después de un período de abstinencia o 

desintoxicación, puede inducir la recaída en el consumo de drogas (George et 

al., 2012; Zorrilla et al., 2014; Koob y Schulkin, 2019). Así pues, al desarrollo 

del TCS contribuye de forma esencial el intento del individuo de limitar los 

estados afectivos negativos y los síntomas relacionados con el estrés durante 

la abstinencia a corto plazo o prolongada y, a su vez, estos periodos de 

abstinencia pueden en sí mismos promover una respuesta fisiológica y 

psicológica de estrés (Koob y Schulkin, 2019). De hecho, el TCS presenta 

una alta comorbilidad y prevalencia con el estrés crónico, el estrés traumático 

o el trastorno de estrés postraumático (TEPT) (Saunders et al., 2016; Tiet y 

Moos, 2021; Leconte et al., 2022). Desde una perspectiva neurocientífica, la 
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adicción es una enfermedad crónica caracterizada por la pérdida de control en 

el consumo de una sustancia adictiva y, por lo tanto, daña gravemente el 

funcionamiento humano en todas sus facetas (Zou et al., 2017). El origen es 

multifactorial, por lo que participan factores predisponentes tanto ambientales 

como biológicos (Karila, & Benyamina, 2019). En el contexto social, las 

experiencias estresantes se consideran factores de riesgo ambientales que 

interaccionan con los factores biológicos promoviendo un incremento en la 

vulnerabilidad a desarrollar un TCS (Cadet et al., 2016). Por todo ello, resulta 

fundamental desarrollar estrategias que permitan controlar el impacto del 

estrés crónico sobre la vulnerabilidad a desarrollar dicha enfermedad. 

En este sentido, existe un interés creciente en los últimos años en el 

fenómeno de la resiliencia, entendida como la capacidad de un individuo para 

enfrentarse y superar un evento traumático o un período de dificultad 

(Earvolino-Ramirez, 2007; Garcia-Dia et al., 2013; Johnson et al., 2017; 

Babic et al., 2020). Popularmente hay varios términos para definir la 

resiliencia, pero todos tienen el mismo significado que incluye la capacidad 

de permanecer de pie después de la dificultad, la elasticidad, la firmeza o la 

robustez y la lucha. Ser resiliente sería como estar constituido de material 

flexible que vuelve a su forma original después de haber sufrido un daño 

externo. Desde un punto de vista científico, la resiliencia es la capacidad que 

presentan la mayoría de los individuos para mantener un funcionamiento 

psicológico y físico adaptativo, y evitar así la aparición de enfermedades 

mentales cuando están expuestos a altos niveles de estrés (Charney, 2004).  

Lo opuesto a la resiliencia sería fundamentalmente la susceptibilidad a los 

problemas, pero también a los riesgos, así como una fuerte vulnerabilidad, 

sensibilidad y tristeza, que se agravan a través del estrés. La resiliencia en sí 
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representa la resiliencia mental. Se trata de encontrar la propia fuerza para 

afrontar las adversidades de la vida, las crisis más o menos fuertes, que a 

menudo afectan la propia integridad física o psicológica. De alguna manera 

la resiliencia sería equivalente a nuestro sistema inmunológico mental, es 

nuestro medio y nuestra herramienta para manejar despidos, separaciones, 

duelos, disputas y otros problemas sistémicos, así como los trastornos 

relacionados con el estrés, el agotamiento, la depresión, etc. La mejor parte 

de la resiliencia es que permite a las personas crecer a través de los desafíos 

y las prepara para los próximos potenciales contratiempos.  

Hasta hace poco tiempo el estudio de la resiliencia ha sido primordialmente 

fenomenológico, pero en los últimos años se han comenzado a identificar las 

características psicológicas y biológicas de las personas resilientes, es decir 

aquellas que no desarrollan enfermedades mentales como la depresión o el 

TEPT tras la exposición al estrés. El concepto de resiliencia ha implicado un 

cambio de paradigma en los campos de la medicina y la psicología, ya que se 

centra en los factores que mantienen la salud y promueven el bienestar en 

lugar de centrarse en los factores de vulnerabilidad a la enfermedad. En el 

caso de la adicción a las drogas la mayoría de las investigaciones ha tenido 

como objetivo identificar los factores individuales y ambientales que 

aumentan la susceptibilidad de un sujeto a la drogadicción. La incorporación 

del estudio de la resiliencia, como un constructo complejo y 

multidimensional, nos permitirá desentrañar los rasgos neuroconductuales 

que confieren protección contra el desarrollo de un trastorno adictivo tras la 

exposición a eventos estresantes o traumáticos, así como los sustratos 

neurobiológicos subyacentes a esta resiliencia. Los estudios realizados en la 

última década sobre la neurobiología de la resiliencia a desarrollar trastornos 

mentales, aunque están todavía en una fase inicial, han permitido identificar 
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factores genéticos, epigenéticos, moleculares, neuroquímicos, psicológicos y 

ambientales que protegen a los individuos de desarrollar depresión o TEPT 

(Averill et al., 2018; Baratta y Maier, 2019; Osório et al., 2017; Calpe-López 

et al., 2022a; al'Absi, 2020). En la actualidad, la resiliencia se considera un 

proceso activo y dinámico que puede potenciarse para permitir que los 

individuos se adapten positivamente a un contexto estresante que, en otro 

caso, podría aumentar el riesgo de desarrollar un trastorno psiquiátrico. Esta 

concepción ha estimulado la realización de estudios centrados en factores de 

protección específicos y en cómo pueden manipularse los mecanismos 

neurobiológicos que subyacen a la resiliencia a desarrollar trastornos del 

estado de ánimo y de ansiedad (eje hipotálamo-pituitario-adrenal, GABA, 

serotonina, glutamato, dopamina, noradrenalina, acetilcolina, 

endocannabinoides, BDNF, hipocretina, NPY, galanina, etc.) para aumentar 

la resiliencia al estrés en individuos de alto riesgo y así prevenir el desarrollo 

de trastornos psiquiátricos relacionados con el estrés (Faye et al., 2018; 

Srinivasan et al., 2013; Averill et al., 2018; Albrecht et al., 2021; Stainton et 

al., 2019). Estos estudios sobre resiliencia, al igual que los que componen la 

presente tesis doctoral, pueden servir de base para la búsqueda de nuevas 

dianas terapéuticas para la adicción a las drogas. 

Como ya se ha mencionado, tras la exposición al estrés, algunos 

humanos desarrollan un trastorno psicopatológico, como la depresión o la 

ansiedad, mientras que otros son resilientes a dichos efectos. Los modelos 

animales son necesarios para comprender los diferentes aspectos de la 

resiliencia humana, así como los sustratos neurobiológicos o conductuales 

que subyacen a la resiliencia a desarrollar trastornos mentales tras la 

exposición a estrés. Los trastornos mentales son complejos y multifactoriales 

y afectan a muchos aspectos de la vida humana; por tanto, ningún modelo 
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animal puede imitar la complejidad de los trastornos humanos. Sin embargo, 

los modelos animales son útiles para simular algunos de los síntomas 

psiquiátricos (Harris, 1989) o dimensiones conductuales que caracterizan un 

trastorno (Frazer y Morilak, 2005). Tras la exposición al estrés crónico, 

algunos animales desarrollan síntomas similares a los de la depresión y la 

ansiedad y otras alteraciones conductuales (animales susceptibles o 

vulnerables), mientras que otros muestran una clara resistencia a, al menos, 

algunas de las secuelas desadaptativas del estrés (animales resilientes). 

Además, los modelos animales también contribuyen a nuestra comprensión 

de los mecanismos que subyacen al desarrollo de la resiliencia, como los 

efectos terapéuticos de la inoculación del estrés (Ayash et al., 2020). De la 

misma forma, la investigación preclínica ayuda a comprender en mayor 

profundidad los efectos reforzantes de las drogas y, en última instancia, 

contribuye a mejorar el bienestar de las personas afectadas por un TCS. La 

mayoría de experimentos sobre resiliencia al estrés en animales 

experimentales utilizan el modelo denominado estrés por derrota social (DS) 

repetida o crónica. Este es un modelo con gran relevancia etológica, ya que 

como hemos comentado anteriormente, la forma más común de estrés 

experimentada por los seres humanos proviene de su ambiente social. 

Además, el modelo posee validez aparente para modelar la sintomatología de 

los trastornos relacionados con el estrés, como el TEPT y la depresión. En 

este modelo, tras exponer a los animales a la DS se realiza una prueba de 

interacción social observándose dos respuestas conductuales fenotípicas: 

evitación social prolongada (característica de los animales que desarrollan 

sintomatología de depresión o TEPT), o interacción social normal 

(característica de los animales resilientes). En nuestro laboratorio hemos 

demostrado también que la DS repetida es un modelo animal útil para estudiar 
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la influencia del estrés sobre los efectos reforzantes de drogas como la cocaína 

(Montagud-Romero et al., 2016, 2017; Rodríguez-Arias et al., 2017), el 

alcohol (García-Pardo et al., 2016; Rodríguez-Arias et al., 2016) y el MDMA 

(García-Pardo et al., 2015).  

El principal foco de interés en la presente Tesis es estudiar la 

resiliencia a desarrollar un trastorno por consumo de cocaína tras la 

exposición a estrés. Para ello utilizamos modelos animales de estrés social (la 

DS repetida intermitente, DSRI) y de efectos reforzantes de las drogas (el 

CPL), ya que en estudios previos hemos demostrado que la exposición a 

DSRI incrementa los efectos reforzantes de la cocaína en el CPL (García-

Pardo et al., 2019; Calpe-López et al., 2020). Nuestro objetivo es identificar 

a los animales resilientes a este efecto de la DSRI, caracterizar su 

comportamiento tras el estrés, estudiar si existe una relación con la resiliencia 

a otros trastornos mentales y encontrar manipulaciones ambientales que 

permitan potenciar la resiliencia de los animales. Desde un punto de vista 

traslacional es importante ampliar el estudio de la resiliencia como una pieza 

importante para desarrollar intervenciones que la mejoren y potencien, 

permitiendo a los individuos hacer frente al estrés social de una forma más 

eficaz, con el fin de prevenir el desarrollo de la adicción y otros trastornos 

mentales relacionados con el estrés. 

Para alcanzar nuestros objetivos, primero caracterizamos el perfil conductual 

de los ratones adultos resilientes a los efectos a largo plazo de la DSRI sobre 

el CPL inducido por cocaína (Estudio 1, ver Anexo). Después, estudiamos 

la potenciación de los mecanismos de resiliencia mediante los efectos 

protectores del ejercicio físico voluntario (Estudio 2, ver Anexo). A 

continuación, evaluamos la hipótesis de inoculación del estrés mediante 
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diferentes procedimientos como una breve separación maternal (Estudio 3, 

ver Anexo), la exposición a un estrés por inmovilización, la exposición a una 

sola derrota social o la visualización de una derrota social (DS vicaria) en la 

adolescencia (Estudio 4, ver Anexo). Por último, pretendimos confirmar si 

el perfil conductual de resiliencia descrito en el primer estudio también era 

aplicable a los animales resilientes expuestos a la DSRI durante la 

adolescencia temprana (Estudio 5, ver Anexo).   

En el primer estudio, para caracterizar el perfil conductual de los 

ratones resilientes a los efectos de la DSRI, se utilizaron dos grupos de 

animales. El primero fue expuesto a un procedimiento de DSRI durante la 

adolescencia tardía, que consistió en cuatro encuentros agonísticos (separados 

por intervalos de 72 h, en los días postnatal (DPN) 47, 50, 53 y 56) con un 

ratón aislado (OF1), que resultó en la derrota del animal experimental (grupo 

DSRI). Cada episodio duró 25 minutos y constaba de tres fases, que 

comenzaban con la introducción del ratón experimental (intruso) en la jaula 

del oponente agresivo (residente) durante 10 minutos. Durante esta fase 

inicial, el intruso estaba protegido de los ataques por una rejilla metálica, que 

únicamente permitía la interacción a distancia y las amenazas del residente 

agresivo. A continuación, se retiraba la rejilla metálica de la jaula y tenía lugar 

la confrontación entre los dos ratones durante 5 minutos. En la tercera fase, 

se introducía la rejilla metálica de nuevo en la jaula para separar a los dos 

animales durante otros 10 minutos. De esta forma todos los ratones 

experimentales fueron derrotados por el oponente agresivo. El segundo grupo 

(control no estresado) se sometió al mismo protocolo, pero sin la presencia de 

un ratón "residente", por lo tanto, sólo realizaba la exploración de la jaula 

(grupo EXPL).  
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Entre las 24-48 horas después del último episodio de derrota (DPN 57 y 58), 

todos los animales realizaron una serie de pruebas conductuales: el laberinto 

elevado en cruz (LEC), que mide los niveles de ansiedad del animal; el Hole-

Board que evalúa la búsqueda de novedad; y las pruebas de interacción social, 

suspensión de la cola y el Splash Test, que permiten detectar sintomatología 

depresiva (Para más detalle véase el apartado 3. Material y Métodos). Tras 

un intervalo de 3 semanas, todos los ratones se sometieron al paradigma de 

CPL con una dosis subumbral de cocaína (1 mg/kg). En los DPN 77, 78 y 79 

realizaron la fase de pre-condicionamiento (Pre-C). En este periodo los 

animales exploraron libremente los dos compartimentos que conforman el 

aparato y se registró el tiempo que pasaba en cada uno de ellos durante 15 

minutos. Los animales que mostraban una fuerte aversión o preferencia 

incondicionada por un compartimento fueron excluidos del estudio. En los 

DPN 80, 81, 82 y 83 realizaron cuatro sesiones de condicionamiento (C1-C4) 

recibiendo 1 mg/kg de cocaína o solución salina antes de ser confinados 

durante 30 minutos en el compartimento asociado a la droga o de la solución 

salina, respectivamente. Finalmente, en la fase de post-condicionamiento 

(Post-C) en el DPN 84, los animales podían explorar de nuevo libremente los 

dos compartimentos durante 15 minutos. De esta forma evaluamos los efectos 

reforzantes condicionados de la cocaína, es decir, el valor positivo que habían 

adquirido las claves ambientales asociadas a esta droga.  

Los resultados mostraron que la exposición a DSRI induce ansiedad ya que, 

en comparación a los controles, los ratones derrotados mostraron una 

reducción en todas las mediciones relacionadas con los brazos abiertos del 

LEC (excepto en la latencia). Además, la DSRI redujo la interacción social, 

la inmovilidad en la prueba de suspensión de la cola (TST) y el acicalamiento 

(grooming) en el Splash Test. La exposición a la DSRI también aumentó la 
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sensibilidad de los ratones a los efectos reforzantes condicionados de la 

cocaína, ya que sólo el grupo de animales derrotados mostró CPL tras el 

condicionamiento con 1 mg/kg de cocaína, una dosis que fue inefectiva en el 

grupo control no expuesto a estrés. Sin embargo, en el grupo de animales 

derrotados se distinguieron dos subgrupos, uno vulnerable a los efectos a 

largo plazo de la derrota sobre el refuerzo inducido por cocaína (que 

desarrolló CPL) y otro subgrupo resiliente que se comportó como el grupo 

control y por tanto no mostró CPL. Varios rasgos conductuales se 

relacionaron con la resiliencia al efecto potenciador de la DSRI sobre el CPL 

de cocaína. Los ratones resilientes mostraron menos sumisión durante los 

episodios de derrota, un menor porcentaje de tiempo en los brazos abiertos en 

el LEC, una baja búsqueda de novedad, una alta interacción social, una mayor 

inmovilidad en el TST y una mayor frecuencia de acicalamiento. Estos 

resultados sugieren que el perfil conductual de los ratones derrotados se 

caracteriza por una respuesta de afrontamiento activa durante los episodios 

de derrota (menos sumisión), una mayor preocupación por los peligros 

potenciales en entornos desconocidos (LEC y hole-board), una menor 

reactividad en una situación de estrés moderado (test de suspensión de la cola) 

y menos síntomas de tipo depresivo (splash test) tras el estrés. Por tanto, los 

resultados de este primer estudio ponen de manifiesto que varios rasgos 

individuales contribuyen a la resiliencia de un sujeto a las consecuencias 

negativas del estrés social (déficit de interacción social, anhedonia y mayor 

sensibilidad a las drogas). Desde un punto de vista traslacional nuestros 

resultados apoyan la observación del mundo real de que no todos los 

individuos expuestos al estrés social durante la adolescencia tardía padecen 

posteriormente trastornos mentales. Es importante identificar las 

características individuales que predicen la vulnerabilidad o resiliencia al 
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estrés para desarrollar estrategias dirigidas a incrementar la resiliencia de los 

sujetos más vulnerables a los efectos del estrés.  

En el segundo estudio para evaluar si la exposición a ejercicio físico 

podía inducir una potenciación de los mecanismos de resiliencia, utilizamos 

cuatro grupos de animales. Dos grupos tenían acceso voluntario a ruedas de 

actividad durante la adolescencia temprana (DPN 21-47) durante una hora 

tres días por semana. Posteriormente, en los DPN 47, 50, 53 y 56, uno de estos 

grupos fue expuesto a estrés por DSRI (grupo ACT+DSRI) y el otro grupo 

sólo realizó exploración (grupo ACT+EXPL), siguiendo la misma 

metodología descrita anteriormente en el primer estudio. Otros dos grupos no 

fueron expuestos a actividad física y posteriormente (DPN 47, 50, 53 y 56) 

uno experimentó la DSRI (grupo CONTROL+DSRI) y el otro solo la 

exploración (grupo CONTROL+EXPL). Cabe señalar que el grupo en el que 

se expone al animal a un determinado ambiente o procedimiento (como la 

actividad física en este caso) sin posterior exposición a la DSRI es muy 

importante porque de este modo se evalúa si el procedimiento empleado 

afecta por sí mismo a las pruebas conductuales o al desarrollo del CPL 

inducido por cocaína. A continuación, los cuatro grupos realizaron la batería 

de pruebas conductuales descritas anteriormente en el primer estudio en el 

DPN 57-58 y a las tres semanas el CPL con 1 mg/kg de cocaína. Los 

resultados principales de este segundo estudio fueron que la exposición a 

ejercicio físico voluntario durante la adolescencia temprana evitó las 

consecuencias negativas del estrés social en el LEC, en el splash test y en el 

CPL de cocaína, ya que el grupo bajo condiciones de estrés que había 

realizado ejercicio físico (ACT+DSRI) no mostró sintomatología de ansiedad 

o depresión ni la potenciación de los efectos reforzantes condicionados de la 

cocaína observados en el grupo de animales derrotados sin ejercicio físico 
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previo (CONTROL+DSRI). Sin embargo, la exposición a actividad física no 

previene el déficit de interacción social provocado por la DSRI. Por ello, 

nuestros hallazgos apoyan la idea de que la actividad física promueve la 

resiliencia a algunos efectos negativos de un estrés social posterior y 

representa una excelente herramienta para la prevención del abuso de drogas 

u otros trastornos mentales relacionados con el estrés.  

El fenómeno de la inoculación del estrés consiste en que la exposición 

de los sujetos a una situación de bajo nivel de estrés y a ser posible, 

controlable por el individuo, disminuye la respuesta desadaptativa a futuras 

exposiciones al estrés. En este sentido, nuestro tercer estudio consistió en 

separar a los ratones de la madre en edad temprana (DPN  9) por un corto 

período de tiempo (6 horas), mientras que los animales del grupo control se 

desarrollaron normalmente. Más tarde, siguiendo la metodología descrita en 

los estudios anteriores, evaluamos si este estrés agudo durante la infancia 

dotaba a los animales de una mayor resiliencia al estrés inducido por la derrota 

en la adolescencia tardía. Por tanto, se emplearon cuatro grupos de animales, 

dos expuestos a separación maternal (SM+DSRI y SM+EXPL) y dos 

controles sin separación maternal (CONTROL+DSRI y CONTROL+EXPL). 

Los resultados de este estudio mostraron que, independientemente de si la 

separación maternal había tenido lugar o no, se observó una reducción en las 

medidas de brazos abiertos en el LEC (excepto la latencia), de la búsqueda de 

novedad y de la interacción social en los ratones que experimentaron derrota 

(SM+DSRI y CONTROL+DSRI). Sin embargo, sólo se observó una mayor 

latencia de acicalamiento y una adquisición del CPL inducido por cocaína en 

los ratones expuestos únicamente a derrota (CONTROL+DSRI). Estos 

resultados indican que un episodio de SM previene algunos efectos de la 

exposición a la DSRI en la adolescencia tardía, como son la aparición de 
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sintomatología depresiva y la potenciación del CPL inducido por la cocaína. 

Sin embargo, la SM no modificó el comportamiento de evitación social y de 

ansiedad inducido por la DSRI. Por tanto, estos resultados sugieren que la 

inoculación contra el estrés en una etapa temprana de la vida mediante un 

breve episodio de SM aumenta la resiliencia posterior a algunos de los efectos 

negativos del estrés por DSRI, ya que evita el desarrollo de comportamientos 

depresivos en ratones derrotados a finales de la adolescencia y el aumento a 

largo plazo de su sensibilidad a los efectos reforzantes de la cocaína en la 

edad adulta.  

En el cuarto estudio también evaluamos si otras manipulaciones 

ambientales durante la adolescencia temprana eran eficaces para incrementar 

la resiliencia. En el DPN 27 los animales no sufrieron ningún tipo de estrés 

(control) o fueron expuestos a uno de los siguientes protocolos para inducir 

inoculación de estrés: inmovilización durante 10 min (INM, estrés físico), una 

sola derrota social en un encuentro agonístico con un animal conspecífico 

agresivo (DS, estrés social) o una derrota social vicaria mediante la 

visualizaron la derrota social sufrida por otro animal de la misma cepa (DSV, 

estrés emocional). Posteriormente, en la adolescencia tardía (DPN 47, 50, 53 

y 56) los animales de cada protocolo de estrés así como los controles fueron 

separados en dos grupos, un grupo fue expuesto a estrés social (DSRI) y el 

otro solo realizó la exploración de una caja vacía (EXPL). Por tanto, en este 

estudio se utilizaron ocho grupos de animales: CONTROL+DSRI, 

CONTROL+EXPL, INM+DSRI, INM+EXPL, DS+DSRI, DS+EXPL, 

DSV+DSRI y DSV+EXPL. Posteriormente todos los animales realizaron las 

pruebas conductuales descritas anteriormente (DPN 57-58) y a las tres 

semanas el CPL inducido por cocaína. Los resultados obtenidos en este 

estudio nos permiten confirmar la hipótesis de la inoculación al estrés 
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respecto a los efectos a largo plazo de la DSRI sobre las propiedades 

reforzantes de la cocaína. Mientras que los animales expuestos sólo a DSRI 

durante la adolescencia tardía (CONTROL+DSRI) adquieren un CPL 

inducido por una dosis de cocaína que no tiene efectos en los animales no 

estresados (CONTROL+EXPL), los animales derrotados en la adolescencia 

tardía que habían sido expuestos a cualquiera de los protocolos de inoculación 

de estrés en la adolescencia temprana (INM+DSRI, DS+DSRI y DSV+DSRI) 

no muestran esta mayor sensibilidad a los efectos reforzantes de la cocaína. 

Adicionalmente los protocolos de inoculación de estrés incrementan la 

resiliencia a otros efectos del estrés inducido por la DSRI aunque los 

resultados varían en función del protocolo utilizado. La exposición a 

inmovilización previene los efectos ansiogénicos de la DSRI en el LEC pero 

no los efectos pro-depresivos (disminución del grooming y evitación social) 

de la DSRI ni la reducción en la inmovilidad observada en el TST en animales 

expuestos a DSRI. Por su parte, la exposición a una sola derrota social 

también previene el efecto deteriorante de la DSRI sobre la interacción social 

mientras que la derrota social vicaria revierte efectos de la DSRI sobre la 

latencia de entrada en brazos abiertos del LEC. 

Por otra parte, es importante señalar que alguno de los protocolos utilizados 

ejerce efectos negativos a largo plazo en ausencia de un estrés posterior. Por 

ejemplo, la inmovilización reduce la frecuencia de grooming en el splash test 

y la inmovilidad en el TST (estos efectos también son observado en animales 

expuestos a DS y DSV respectivamente) e incrementa la búsqueda de 

novedad (número de dips) y la sensibilidad de los animales a la cocaína, lo 

que podría indicar la aparición de sintomatología depresiva, un aumento en la 

reactividad de los animales al estrés y una mayor vulnerabilidad a los efectos 

reforzantes de la cocaína. Otros efectos parecen sugerir que la exposición al 
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estrés durante la adolescencia temprana podría inducir el desarrollo de un 

perfil de resiliencia, ya que la inmovilización incrementa la interacción social 

mientras que la DSV aumenta las entradas y el tiempo pasado en los brazos 

abiertos del LEC (lo que es considerado un indicador de menor ansiedad).   

Por último, en el Estudio 5 investigamos la existencia de diferencias 

individuales en los efectos del estrés social durante la adolescencia temprana 

y estudiamos las características conductuales asociadas a la resiliencia. Para 

ello utilizamos el mismo diseño del primer estudio excepto que la DSRI o 

EXPL tuvieron lugar durante los DPN 27, 30, 33 y 36, las pruebas 

conductuales fueron realizadas los DPN 37-38 y el CPL tres semanas después 

(DPN 57-64). Los resultados de este estudio mostraron que los animales 

sometidos a DSRI en la adolescencia temprana, en comparación a los 

animales no estresados, mostraron un déficit de interacción social, una 

disminución en la frecuencia de acicalamiento en el splash test y un 

incremento en los efectos reforzantes de la cocaína. Sin embargo, la DSRI no 

produjo efectos significativos en el LEC, en el hole-board o en el test de 

suspensión de la cola. Además, al igual que en los animales expuestos a estrés 

durante la adolescencia tardía, podemos distinguir dos subgrupos dentro de 

los animales expuestos a DSRI en la adolescencia temprana, un subgrupo 

vulnerable y otro resiliente a los efectos del estrés sobre el CPL inducido por 

cocaína. Respecto a las características conductuales de los animales 

resilientes destacan una menor sumisión durante las derrotas, una ausencia de 

sintomatología depresiva (en el test de interacción social y en el splash test) 

y una mayor preocupación por los peligros potenciales (menor porcentaje de 

tiempo en los brazos abiertos del LEC). 
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Los estudios que componen la presente Tesis Doctoral han 

contribuido a incrementar el conocimiento sobre la resiliencia a los efectos 

del estrés social experimentado durante la adolescencia temprana o tardía. En 

primer lugar, es importante señalar que la DSRI produce efectos ligeramente 

diferentes en función de la edad de los animales en el momento de las 

derrotas. Tanto en la adolescencia temprana como en la tardía, la DSRI induce 

sintomatología depresiva a corto plazo (reduce la interacción social y el 

acicalamiento en el splash test) e incrementa los efectos reforzantes de la 

cocaína a largo plazo. Sin embargo, sólo en animales que experimentan la 

DSRI en la adolescencia tardía se observa sintomatología ansiosa en el LEC 

y una mayor reactividad ante un estresor ligero (reducción de la inmovilidad 

en el test de suspensión de la cola). Estos resultados sugieren que el estrés por 

DSRI tiene un mayor impacto cuando es experimentado durante la 

adolescencia tardía.  

En segundo lugar, hemos caracterizado los rasgos conductuales que 

presentan los animales resilientes a los efectos de la DSRI en ambas etapas, 

especialmente respecto a la resiliencia a los efectos a largo plazo del estrés 

sobre las propiedades reforzantes de la cocaína. Tanto en animales expuestos 

al estrés durante la adolescencia temprana como tardía, una estrategia de 

afrontamiento activa durante las derrotas (baja sumisión) se asocia con una 

mayor resiliencia a los efectos a largo plazo de la DSRI, en concreto, los 

animales con baja sumisión no presentan una potenciación de los efectos 

reforzantes de la cocaína (que si se observa en los animales derrotados con 

mayores niveles de sumisión). Asimismo, independientemente de la etapa en 

que se experimenta el estrés social, los animales resilientes a los efectos de la 

DSRI sobre las propiedades reforzantes de la cocaína se caracterizan por ser 

resilientes a los efectos pro-depresivos de la derrota, es decir, no muestran un 
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déficit de interacción social ni una disminución del acicalamiento a corto 

plazo tras la derrota. Por el contrario, los animales derrotados vulnerables que 

muestran menores niveles de interacción social y acicalamiento que los 

animales no estresados muestran una mayor sensibilidad a los efectos de la 

cocaína y desarrollan CPL. Además, un menor porcentaje de tiempo en brazos 

abiertos del LEC predice resiliencia a los efectos del estrés sobre las 

propiedades reforzantes de la cocaína en los animales que experimentan la 

DSRI en ambas etapas de la adolescencia. Los estudios realizados también 

han puesto de manifiesto que algunos rasgos conductuales se asocian a la 

resiliencia o no en función de la etapa en que los animales experimentan el 

estrés social. Por ejemplo, el bajo nivel de búsqueda de novedad en el hole-

board o un nivel de inmovilidad normal en el test de suspensión de la cola 

sólo predicen resiliencia en animales expuestos a la DSRI en la adolescencia 

tardía. Globalmente nuestros resultados indican que la edad es un factor 

importante a la hora de evaluar el impacto de la DSRI y las variables 

predictoras de resiliencia o vulnerabilidad a las consecuencias a corto y largo 

plazo del estrés social, aunque la estrategia de afrontamiento activa y la 

ausencia de sintomatología depresiva a corto plazo tras el estrés predicen 

resiliencia a sus efectos a largo plazo independientemente de la edad.  

En tercer lugar, hemos demostrado que la resiliencia es un proceso 

dinámico que se puede desarrollar en función de las experiencias vitales 

experimentadas durante las etapas críticas del desarrollo. La exposición a una 

separación maternal breve en la vida temprana, la realización de actividad 

física durante la adolescencia o la exposición a estresores ligeros como una 

derrota social única, un estrés agudo por inmovilización o una derrota social 

vicaria pueden incrementar la resiliencia de los animales a los efectos de la 

exposición posterior a la DSRI durante la adolescencia tardía, especialmente 
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la inoculación de estrés previene la potenciación inducida por la DSRI de los 

efectos reforzantes de la cocaína.  

El estudio de estrategias pro-resiliencia, aunque todavía se encuentra en una 

fase temprana de desarrollo, es crítico para diseñar futuras terapias 

ambientales y farmacológicas de prevención y tratamiento de los sujetos que 

desarrollan un TCS tras la exposición al estrés. Las investigaciones sobre la 

resiliencia a los efectos del estrés sobre las propiedades reforzantes de las 

drogas en modelos animales son prometedoras pero no están exentas de 

limitaciones, por ejemplo, la dificultad de determinar la intensidad y duración 

de la exposición a la adversidad, la definición de un criterio concreto para 

considerar que un animal es resiliente (ausencia o reducción del consumo de 

sustancias, resistencia a desarrollar un TCS o a la recaída en la búsqueda de 

drogas, etc.). Por otra parte, la incorporación de hembras y de animales en 

diferentes edades de desarrollo es crucial para comprender plenamente los 

diferentes aspectos de la resiliencia. 

En conclusión, los resultados de nuestras investigaciones muestran 

que existen determinadas características neuroconductuales predictoras de 

resiliencia al estrés social y que es posible fomentar la resiliencia a los efectos 

negativos del estrés a corto y a largo plazo, tales como el desarrollo de 

trastornos de ansiedad, depresión o consumo de drogas. La caracterización de 

los animales resilientes es el primer paso para el desarrollo de estrategias 

conductuales y/o farmacológicas que puedan fomentar la aparición de una 

respuesta de resiliencia a los efectos negativos del estrés. Desde el punto de 

vista de la traslación, comprender cómo se desarrolla la resiliencia es de suma 

relevancia para el diseño de programas de entrenamiento que aumenten esta 

capacidad y promuevan mecanismos de afrontamiento, especialmente en los 
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sujetos más vulnerables al estrés. Además de reducir las conductas adictivas, 

el entrenamiento en resiliencia puede tener efectos positivos en salud mental, 

reduciendo la vulnerabilidad al desarrollo de trastornos de ansiedad, 

depresivos y cognitivos. Los avances en la identificación de los sustratos 

neurobiológicos de resiliencia ayudarán al desarrollo de intervenciones 

farmacológicas y psicológicas para mejorar la resiliencia ante la adversidad y 

el estrés. 
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ABSTRACT 

 

The main focus of the present PhD Thesis was to study resilience to 

the development of a cocaine use disorder after exposure to stress. For this 

purpose, we used animal models of social stress (intermittent repeated social 

defeat, IRSD) and drug reward (paradigm of conditioned place preference, 

CPP), since we have previously seen that exposure to IRSD increases the 

rewarding effects of cocaine in the CPP paradigm in mice (García-Pardo et 

al., 2019; Calpe-López et al., 2020). Our aim was to identify animals that are 

resilient to the long-term potentiation of cocaine CPP induced by IRSD, to 

characterize the behavioral profile of such mice and to identify environmental 

manipulations that enhance their resilience. To characterize the profile of 

resilient mice several behavioral tests were performed shortly after IRSD, 

including the Elevated Plus Maze, Hole-Board, Social Interaction, Splash and 

Tail Suspension Tests. 

In the first study we observed that exposure to IRSD in late 

adolescence induced negative consequences, such as anxiety- and depression-

like symptoms (social interaction deficits and anhedonia), and an increased 

sensitivity to cocaine reward; however, mice that displayed an active coping 

strategy during defeat (low submission) were resilient to most of these effects. 

In the second and third studies we demonstrated that voluntary physical 

exercise during adolescence and a brief period of maternal separation at an 

early age enhanced resilience to the effects of IRSD in adulthood. In the 

fourth study, to assess the stress inoculation hypothesis, we demonstrated that 

a slight stressor in early adolescence, such as a brief period of immobilization, 

visualization of social defeat of another animal, or acute social defeat, 

protected against the negative consequences of subsequent exposure to IRSD. 



 

 

In our last study, we explored the implication of age as a variable of resilience. 

In mice exposed to IRSD in early adolescence, low submission was associated 

with resilience to the depression-like effects and potentiation of cocaine CPP 

induced by IRSD. 

From a translational point of view, our research may help the design 

of new preventive interventions and more effective treatments for substance 

use and other stress-related disorders, allowing individuals to cope with social 

stress in a more effective way. Characterization of the individual variables 

that confer resilience and identification of pro-resilience strategies, such as 

physical exercise, are critical for the development of behavioral, 

pharmacological and environmental therapies that can promote resilience in 

more vulnerable subjects. 
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 General Introduction 

 

Drug addiction affects multiple motivational mechanisms and can be 

conceptualized as a mental disorder that progresses from positive 

reinforcement (binge/intoxication stage) to negative reinforcement 

(withdrawal/negative affect stage) (Koob et al., 2014). Thus, substance use 

disorders (SUD) may emerge from an individual's attempt to limit negative 

affective states and symptoms linked to stress. Indeed, SUD is highly 

comorbid with chronic stress, traumatic stress, or post-traumatic stress 

disorder (PTSD), but treatments approved for each pathology individually 

often fail to have a therapeutic efficiency in comorbid patients (Leconte et al., 

2022). Currently, SUDs are highly prevalent worldwide (Connery et al., 

2020). They involve vicious cycles of binges followed by intermittent periods 

of abstinence with repeated relapses, despite treatment and adverse medical 

and psychosocial consequences. There is compelling evidence that early and 

adult stressful life events are risk factors for the development of addiction and 

serve as triggers for relapses. However, the fact that not all individuals dealing 

with traumatic events develop drug dependence suggests the existence of 

individual and/or familial factors of resilience that provide protection in these 

mentally healthy persons (Cadet, 2016). 

 Resilience is a relatively new and unclear concept, although it is 

increasingly used in everyday conversations and across disciplines. It is 

defined as a protective factor that makes individuals more resistant to 

negative events, thus leading to positive developmental outcomes (Stainton 

et al., 2019). Resilience is a positive adaptation to stressful situations and 

represents a mechanism to face and overcome difficult experiences; in other 
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words, it is an individual’s ability to adapt to change, resist the negative 

impact of stress and avoid dysfunction. In summary, it represents the ability 

to return to what was once a "normal" or healthy state after trauma, accident, 

tragedy or illness. Resilience experts believe that resilience contribute to the 

advancement of health and, if sick, to alleviate illness, accelerate and create 

healing conditions (Babic et al., 2020).  

 Research has consistently found that a favorable exchange with one’s 

proximal social environment has positive effects on both mental health and 

wellbeing (Tough et al., 2017). Nevertheless, one of the main sources of stress 

is social interaction (Sánchez-Salvador et al., 2021; Miller, R., & 

Kirschbaum, C., 2019); namely, problems or friction that arise in relations 

with colleagues and/or superiors, neighbors, friends or family. Social 

relationships in humans and animals are governed by rules of social 

organization that modulate inhibitory control and coping strategies against 

stress (Sánchez-Salvador et al., 2021). 

In short, good social support helps us to cope with problems and 

protects us from adversity, but social interaction can itself cause stress. In this 

way, social relationships can be both a protective factor and a risk factor for 

the development of mental illnesses, including SUD. The way in which the 

organism copes with daily stressors varies among individuals, is 

multifactorial, and changes throughout an individual's life. The fact that not 

everyone develops a mental illness due to chronic stress is due to resilience. 

Therefore, our main objective of this Doctoral Thesis is to characterise 

animals that are resilient to the behavioral effects of social stress and the 

potentiation of the rewarding properties of cocaine induced by stress. In 

addition, we will evaluate the behavioral profile associated with resilience in 

function of the developmental stage of the animals at which they are exposed 
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to social stress. Finally, we will attempt to enhance this resilience through 

environmental manipulations.  

The present thesis is composed of five experimental studies, three of 

which have been published, the forth is under review for publication and the 

fifth is in preparation. The theoretical framework is based on a review article 

in which the author of this thesis is the first author. For a better understanding 

of the methodology used, two chapters of a book on Neuromethods in which 

the author of this thesis has participated are included in the annex. The two 

main animal models used in all the studies were the Conditioned Place 

Preference (CPP) and the Intermittent Repeated Social Defeat (IRSD) 

paradigms, which are designed to study the rewarding properties of drugs of 

abuse and to induce social stress, respectively. Moreover, all the studies 

performed as part of this thesis employed several behavioral tests, including 

the Elevated Plus Maze, Hole-Board, Social Interaction, Splash and Tail 

Suspension Tests.  

The results of the first study help us to characterize the resilient profile 

of male mice in the face of social defeat. The data show that several individual 

traits contribute to a subject's resilience to the negative consequences of social 

stress (social interaction deficit, anhedonia and increased sensitivity to drugs). 

The second and third studies show how voluntary physical exercise during 

adolescence and a brief maternal separation at an early age can enhance 

resilience to stress in adulthood. In the same vein, we tested the stress 

inoculation hypothesis in our fourth study, our results demonstrating how a 

minor stressor, such as immobilization, visualization of social defeat and 

acute social defeat, in early adolescence protects against future stressors and 

their negative consequences. In our final experiment, we have explored the 
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implication of age as a variable of resilience (early adolescence and 

adulthood). We trust that our research will contribute to a better 

understanding of SUDs and to the development of more effective preventive 

programs or treatments for those affected by enhancing stress resilience. 

 

 About Cocaine 

 

Cocaine, like other substances, such as caffeine, nicotine, or 

morphine, is a plant product. Specifically, it is an alkaloid found in the leaves 

of a shrub called Erythroxylon coca, endogenous of South America, Mexico, 

Indonesia, and the West Indies (Goldstein et al, 2009). It is known that, as 

long ago as 3000 BC, the natives of these areas chewed this leaf for its anti-

fatigue, appetite-reducing and energy-enhancing properties, as well as using 

it in numerous rituals. The German chemist Friedrich Gaedecke was the first 

to isolate the alkaloid from the leaf in 1855 (Van Dyke & Byck, 1982). 

However, Albert Niemann was the first to describe the drug and name it 

(Kleber & Gawin, 1986). In 1880, cocaine began to be used for eye, nose, and 

throat surgery due to its anesthetic properties and as a constrictor of blood 

vessels, as it limited bleeding. Coca leaves have been used in teas and wines 

(Vin Mariani) and incorporated into beverages such as Coca Cola™. From 

that moment on, its consumption increased in line with reports of heart 

attacks, spontaneous death and the development of SUD. 

Nowadays, there are a large number of synonyms and street names for 

cocaine: Coca, Coke, Snow, Blow, Base, Crack, Nose Candy, Pimp´s drug, 

Caviar, Yeyo, Dama Blanca. Its chemical name is Benzoyl-methyl-ecgonine 

and the molecular formula is C17H21NO4. The biochemical structure of 
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cocaine consists of three parts: a lipophilic group, a hydrophilic group and an 

aliphatic group (See Fig.1).  

Fig.1. The biochemical structure of Cocaine. (a) 2D-Structure and (b) 3D-

Structure (design by Laguna). 

1.2.1 Presentation 

 

Cocaine is available in two forms on the street: Hydrochloride salt (a 

powder) that can be administered intranasally (i.e. snorted) or dissolved in 

water and injected, and the “base” forms, which include all forms that are not 

neutralized by acids to form hydrochloride salt. The base forms are known as 

Freebase or Crack, depending on the manufacturing method.  

Freebase is made by dissolving cocaine hydrochloride in water, adding a base 

such as ammonia, and then adding a solvent, usually ether. The cocaine base 

is dissolved by the ether and extracted by evaporation. There is a chance that 

the highly volatile ether remains in the mixture and can cause burns (Khalsa 

et al., 1992). On the other hand, Crack is produced by dissolving cocaine 

hydrochloride in water, mixing it with ammonia or sodium bicarbonate 

 a)                                                            b)  
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(baking soda), and heating this mixture to remove hydrochloride (Brownlow 

and Pappachan, 2002). The remaining product is a soft mass that becomes 

hard when it dries. The name “crack” derives from the crackling sound 

produced when the mixture is smoked (Kowalchuk and Reed, 2016). In its 

base form, cocaine can be smoked because it melts at a much lower 

temperature (80°C) than cocaine hydrochloride (180°C). With the increased 

prevalence of crack, made possible by a simpler and less dangerous process 

of consumption, the use of Freebase has declined. Although crack is typically 

smoked, some users dissolve it with lemon juice and inject it (Weiss, 2020). 

 

1.2.2 Epidemiology 

 

Psychomotor stimulants, such as cocaine, are the most commonly 

used prohibited substances after cannabis. Their use has reached 

epidemiological proportions worldwide and is one of the most common 

causes of death in many countries. In the European Union, surveys indicate 

that nearly 2.2 million 15- to 34-year-olds (2.1 % of this age group) used 

cocaine in 2020 (European Drug Report, 2021). 

Cocaine remains the second most commonly used illicit drug in Europe, and 

consumer demand makes it a lucrative part of Europe’s drug trade and 

criminal activity. The record 213 tonnes of the drug seized in 2019 indicates 

an expanding supply in the European Union. Cocaine purity has been 

increasing over the last decade, and the numbers of people initiating treatment 

for the first time have risen over the last 5 years (European Drug Report, 

2021). 

The use of cocaine has negative effects on the cardiovascular system and is 

one of the causes of serious cardiovascular pathologies ranging from 
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abnormal heart rhythms to heart attacks and sudden cardiac death. Reactive 

oxygen species generation, formation of toxic metabolites, and oxidative 

stress play a significant role in cocaine-induced cardiotoxicity (Georgieva et 

al., 2021). These and other indicators signal an increased likelihood of 

cocaine-related health problems. 

 

1.2.3 Metabolism 

 

Smoking and injecting cocaine are the fastest routes to the cerebral 

circulation, taking only seconds to feel the effects. These pathways are also 

the most addictive to humans (Warner, 1993; Shanti and Lucas, 2003). On 

the other hand, when cocaine is snorted, a feeling of euphoria occurs one to 

five minutes later. Smoking and injecting cocaine produces a rush and then a 

high, whereas snorting cocaine produces only a high (Egred and Davis, 2005). 

This is due in part to the fact that the amount of cocaine absorbed in the nasal 

mucosa has 20-60% bioavailability, while the bioavailability of smoked 

cocaine is about 70% (Cone, 1998). In addition, inhaled cocaine causes local 

vasoconstriction, thereby inhibiting faster absorption (National Center for 

Biotechnology Information, 2022). 

Benzoylecgonine and ecgonine methyl ester are the two inactive metabolites 

that account for more than 80% of the known metabolites of cocaine.  Less 

than 10% of cocaine is N-demethylated by the liver into a toxic metabolite 

called norcocaine (Shimomura, Jackson, & Paul, 2019). Either way, cocaine 

and its metabolites are detected in the urine three to six hours after ingestion 

(Shanti and Lucas, 2003). With a half-life of approximately one hour, less 

than 5% of cocaine appears unchanged in the urine; therefore, drug tests are 
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designed to detect benzoylecgonine, as its concentration in urine is 50 to 100 

times higher than cocaine (Shimomura et al., 2019). 

1.2.4 Neurobiology 

 

Cocaine’s main mechanism of action is to block the reuptake of 

dopamine (DA) from presynaptic receptors in the Central Nervous System 

(CNS) (See Fig. 2). The drug also attaches to the transporter and blocks the 

normal recycling of other neurotransmitters, such as Noradrenaline (NA) and 

Serotonin (5-HT), at the synaptic junction. This entails a build-up of 

monoamines that induce a constant stream of biochemical stimulation in the 

synaptic cleft, increasing the feeling of pleasure felt by cocaine users. The 

main effects of cocaine include feelings of euphoria – a result of the excess 

of DA - increased energy due to the increase of NA, and enhanced confidence 

concomitant with the enhancement of 5-HT (Nestler, 2005). Another effect, 

used in medicine, is local anesthesia. Cocaine shuts off the conduction of 

sensory impulses by reacting with the neuron membrane to block ion 

channels. Due to this blockage, the ion exchange that is normally responsible 

for electrical signals cannot propagate along the axon, and sensory messages 

are not received by the CNS, thereby exerting anesthetic properties (Liu et 

al., 2014). The neural system most affected by cocaine is the mesolimbic DA 

system, and mainly the Ventral Tegmental Area (VTA) and the Nucleus 

Accumbens (NAcc), which are fundamental to the positive reinforcement of 

addiction and constitute the regions that regulate pleasure and motivation 

(Koob et al., 1998; Volkow et al., 2003; Nestler, 2005; National Center for 

Biotechnology Information, 2022).  
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        Fig.2. Cocaine in the synapsis. 

 

 

 

 

 

 

 

 

 

 

 

Cocaine Use Disorder is a serious problem, and there is no consensus 

regarding optimal treatment strategies. Therefore, the present thesis 

seeks to explore this subject in more depth in order to provide more 

resources for the prevention of addiction. 
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 Stress and Cocaine Use Disorder 

In the following sections, we first define the concept of stress and its 

influence on the development of physical and mental illnesses. We then 

explain the physiological response to stress and the relationship with SUD. 

Finally, we focus on the animal models used to study the effects of social 

stress on the rewarding properties of cocaine. 

 

1.3.1 Stress and Mental Disorders.  

 Stress is a physiological reaction to environmental conditions, and each 

person copes with it in a different way. Social interaction is one of the main 

sources of stress; namely, problems or quarrels which arise among colleagues 

and/or superiors, among friends and family or within the home. For this 

reason, social stress plays an important role in the incidence of several mental 

diseases, including the development of addictive behaviors (Atrooz et al., 

2019; Koo and Wohleb, 2021; Cattaneo and Riva, 2015).  

Short-term stress can help to achieve goals and most likely provides us the 

pleasant eustress (from the Greek eu meaning good, as in euphoria) involved 

in achieving fulfillment and victory, thereby avoiding the self-destructive 

distress of frustration and failure (Selye, 1975). However, when stress 

becomes chronic and hormones of stress are prolonged over time, damaging 

symptoms appear in the organism (Satsangi and Brugnoli, 2018; Sarjan and 

Yajurvedi, 2018). McEwen coined the term “allostatic load” to describe the 

burden of life’s experiences which accumulates and affects the body and the 

brain as an individual is exposed to repeated stress (McEwen and Stellar, 

1993). It is well known that chronic stress has an extremely negative impact 
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on health and social life. Physical ailments such as joint pain, back pain, neck 

pain, headache, heartburn, diarrhea may appear, as well as the development 

of other pathologies such as irritable bowel syndrome, skin reactions, fatigue, 

hypertension, breathing difficulties and dizziness (Bennett et al., 1998; 

Konturek et al., 2011; Liu et al., 2017). In addition to these consequences for 

physical health, there is extensive literature to  demonstrate the link between 

chronic stress, cognitive function and mental health (see the review Marin et 

al. 2011). In this way, the prefrontal cortex (PFC) is particularly sensitive to 

stress exposure, and deficits in its structure and function are common in 

mental illness (Hains et al., 2015). Exposure to acute stress causes the PFC 

to rapidly "switch off" through a cascade of intracellular signaling events, 

while repeated exposure to stress leads to additional architectural changes 

(Arnsten, 2009). In particular, enhanced stress-induced catecholamine release 

in the PFC activates DA D1 and alpha-1 and beta noradrenergic receptors, 

which activates cAMP-calcium signaling in spines and opens nearby K+ 

channels, thus weakening synaptic connections (Hains et al. 2015).  Over 

time, this sequence of events reduces the activation of PFC neurons and 

impairs working memory in rodents (Murphy et al., 1996) and monkeys 

(Arnsten and Goldman-Rakic, 1998). Similar architectural changes are 

observed in human PFC (Qin et al., 2009), where brain imaging studies show 

that repeated stress is associated with decreased PFC gray matter (Ansell et 

al., 2012) and lower connections (Liston et al., 2009). Indeed, chronic 

exposure to uncontrollable stress decreases the number of spines and 

dendrites in the PFC (Woo et al., 2021). Stress also affects gene expression 

and induces dendritic remodeling in the hippocampus (McEwen and 

Magarinos, 1997; Marrocco et al., 2017), the most important brain area for 

explicit memory. 
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As we have commented on before, chronic stress is also considered one of the 

main drivers of the vicious cycle of SUD, which plays an important role 

during acquisition and maintenance of drug abuse and relapse to consumption 

after a period of withdrawal. SUD can arise from an individual's attempt to 

limit negative affective states and stress-related symptoms experienced 

during short-term or protracted abstinence. In fact, SUD is highly comorbid 

and prevalent with chronic stress, traumatic stress, or PTSD (Saunders et al., 

2015; Tiet and Moos, 2021; Leconte, 2022). 

 

1.3.2 Physiological Response to Stress and Substance Use Disorder. 

When stressful physical or mental stimuli are present, the body 

prepares to combat or avoid them by releasing a cascade of hormones. 

Physiological activation of the hypothalamic-pituitary-adrenal (HPA) axis is 

the main control system for stress reactions and regulates many other bodily 

processes such as digestion, the immune system, sexuality, mood and 

emotions (Petrescu et al., 2018; Vegiopoulos and Herzig, 2007; Toufexis et 

al., 2014; Schauenstein et al., 2000). The paraventricular nucleus of the 

hypothalamus releases corticotropin-releasing hormone (CRH), which leads 

to the release of adrenocorticotropic hormone (ACTH) from the 

adenohypophysis, thus stimulating the production of glucocorticoids 

(corticosterone in rodents and cortisol in humans) by the cortex of the adrenal 

glands. Negative feedback mechanisms also exist in the HPA axis; for 

example, glucocorticoids block the production of CRH and ACTH (See 

Fig.3). Besides regulating the adrenal stress response, CRH is a neuropeptide 

that is widely distributed in the brain, mainly in the circuitry of extended 

amygdala, which includes the central nucleus of the amygdala, the bed 
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nucleus of the stria terminalis, and the shell of the NAcc (Koob, Brain Res, 

2009). There is a cross-talk between extrahypothalamic CRH and stress-

altered DA release, with an increase in the PFC and a decrease in the NAcc 

(Koob et al., 2014). Moreover, stress activates the sympathetic nervous 

system (SNS), which induces adrenomedullary release of NA. Stress also 

stimulates the noradrenergic system of the brain, causing NA release from the 

locus coeruleus (LC) to the amygdala, hippocampus, hypothalamus, and PFC 

(Aston-Jones and Cohen, 2005; Strawn and Geracioti, 2008).   

Elevated glucocorticoids can cause damage and atrophy of neurons in 

different areas of the brain involved in memory and emotional behavior, such 

as the hippocampus and amygdala, inducing physical and psychological 

problems. In addition, chronic stress interferes with the action of neurotrophic 

factors responsible for the formation and strengthening of new neurons and 

synaptic connections, especially in the hippocampus, such as brain-derived 

neural factor (BDNF). For example, it has been noted that the volume of this 

structure and reduced levels of BDNF in subjects exposed to prolonged stress 

may be a risk factor for the development of PTSD (Duman, 2009; Tural et al., 

2018; Kozlovsky et al., 2007).  
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Fig.3. Schematic hypothalamic-pituitary-adrenal (HPA) Axis. The 

HPA axis is central to homeostasis, stress responses, energy 

metabolism, and neuropsychiatric function. CRH (corticotropin-

releasing hormone), ACTH (adrenocorticotropic hormone) and 

CORT (glucocorticoids: cortisol in humans and corticosterone in 

rodents). 

 

The influence of stress on vulnerability to developing addictive-like 

behaviors is mediated by the dysfunction of DA systems induced by stress. 

Excessive drug intake activates CRH in the extended amygdala, leading to 

anxiety-like states, and in the medial PFC, inducing deficits in executive 

function that can facilitate the transition to compulsive drug consumption 

(Koob et al., 2014).  

Researchers have shown that there is a complex relation between HPA axis 

activation and the neurobehavioral and hormonal effects of cocaine. This 
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substance stimulates a number of neurochemical and hormonal structures, 

which are also activated through exposure to stress (Piazza and Le Moal, 

1998; Koob, 1999; Goeders, 2002). Cocaine administration increases plasma 

levels of ACTH, β-endorphin and corticosterone. These cocaine-induced 

increases in adrenocorticosteroids seem to be mediated by the cocaine-

induced release of CRH from parvocellular neurons in the paraventricular 

nucleus (Sarnyai et al., 2001; Goeders, 2002). In addition, cocaine can also 

affect CRH activity in areas located outside the hypothalamus, since acute 

cocaine decreases CRH-like immunoreactivity in the hypothalamus, 

hippocampus, and frontal cortex, while cocaine increases it in the amygdala 

(Goeders, 2002). In clinical studies, the acute intravenous administration of 

cocaine increases the secretion of cortisol and ACTH in chronic cocaine 

users, as does smoked cocaine (Mello and Mendelson, 1997). The intranasal 

administration of cocaine has also been shown to increase cortisol secretion 

in male volunteers without a history of drug abuse. Plasma cortisol, β-

endorphin, and ACTH are elevated in cocaine addicts on the day of admission 

into treatment centers, and cocaine-dependent individuals often display 

abnormal patterns of HPA axis activity (Mello and Mendelson, 1997).  

The HPA axis is involved in the self-administration of psychostimulant drugs 

(Goeders, 1997; Moffett and Goeders, 2005; Gómez-Román et al., 2016; 

Hofford et al., 2018). Stress and cocaine interact to affect reward differently 

during the various phases of cocaine self-administration and withdrawal 

(Goeders, 2002). The acquisition of amphetamine and cocaine self-

administration is enhanced in rats exposed to a wide variety of either physical 

(e.g., social isolation or tail pinch) or social stress (e.g., exposure to the threat 

of an attack from an aggressive male rat). During the acquisition phase of 

drug use, corticosterone seems to be crucial, since self-administration does 
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not occur unless levels of this stress hormone rise above a critical threshold. 

Increased circulating corticosterone levels also increase sensitivity to low 

doses of cocaine, possibly stemming from a DA-related sensitization 

phenomenon, suggesting that stress exposure increases the susceptibility of 

individuals to cocaine-induced brain injury. In this context, drugs affecting 

the synthesis and/or secretion of corticosterone decrease ongoing, low-dose 

cocaine self-administration (Goeders, 2002; Goeders, 2003). 

CRH seems to play a more prominent role in the maintenance of cocaine self-

administration and may even be involved in incentive motivation for the drug.  

During the abstinence phase, exposure to stressors or cocaine-associated cues 

can stimulate the HPA axis to remind the individual of the positive effects of 

cocaine, thus producing craving and promoting relapse. Cocaine can induce 

anxiety and panic in humans and anxiogenic-like responses in animals 

through its effects on CRH release (Goeders, 1997; Goeders, 2002). 

Dysregulation of the HPA axis has been associated with craving and early 

relapse among individuals with SUD (Ligabue et al., 2020), and CRH and 

corticosterone are critical for the stress- and cue-induced reinstatement of 

extinguished cocaine-seeking behavior in rodents (Hadad et al., 2016; 

Bernardi et al., 2017). 

In addition, the function of the kappa-opioid receptor (KOR) and its 

endogenous ligand, dynorphin (DYN), is increased during traumatic stress or 

drug abuse (Laconte et al., 2022).  The DYN/KOR system is cross-regulated 

with CRH in the brain and DYN is a potent negative modulator of DA 

signaling in reward and fear circuits. The DYN/KOR system is involved in 

negative reinforcement once the euphoric effects of a drug of abuse end, and 

chronic drug use induces DYN/KOR activation, which facilitates tolerance, 
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dependence and relapse after withdrawal (Koob et al., 2014). The 

development of drugs that reduce HPA axis activity, especially in response to 

cocaine-associated cues, represent an exciting avenue for the discovery of 

novel pharmacotherapies for the treatment of cocaine addiction in humans 

(Goeders, 2002b). In this way, KOR antagonists could be a new target to treat 

SUD and PTSD comorbidity (Laconte et al., 2022). Continued investigations 

into how stress and the subsequent activation of the HPA axis affect cocaine 

self-administration will no doubt result in the identification of more effective 

and efficient treatments for cocaine use disorder (CUD) in humans. Stress 

reduction, either alone or in combination with pharmacotherapies that target 

the HPA axis, may prove beneficial in reducing craving and promoting 

abstinence in individuals seeking treatment for cocaine addiction. 

 

1.3.3 Effects of stress on cocaine reward in animal models.  

Animal models have allowed the study of the relationship between stress 

and addictive disorders. 

There are multiple techniques to induce stress in experimental rodents. Some 

of them use pharmacological stressors, such as daily administration of 

corticosterone (Brachman et al., 2016). For example, Mc Reynolds et al. 

(2017) used a conditioned place preference/reinstatement paradigm in mice 

to directly test the hypothesis that corticosterone potentiates cocaine-primed 

reinstatement. Other paradigms use physical stressors, such as footshock (Erb 

et al., 2004; Brachman et al., 2016; Berton et al., 2007; Fleshner et al., 2011) 

or immobilization (Ono et al., 2012). In the paradigm of learned helplessness 

animals are exposed to inescapable, unpredictable and uncontrollable foot-
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shocks (Erb et al., 2004; Brachman et al., 2016; Berton et al., 2007; Fleshner 

et al., 2011). After such exposure to stress, a subset of susceptible animals 

develops coping deficits to deal with the unavoidable shocks (learned 

helplessness), while another subset of resilient animals displays escape 

responses similar to non-stressed animals (Berton et al., 2007). Pretreatment 

with a daily 20 min footshock stress for 5 days was shown to enhance the 

cocaine-induced increase in extracellular DA levels in shock- versus sham 

shock-pretreated rats (Sorg and Kalivas, 1991). Another study in footshock-

stressed rats demonstrated that cocaine induced a reduction of anxiety-like 

behavior, an aggravation of recognition memory decline, and an impairment 

of extinction memory (Lguensat et al., 2021).  

Several studies have proved that restraint stress increases cocaine conditioned 

place preference (CPP) in mice (Tung et al., 2016; Chu et al., 2020; Wada et 

al., 2020). In the present thesis, we have employed immobilization stress, by 

which mice are acutely restrained for 15 min (the animal is gently introduced 

in a cylindrical glass tube in which is impossible for it to turn) (see section 3. 

Material and Methods), as our objective was to expose the animals to a slight 

stress.  

Another frequently used model is unpredictable chronic stress (UCS), also 

called chronic mild stress, which is based on a combination of physical and 

psychosocial stressors (Delgado y Palacios et al., 2011). After exposure to 

this model, most animals (about 70%) show anhedonia–like symptoms (less 

sucrose consumption), reduction of hippocampal volume, and alterations in 

glutamate metabolism, although there is a subset of resilient animals that do 

not exhibit these changes (Delgado y Palacios et al., 2011). Exposure to UCS 

enhances the acquisition of cocaine CPP in cannabinoid CB1 KO mice, but 
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does not significantly alter the effects of cocaine in WT mice, suggesting a 

role for the CB1 receptor in the response to stress, as well as in the effects of 

cocaine (Miller et al., 2008). Another study has shown that UCS, but not 

chronic predictable stress, increases the locomotor activating effects of 

cocaine (that correlated positively with corticosterone levels) and enhanced 

the place conditioning effects of this drug, increased CPP with a low dose and 

induced place aversion with a high dose of cocaine (Haile at el., 2001). 

The model of chronic social defeat stress (CSDS) is the most used animal 

model to study the effects of stress and has more ethological and ecological 

validity than others. As we have explained before, one of the most frequent 

types of stress faced by humans is the chronic social stress derived from 

problems with social interaction (family or friend relationships, work-place 

stress, bullying, etc.). In the CSDS model, brief episodes of aggression from 

a more aggressive conspecific in the resident-intruder paradigm result in the 

defeat of the experimental animal (intruder), which usually shows anxiety- 

and depression-like symptoms (Vannan et al., 2018; Bartolomucci et al., 

2009; Nestler and Hyman, 2010; Hollis and Kabbaj, 2014; Czéh et al., 2016). 

In the most widely employed SD model, rats or mice are exposed to SD for 

10 days. Each day, the experimental animal undergoes 10 min of physical 

attack by the aggressive opponent, followed by 24 h of sensory contact. 

Subsequent addiction-like behaviors depend on the intensity, duration, 

frequency, and intermittency of the confrontation episodes, but CSDS 

exposure induces an escalation of cocaine and alcohol consumption 

(Shimamoto, 2019). In addition, all mice exhibit heightened reactivity of the 

HPA axis, deficits in exploration (interpreted as increased anxiety) and 

polydipsia (Krishnan et al., 2007).  
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A variation of the classic 10-day CSDS paradigm consists of exposing 

animals to intermittent repeated SD (IRSD); usually, four episodes of defeat 

separated by intervals of 72 h. The IRSD model is frequently employed in 

studies about the influence of social stress on vulnerability to developing drug 

addiction. Exposure to IRSD has also been shown to increase the rewarding 

effects of drugs of abuse (Aguilar et al., 2013; Ellenbroek et al., 2005; Burke 

et al., 2011; Newman et al., 2018). In our laboratory, mice exposed to IRSD 

during early or late adolescence exhibit a long-term enhanced sensitivity to 

the rewarding effects of drugs of abuse such as MDMA (García-Pardo et al., 

2015), alcohol (García-Pardo et al., 2016; Rodriguez-Arias et al., 2016) or 

cocaine (Covington et al., 2001; Aguilar et al., 2013; Calpe-López et al., 

2021). We have used this procedure in all the experiments included in this 

Thesis (for a more detailed description see section 3-Material and Methods).  

Several types of moderate stressors have been used to study the phenomenon 

of “stress inoculation”. According to this hypothesis, exposure to a mild stress 

in early life or adolescence increases the resilience to a subsequent stressful 

experience later in life with respect to several physiological and behavioural 

parameters (Ashokan et al., 2016; Hsiao et al., 2016; Qin et al., 2019). For 

example, infant rats exposed to intermittent foot shocks subsequently respond 

more effectively in novel situations than non-stressed rats (Levine, 1962). In 

addition, the combination of maternal deprivation during early life with UCS 

during adolescence promotes greater resilience in adulthood than maternal 

deprivation alone (Ricon et al., 2012). In the present thesis, we have used a 

brief episode of maternal separation early in life and several acute stressful 

events in adolescence (an episode of immobilization, social defeat or 

vicarious social defeat) in order to induce stress inoculation (see Section 3. 

Material and Methods). During chronic exposure to stress, behavioral 
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strategies that limit the experience of stress may promote resilience. During 

chronic SD, animals that engage in less submissive postures when threatened 

and attacked by the opponent show less social avoidance, suggesting that this 

behavioral coping strategy reduces the effects of the stress (Wood et al., 

2010). Behavioral manipulations have also been used to reduce the effects of 

stress and increase resilience; for example, exposure to environmental 

enrichment (Hutchinson et al., 2012) or physical exercise (Holmes, 2014; 

Sciolino et al., 2015). We have also evaluated the effects of physical exercise 

on resilience to the effects of IRSD (see Section 3. Material and Methods). 

In conclusion, available evidence supports the role of stress in 

enhancing susceptibility to progressing from drug abuse to a SUD. Defeat 

experiences in animals have been proven to be a risk factor in all the stages 

of drug addiction. Social stress can enhance the psychomotor response and 

the unconditioned and conditioned rewarding effects of cocaine. Moreover, 

SD stress can act as a precipitant factor in the reinstatement of drug seeking 

in the self-administration and CPP paradigms. 

 

 

 

 

A more in-depth description of this topic can be found in Chapter 8: 

“Influence of Social Defeat Stress on the Rewarding Effects of Drugs of 

Abuse” of the book “Methods for Preclinical Research in Addiction”, 

Neuromethods 174, Humana Press, in which the author of the 

present thesis has participated (See ANNEX).  
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 Resilience to Stress and Substance Use Disorder 

I have reviewed this issue in my paper “Resilience to the effects of social 

stress on vulnerability to developing drug addiction” Claudia Calpe-López, 

Maria A Martínez-Caballero, Maria P García-Pardo, Maria A Aguilar, 

recently published in World Journal of Psychiatry 2022; 12(1): 24-58 [PMID: 

35111578 DOI: 10.5498/wjp.v12.i1.24]. 
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The background, based on our studies and those conducted in other 

laboratories, can be summarized as follows: 

1. Some individuals are not subject to the negative social, psychological 

and biological consequences of stress that could otherwise 

compromise their psychological or physical well-being. These 

subjects are defined as resilient. 

2. Resilience is defined as an integrated process involving many 

peripheral and central mechanisms that promote an appropriate, non-

pathological response to stress. 

3. Studies performed to date that characterize the resilient response to 

social stress in animal models (CSDS) have been based mainly on the 

effects of stress on mood (depression) and anxiety (PTSD). 

4. There are no studies focused on resilience to the increase in the 

rewarding effects of cocaine produced by intermittent exposure to 

social defeat stress in animals.   

5. Exposure to physical exercise after the last experience of social defeat 

can prevent potentiation of cocaine reward.  

Animals exhibiting a phenotype that is resilient to changes in mood and 

anxiety following CSDS have been characterized extensively (see reviews by 

Russo et al., 2012; Krishnan, 2014), but animals that are resilient to the 

increased reinforcing effects of drugs of abuse after IRSD have not been 

studied. The critical point in defining resilience is to determine what changes 

make the animal less likely to develop maladaptive behavioral traits. 

Importantly, our studies are based on a phenotype (greater sensitivity to the 

rewarding effects of cocaine) that is assessed long after exposure to IRSD; in 
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this way, our studies evaluate the long-term resilience response, which has 

additional translational value.  

Our overall objective is to study the changes which characterize mice 

that are resilient to the increased rewarding effects of cocaine induced by 

IRSD and to explore how to potentiate resilience. 

Firstly, we carried out a behavioral characterization of resilient animals in 

order to determine behavioral markers that identify animals that will adapt 

better to situations of stress. Secondly, we explored behavioral and/or 

environmental strategies that can enhance the expression of a resilient 

response; to do this, we studied whether exposure to different manipulations 

(including physical exercise or exposure to slight stressful events) prevents 

the increase in the rewarding effects of cocaine induced by IRSD.  

The resilience to stress has been studied primarily in adult subjects, and 

results should not be extrapolated to adolescent subjects. Therefore, we 

decided to focus on the phenomenon of resilience during adolescence. Our 

group is one of the few to have conducted studies on the effects of social 

defeat in adolescent animals (an animal model of bullying). We have shown 

that, despite particularities that differentiate them from adults, adolescents 

also exhibit an increase in the rewarding effects of cocaine after IRSD. Since 

adolescence is a critical developmental phase and mice at this age show 

higher vulnerability to stress, we considered it relevant to perform a specific 

study of resilience in adolescents.  
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The specific objectives and hypotheses are described in detail below.  

1. To determine the behavioral traits associated with resilience to the 

effects of IRSD on cocaine-induced conditioned place preference in 

mice. (Study 1) 

To achieve this objective, we exposed late adolescent mice to IRSD 

or exploration (no stress condition) and evaluated the existence of individual 

differences in their behavioral response, discriminating between mice that 

were vulnerable / resilient to the effects of IRSD. In addition, after the last 

episode of social defeat, we submitted the mice to several behavioral tests 

(EPM, hole-board, social interaction, splash and tail suspension tests) in order 

to characterize the behavioral profile of animals that are resilient to the long-

term effects of social defeat on cocaine-induced CPP.  

Our hypothesis was that the behavioral profile of stress-resilient mice in the 

different behavioral tests would be the same as that of unstressed mice; 

namely, that vulnerable mice would show CPP with a subthreshold dose of 

cocaine that does not induce this effect in control and resilient mice. 

Furthermore, we expected resilient mice to display fewer depressive and 

anxiogenic symptoms and less novelty-seeking in the behavioral tests. 

 

2. To evaluate whether Voluntary Wheel Running promotes resilience to 

the negative consequences of IRSD in mice. (Study 2)  

To achieve this objective, mice were exposed to voluntary wheel 

running (VWR) from early adolescence before exposure to IRSD or 

exploration (no stress condition) in late adolescence (a control group was not 

exposed to VWR). All the mice then underwent the described previously 
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behavioral tests a short time after the last defeat and later performed the CPP 

procedure in adulthood. 

Our hypothesis was that physical exercise would be an effective tool 

to prevent the short- and long- term detrimental effects of social stress. Thus, 

exposure to VWR would promote the development of resilience to the 

negative effects of subsequent exposure to IRSD, such as the development of 

anxiety- and depression-like behavior or a potentiation of the rewarding 

effects of cocaine.  

 

3. To assess whether a brief maternal separation inoculates against the 

effects of IRSD on anxiety- and depression-like behavior and cocaine 

reward in mice. (Study 3) 

To achieve this objective, we exposed mice to an acute episode of 

maternal separation (6 h) in early life (PND 9) before exposure to IRSD or 

exploration (no stress condition) during late adolescence. A control group did 

not experience maternal separation. All mice then underwent the described 

previously behavioral tests a short time after the last defeat and later 

performed the CPP procedure in adulthood. 

Our hypothesis was that a brief maternal separation in early life would 

inoculate against the negative effects of subsequent stress and would promote 

resilience to the effects of IRSD on anxiety-like and depression-like 

symptoms and potentiation of cocaine reward. 
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4. To evaluate whether different acute stressful events can inoculate 

mice against the effects of IRSD on anxiety- and depression-like 

behavior and on sensitivity to cocaine reward. (Study 4) 

To achieve the objective of testing the stress inoculation hypothesis 

we used different procedures to induce a slight acute stress in early adolescent 

mice, such as exposure to immobilization stress for 10 min, exposure to an 

episode of social defeat, or visualization of the social defeat of another mouse 

(vicarious social defeat). Subsequently, mice were exposed to IRSD or 

exploration (no stress condition) in late adolescence and then underwent the 

described previously behavioral tests a short time after the last defeat and later 

the CPP procedure in adulthood.  

Our hypothesis was that we would confirm the phenomenon of stress 

inoculation by exposing subjects to a low level of stress in order to counteract 

the maladaptive response to future exposure to stress. Thus, we expected that 

the environmental manipulations performed during early adolescence would 

be effective in increasing resilience to the effects of IRSD on anxiety, 

depression or cocaine sensitivity. 

 

5. To evaluate resilience to the behavioral short-and long-term effects of 

IRSD in adolescent male mice. (Study 5) 

To achieve this objective, we first exposed early adolescent mice to 

IRSD or exploration (no stress condition) and recorded individual differences 

in their behavioral response, discriminating between mice that were 

vulnerable and those that were resilient to the effects of IRSD. In addition, 

after the last episode of social defeat, we performed several behavioral tests 
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(EPM, hole-board, social interaction, splash and tail suspension tests) in order 

to characterize the behavioral profile of animals that are resilient to the long-

term effects of social defeat on cocaine-induced CPP.  

As in Study 1, our hypothesis was that the behavioral profile of stress-

resilient mice would be similar to that of unstressed mice. In addition, we 

expected to detect differences between the behavioral profile of resilient mice 

exposed to IRSD in early versus late adolescence.
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In this section we describe the Material and Methods employed in 

Studies 1 to 5 of the present Doctoral Thesis. 

 

 Experimental animals 

 

Male mice of the C57BL/6 strain were used (Charles River, France). They 

were delivered to our laboratory on postnatal day (PND) 21 and were housed 

in groups (4-5 mice per cage) in plastic cages (25×25×14.5 cm). All the mice 

housed in the same cage underwent the same experimental conditions, and 

the composition of each cage remained stable throughout each study. To 

reduce their stress levels in response to experimental manipulations, 

experimental mice were handled for 5 min per day on each of the 3 days prior 

to initiation of the experimental procedures.  

Male mice of the OF1 strain (Charles River, France) were used as aggressive 

opponents. These animals were individually housed in plastic cages 

(23×13.5×13 cm) for at least a month before the experiments to induce 

heightened aggression (Rodríguez-Arias et al., 1998).  

All mice were housed under the following conditions: constant temperature; 

a reversed light schedule (white lights on 19:30–07:30); and food and water 

available ad libitum, except during behavioral tests. Procedures involving 

mice and their care were conducted according to national, regional and local 

laws and regulations, which are in compliance with the Directive 

2010/63/EU. The protocols were approved by the Ethics Committee of 

Experimental Research (Experimentation and Animal Welfare) of the 

University of Valencia (A1507028485045, A1549371980205, 2019-VSC-

PEA-056). 
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 Drugs 

 

In all the studies, C57BL/6 mice were injected intraperitoneally with cocaine 

(Alcaliber Laboratory, Madrid, Spain) or physiological saline (NaCl 0.9%) in 

a volume of 0.01 ml/g of weight. The same physiological saline was also used 

to dissolve the cocaine. The doses of cocaine (1 or 1.5 mg/kg for mice 

defeated in late or early adolescence, respectively) were selected on the basis 

of previous studies (Rodríguez-Arias et al., 2017; García-Pardo et al., 2019). 

 

 Animal models and Behavioral tests 

 

The two main animal models used in all the studies were the Conditioned 

Place Preference (CPP) and the Intermittent Repeated Social Defeat (IRSD) 

paradigms, which were employed to assess the rewarding properties of 

cocaine and to induce social stress, respectively. Moreover, we performed 

several behavioral tests including the Elevated Plus Maze (EPM), Hole-

Board, Social Interaction, Splash and Tail Suspension Tests in each of the 

five studies. 

3.3.1 Conditioned Place Preference (CPP) 

 

 Materials 

Eight “Three Compartment Place Preference with manual doors for mice” 

from Med Associates Inc. (med-associates.com) were employed in our 

experiments. These apparatuses consist of identical Plexiglas place 

conditioning boxes with two equally sized compartments (30.7 x 31.5 x 34.5 

cm) separated by a gray central area (13.8 x 31.5 x 34.5 cm). They are fitted 
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with manually operated guillotine style doors on either side of the neutral gray 

center compartment for controlling access to both ends of the chamber. The 

compartments have different colored walls (black vs. white) and distinct floor 

textures (smooth in the black compartment and rough in the white one). Four 

infrared light beams in each compartment of the box and six in the central 

area allow the position of the animal and its crossings from one compartment 

to the other to be tracked. The equipment is connected to one interphase and 

is controlled by an IBM PC computer using MONPRE 2Z software 

(CIBERTEC, SA, Spain) (See Fig. 4a). 

 Methods 

The CPP paradigm evaluates the positive and pleasant properties of 

stimuli (including the rewarding effects of addictive drugs) (Bardo and 

Bevins, 2000; Tzschentke, 1998, 2007; Aguilar et al., 2018). In this paradigm, 

contextual or environmental stimuli acquire secondary appetitive properties 

(conditioned rewarding effects) when paired with a primary reinforcer 

(Tzschentke, 1998, 2007). Conditioned reward implies that animals attribute 

positive incentive value to the cues associated with the primary reinforcer (the 

drug of abuse), and thus display voluntary responses to obtain access to said 

cues (Robbins, 1978). 

Our protocol, unbiased in terms of initial spontaneous preference, took place 

during the dark phase, between 10:00 and 14:00 h, and was performed as 

described below:  

a) In the first phase, referred to as Pre-Conditioning (Pre-C), mice were 

allowed access to both compartments of the apparatus for 15 min (900s) per 

day on 3 consecutive days. On the last day, the time spent in each 
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compartment over a 900-s period was recorded. We used a counterbalanced 

design to assign the mice in each group to the drug- or vehicle-paired 

compartment. An important requirement of the experimental procedure of 

CPP is to avoid any preference bias prior to conditioning. Thus, after 

assigning the compartments, we performed an analysis of variance (ANOVA) 

with the data of the time spent in each compartment during the Pre-C phase 

in order to verify the absence of significant differences between the time spent 

in the compartment paired with the drug and that spent in the compartment 

paired with vehicle.  

b) The second phase (Conditioning) lasted 4 days. In this phase mice 

underwent 2 pairings per day, on 4 consecutive days. Animals received an 

injection of physiological saline immediately before being confined to the 

vehicle-paired compartment for 30 min. After an interval of 4 h, they received 

an injection of cocaine immediately before being confined to the drug-paired 

compartment for 30 min. The order of injections (cocaine or saline) was 

alternated every day. Confinement was imposed by closing the guillotine door 

that separates the two compartments. The central area of the apparatus was 

never accessible during conditioning.  

c) During the third phase, known as Post-Conditioning (Post-C, day 8), the 

guillotine door separating the two compartments was removed and the time 

spent by the untreated mice in each compartment was recorded during a 900-

s observation period. The difference in seconds between the time spent in the 

drug-paired compartment during the Post-C test versus the Pre-C phase (day 

3) is a measure of the degree of conditioning induced by the drug. If this 

difference is positive, then the drug has induced a preference for the drug-
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paired compartment, while the opposite indicates that an aversion has 

developed (See Fig. 4b) 

Fig.4. a) Apparatus with manual doors for mice used for the Place Preference 

Conditioning. b) Schematic Cocaine-CPP Procedure 

 

3.3.2 Intermittent Repeated Social Defeat (IRSD) 

 

 Materials 

-Experimental animals: We used male mice of the C57BL/6 strain (Charles 

River, France), which were 21 days of age on arrival at the laboratory 

(adolescents). They were housed in groups of four in plastic cages (25 x 25 x 

14.5 cm). 

-Aggressive Opponents: We used male OF1 mice of 42 days of age on their 

arrival at the laboratory. They were housed singly in plastic cages (23 x 32 x 

20 cm) for a month prior to experiments in order to induce aggression (Frick 

and Gresack, 2003). It should be noted that the home-cage of aggressive 

opponents was longer because we used a resident–intruder model to induce 

social defeat.  
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-Wire mesh barriers, to separate experimental and opponent mice during the 

first and last 10 min of the social defeat encounters.  

-Video camera, computer and computerized program (Raton Time 1.0 

software; Fixma SL, Valencia, Spain) to record and analyze the behavior of 

experimental and opponent mice during the social encounters. 

 Methods 

-Induction of aggressiveness in the opponents: to ensure that opponent mice 

exhibited aggressive behaviors, they lived alone for at least one month and 

were briefly and sporadically confronted with other isolated mice to instigate 

threat and attack behaviors. 

- IRSD: the experimental mouse was defeated in the context of a “intruder–

resident” paradigm of aggression based on the fact that an adult male rodent 

will establish a territory when given sufficient living space. The experimental 

animal (intruder) was placed in the home cage of the opponent (resident) 

mouse. As a consequence of isolation and territoriality, the resident showed 

offensive aggression towards the unfamiliar male mouse that was introduced 

into its home cage. The intruder showed defensive/submissive behavior in 

response to the offensive attacks by the resident. In order to minimize 

physical harm while maintaining stressful effects, the intruder was protected 

from attack by the resident by a wire mesh barrier during the main part of the 

encounter and was physically exposed to the resident for only a brief time.  

Each episode of social defeat (25 min) consisted of three phases:  

a) First phase: The experimental animal was introduced into the home cage 

of the resident aggressive opponent for 10 min, but the animals were separated 

by the wire mesh, which protected the intruder from the attack (bites) of the 
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resident animal. Social interaction and species-typical threats from the 

aggressive resident (i.e., provocation and instigation) were possible across the 

mesh (Stoops et al., 2007; Larson and Carroll, 2005; Mateos-García et al., 

2015). 

b) Second phase: The wire mesh was removed and direct confrontation was 

allowed for 5 min. We considered the experimental (intruder) to be defeated 

when it adopted an upright submissive position for 5 s (Ennaceur and 

Aggleton, 1997; Boissier and Simon, 1962). This posture normally appears 

after 3–5 attacks by the resident mouse.  

c) Third phase: In this last phase, both animals were again separated by the 

wire mesh for 10 min and the intruder animal was exposed to provocation and 

threatening behaviors from the resident animal.  

Mice were exposed to one episode of social defeat every 72 h, in a total of 4 

episodes. Although the experimental animal was usually exposed to a 

different aggressive animal in each aggressive episode, we always used the 

same opponent when confronting experimental C57BL/6 mice with OF1 

residents in order to reduce the aggressive contacts received by the smaller-

sized experimental animal (See Fig. 5). 

The first and fourth episodes of defeat were video recorded so we could 

subsequently evaluate the offensive behaviors (threat and attack) of the 

resident and the defensive/submissive and avoidance/flee behaviors of the 

experimental animal.  
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Fig 5. The three different phases of the Social Defeat procedure  

-Behavioral analysis of agonistic encounters: The behavioral actions and 

postures displayed by the mice during the confrontations were video recorded 

and subsequently analyzed to evaluate the frequencies, durations, latencies, 

and temporal and sequential patterns of the different behaviors (ethogram). 

Submissive and fleeing behaviors of the experimental animals and the 

aggressive behaviors of the opponents were evaluated using a custom-

developed program that allows estimation of the time spent engaged in 

different behaviors (mainly threat, attack, avoidance/flee, and 

defense/submission) (See Fig. 6). 

 

 

 

 

 

Fig 6. a) Defense/submission and b) Avoidance/flee in grey (intruder). c) Attack 

and d) Threat in white (aggressive opponent) 

a) 

b

) 

d

) 

c) 
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-Control group without defeat: We used a control group of mice that did not 

suffer stress. In this case, the experimental animal was placed in a cage (equal 

size to the home-cage of the resident) without any other mouse for 25 min, 

although a wire mesh wall was inserted in the cage on the first and last 10 min 

to mimic the conditions of stressed mice (Stoops et al., 2007; Takeda et al., 

1998) (See Fig. 7). 

 

 

 

 

  

Fig. 7. Exploration condition of Social Defeat 

 

-Short- and long-term behavioral effects of IRSD: we have evaluated the 

short-term effects of RSD on several behavioral tests, including tests of 

anxiety- or depression-like symptoms. As we commented before, the 

experimental animals were exposed to four episodes of social defeat on PND 

47, 50, 53, and 56 or on PND 27, 30, 33, and 36 in the case of late and early 

adolescent mice, respectively. On PND 57-58 (late adolescence) or 37-38 

(early adolescence), mice performed the EPM, Hole-Board, Social 

Interaction, Splash and Tail Suspension Tests. Furthermore, 3 weeks after the 

last episode of defeat stress, animals underwent the place conditioning 

procedure with cocaine to evaluate the long-term effects of IRSD on the 

acquisition of the CPP induced by cocaine.  
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3.3.3 Behavioral Tests 

 

We have evaluated the long-term effects of IRSD on some behaviors, 

such as anxiety or depression. All tests were conducted on PND 57 and 58, 

24 or 48 hours after the last defeat or exploration, except in Study 5, in which 

they were conducted on PND 37 and 38. During the procedures the animals 

had no access to food or water. All the apparatuses were carefully cleaned 

with 70% alcohol after each test. 

-Elevated Plus Maze 

The effects of IRSD on anxiety were evaluated using the EPM 

paradigm. This test is based on the natural aversion of mice to open elevated 

areas, as well as on the natural spontaneous exploratory behavior they exhibit 

in novel environments; therefore, it measures the extent to which rodents 

avoid high open spaces. The apparatus consisted of two open arms (30 × 5 

cm) and two enclosed arms (30 × 5 cm), and the junction of the four arms 

formed a central platform (5 × 5 cm). The floor of the maze was made of 

white Plexiglas and the walls of the enclosed arms were made of clear 

Plexiglas. The open arms had a small edge (0.25 cm) to provide animals with 

additional grip. The entire apparatus was elevated 45 cm above floor level. 

The total time spent in the open and closed arms, the number of entries into 

the open and closed arms, and the percentage of time and entries into the open 

arms are commonly considered indicators of open space-induced anxiety in 

mice. Thus, anxiety levels are considered to be lower when the measurements 

in the open arms are higher and the measurements in the closed arms are 

lower, and vice versa (Rodgers and Johnson, 1995; Rodgers and Dalvi, 1997). 

Moreover, the total entries into the arms are regarded as locomotor activity 
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scores (Campos et al., 2013; Valzachi et al., 2013). At the beginning of each 

trial, subjects were placed on the central platform facing an open arm and 

were allowed to explore for 5 min. The maze was cleaned with a 7% alcohol 

swab after each test, and the device remained untouched until completely dry. 

The behavior of the mice was video recorded and later analyzed by an 

investigator who was blind to the experimental conditions, using a 

computerized method (Raton Time 1.0 software; Fixma SL, Valencia, Spain). 

The measures recorded during the test period were frequency of entries and 

time spent in each section of the apparatus (open arms, closed arms and 

central platform). An arm was considered to have been visited when the 

animal placed all four paws on it. The following measures were taken into 

account for the statistical analyses: the latency to first enter the open arms, 

the time and percentage of time [(open/open + closed) × 100] spent in the 

open arms, the number and the percentage of open arm entries and total 

entries into the arms (See Fig 8). 

Fig. 8. White Elevated Plus Maze 
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-Hole-Board Test 

The hole-board test evaluates the tendency of rodents to explore a new 

environment in a free-choice procedure. This test was developed in 1962–

1964 by Boissier and Simon (Boissier and Simon 1962; Boissier et al., 1964), 

and is a simple and useful procedure to assess the response of an animal to an 

unfamiliar setting (Calabrese, 2008). The exploratory behavior measured in 

this test is the number of head dips, which represents exploratory tendencies 

distinct from general locomotor activity. Number of head dips is a useful 

measure to study the relationship between novelty-seeking and drug abuse 

(Kliethermes et al., 2007; see Chapter 4 in the Annex). The hole-board 

consists of a box (28 x 28 x 20.5 cm) with walls made of clear Plexiglas. In 

the floor of the box there are 16 equidistant holes with a diameter of 2.3 cm. 

Photocells below the surface of the holes detect the number of times the 

mouse performs a head dip (Med Associates, CIBERTEC, SA, Spain). A 

computerized system records the number of times a mouse explores a specific 

hole and the total frequency of dips performed (Activity Monitor v.7). At the 

beginning of the test, the mouse is placed in one corner of the hole-board and 
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allowed to explore it freely for 10 min. The total number of heap dips and the 

latency to perform the first head dip is recorded (See Fig. 9). 

Fig.9. Hole-Board apparatus and a computerized system 

-Social Interaction Test 

The social behavior of the mice was evaluated in an open field (37 × 

37 × 30 cm). A perforated Plexiglas cage (10 × 6.5 × 30 cm) was placed in 

the middle of one wall of the open field. After habituation to the room, each 

animal was placed in the center of the open field and was allowed to explore 

it twice, under two different experimental conditions. The first time (object 

phase), the perforated Plexiglas cage was empty. After 10 min exploration, 

the experimental mouse was returned to its home cage for 2 min. Next, a 

mouse of the OF1 strain was confined to the perforated cage (to safeguard the 

experimental mouse from attack) and the experimental mouse was 

reintroduced into the open field for 10 min (social phase). The OF1 mouse 

was unfamiliar to the experimental mouse (i.e., it was different from the one 

used in the IRSD episodes). In both phases, the time spent in the 8 cm area 

surrounding the perforated cage -the interaction zone- was registered and 

automatically sent to a computer using the Ethovision 2.0 software package 

(Noldus, Wageningen, The Netherlands). An index of social interaction (ISI) 

was obtained [time spent in the interaction zone during the social phase/(time 

spent in the interaction zone during the social phase + time spent in the 

interaction zone during the object phase); Henriques-Alves and Queiroz, 

2016]. The ISI is commonly used as the social preference-avoidance index 

(Krishnan et al., 2007) (See Fig. 10). 
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Fig. 10. Social Interaction Test during the social phase 

 

-Splash Test 

The splash test consists of spraying a 10% sucrose solution on the 

dorsal coat of a mouse placed in a transparent cage (15 × 30 × 20 cm) with 

regular bedding to stimulate grooming behavior. The behavior of the mice 

was videotaped for 5 min and later analyzed by an observer who was blind to 

the treatment received by the animal, using a computerized method (Raton 

Time 1.0 software; Fixma SL, Valencia, Spain). The latency to the first 

grooming, the time spent engaged in this behavior and its frequency were 

recorded. An increase in the latency of grooming and a decrease in the time 

and/or frequency of grooming are interpreted as depressive-like behavior 

(Smolinsky et al., 2009) (See Fig. 11). 
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Fig. 11. Splash Test 

-Tail Suspension Test  

The tail suspension test (TST) measures the behavioral variable of 

immobility, which is considered to represent despair (Pollak et al., 2010). It 

is based on the observation that rodents, after initial escape-oriented 

movements, develop an immobile posture when placed in an inescapable, 

stressful situation. In the case of the TST, the stressful situation involves the 

hemodynamic stress of being hung in an uncontrollable fashion by the tail 

(Cryan et al., 2005). This has been used as a measure of behavioral depression 

because, when antidepressant treatments are given prior to the test, the 

subjects engage in escape-directed behaviors for longer periods of time than 

after treatment with a vehicle (Pollak et al., 2010). We investigated whether 

our procedure of social defeat modified the length of time spent in immobile 

positions in the TST. Following the protocol described by Vaugeois et al. 

(1997), mice were suspended by the tail, using adhesive tape, from a hook 

during a 6-min period. The behavior displayed by the mice was video 

recorded and later analyzed by an observer who was blind to the treatment 

received by the animal, using a computerized method (Raton Time 1.0 

software; Fixma SL, Valencia, Spain). The parameters considered in the 
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statistical analyses were the total time spent immobile and the latency to show 

immobility (See Fig. 12). 

Fig. 12. Tail Suspension Test 

 

In Studies 2, 3 and 4, in addition to the CPP and IRSD paradigms and 

the behavioral tests described before, we carried out specific protocols that 

are described below. 

 

-Voluntary Wheel Running (Study 2) 

We used eight Low-Profile Wireless Running Wheels for Mice (Med 

Associates Inc.). Each wheel, made entirely of plastic (Overall: 15.24 cm L x 

15.5 cm W x 10.16 cm H; Base: 15.24 cm L x 13.72 cm W; Wheel:  15.5 cm 

W x 3.3 cm H), rotates on a central axis in a horizontal plane, allowing 

physical activity through natural exercise/spontaneous locomotion (Reguilon 

et al., 2020). All animals in the exercise condition were distributed in batches 

of eight and ran individually on the wheel [placed in a plastic cage different 

to the home cage (23 cm × 32 cm × 20 cm)] under a schedule of 1 hour, three 
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times per week (Monday, Wednesday and Friday). Control animals were 

placed in the same plastic cages (different from their own) without any 

exercise wheel. Each mouse performed a total of 11 VWR sessions (See 

Fig.14). 

Fig. 14. Voluntary Wheel Exercise 
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-Maternal Separation (Study 3) 

Newborn mice were separated from their mothers for 6 h (9:00h–15:00h) on 

PND 9 (following a slight modification of the procedure employed in 

Llorente-Berzal et al., 2013). We selected PND 9 for MS because this day 

marks the end of the neonatal period (PND 3-9) and the initiation of the 

postnatal transition (PND 9-15) (Fox, 1965). In addition, by this stage (PND 

9) mice show full retention 24 h after learning (Alleva and D’ Udine, 1987).  

During separation, the mother was removed and placed in another cage (23 

cm × 32 cm × 20 cm) with access to food and water, while the pups remained 

in their home box. No specific procedure was used to keep the litter warm 

during this period, as the room temperature in the laboratory was maintained 

at 21°C and pups have a thick (almost complete) fur by PND 9, which allows 

thermoregulation. After 6 h, the mother was placed once again with her litter. 

Weaning was carried out on PND 21, during which the mice were separated 

by sex (Calpe-López et al., 2022b) (See Fig. 13). 
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Fig. 13.  Pups during Maternal Separation 

-Stress immunization protocols (Study 4) 

The following protocols were carried out in early adolescence (PND 27). 

Immobilization 

To evaluate the effects of acute immobilization stress, the animals 

were submitted to restraint for 15 min on PND 27. Restraint is a powerful 

stressor widely used in many studies (Patel et al. 2005; for a review see Lu et 

al. 2003). Restraint was induced as follows: when mice spontaneously entered 

a cylindrical glass tube (4 cm in diameter and 10 cm in length, with holes of 

0.5 cm in diameter to permit respiration), two test tubes of 0.5 cm in diameter 

were carefully introduced underneath the animal to reduce the size of the 

diameter of the tube to 3 cm so that it was impossible for the animal to turn 

(Ribeiro Do Couto et al., 2006) (See Fig. 15). 

 

 

 

 

 

Fig. 15. Acute immobilization 

 

Acute Social Defeat 
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In this paradigm the experimental animal suffered a short experience 

of social defeat during a 10 min period on PND 27 (early adolescence) to 

inoculate against stress. We used a neutral transparent plastic cage for the 

agonistic encounters (23 x 13.5 x 13 cm), different from the home cages of 

the experimental and aggressive animals. First, both animals were placed in 

this cage but were separated by a transparent plastic barrier for 1 min. The 

barrier was then removed and physical interaction was allowed for 10 min. In 

response to the aggressive behaviors of the opponent (an isolated OF1 

mouse), the experimental animal (which was not housed in isolation and did 

not have fighting experience) exhibited avoidance/flee and 

defensive/submissive behaviors. The criteria used to define an animal as 

defeated was a specific posture, characterized by an upright position, limp 

forepaws, upwardly angled head, and retracted ears (See Fig 6a). 

For specifics regarding Materials (experimental animals, housing conditions, 

induction of aggressiveness in the opponents, etc.) and Methods, we refer the 

reader to the standardized protocol described above for IRSD. 

 

Vicarious Social Defeat (VSD) Stress  

 Materials 

-We refer the reader to the IRSD materials for information on housing 

conditions, animals used and the induction of aggression in opponents. 

-Cage for the agonistic encounters: We used a neutral transparent plastic cage 

(29 x 60 x 35 cm) different from the animals’ home cage.  
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-Wire mesh barriers: We used two meshes made of a metal grid (9 x 60 x 35 

cm), each of them consisting of six compartments (9 x 10 cm), to separate the 

defeated and opponent mice during the social defeat encounters. 

 

 Methods  

- Induction of VSD in the experimental mouse: An agonistic encounter 

between the defeated mouse and the aggressive opponent took place through 

a central corridor in a neutral transparent plastic cage (See Fig. 16), so that 

the rest of the experimental mice could smell and observe the defeat through 

the metal grid. 

First, the experimental animals were placed in the wire-mesh-separated 

compartments (six on each side of the plastic cage). An OF1 aggressive 

mouse was then placed in the intermediate space so it could freely explore the 

corridor for 3 minutes. Immediately, a conspecific c57 male mouse was 

introduced into the central corridor and an agonistic encounter took place for 

5 minutes, while the experimental mice received a vicarious experience (i.e., 

visual, olfactory, auditory) of the physical bout (See Fig. 16). 

 - Control group without defeat: We used a control group of mice that did not 

suffer vicarious stress. In this case, the experimental animals were placed in 

the wire mesh compartments (six on each side) of the neutral plastic cage and 

remained there for 8 min without any agonistic encounter visualization.  

- Effects of a vicariously observed stress condition: In this paradigm of social 

defeat, the experimental animals visualize a short experience of social defeat 

between a conspecific-defeated mouse and an aggressive-opponent mouse on 

PND 27. 
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The VSD is a novel paradigm capable of inducing emotional stress by 

avoiding physical stress/confrontation in mice (Sial et al., 2016). In this 

paradigm, male mice exhibit depressive-like behaviors after witnessing the 

defeat of a same-sex conspecific, which resembles the behavioral profile of 

physically stressed mice (Iñiguez et al., 2014; Iñiguez et al., 2018; Hodes et 

al., 2014). 

 

Fig. 16. Vicarious Social Defeat 

 

 

 

 

 



 

 

 

4. RESULTS 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Calpe-López, Claudia 

123 
 

The main results obtained in the different experimental studies 

performed are described below and summarized in Tables 1, 2 and 3. The 

reader can find the complete description of results of each study in the Annex 

with the published, under review or in preparation papers. 

  

Experimental Study 1: 

The results show that exposure to IRSD induced anxiety since 

defeated mice displayed diminished measures in the open arms in the EPM 

(time spent, number of entries, percentage of time spent and percentage of 

entries) in comparison to controls. In addition, IRSD reduced social 

interaction, immobility in the TST and grooming in the Splash Test. Exposure 

to IRSD also increased the sensitivity of mice to the conditioned reinforcing 

effects of cocaine, as only the defeated group of animals showed CPP after 

conditioning with 1 mg/kg cocaine, a dose that was ineffective in the non-

stressed control group. However, in the defeated group of animals, two 

subgroups were distinguished: one vulnerable to the long-term effects of 

defeat on cocaine-induced reward (which developed CPP), and another 

resilient subgroup that behaved like the control group (they did not show 

CPP). Several behavioral traits were related to resilience to the enhancing 

effect of RSD on cocaine CPP. Resilient mice showed less submission during 

defeat episodes, a lower percentage of time in the open arms in the EPM, 

lower novelty-seeking, higher social interaction, greater immobility in the 

TST, and higher frequency of grooming.  

These results suggest that the behavioral profile of defeated mice is 

characterized by an active coping response during defeat episodes (less 
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submissiveness), greater concern about potential dangers in unfamiliar 

environments (EPM and hole-board), less reactivity in a moderate stress 

situation (TST) and fewer depressive-like symptoms (splash test) after stress. 

Thus, the results of this first study show that several individual traits 

contribute to a subject's resilience to the negative consequences of social 

stress (social interaction deficit, anhedonia and increased sensitivity to drugs). 

 

Experimental Study 2:  

The main results of this second study are that exposure to physical 

exercise (voluntary wheel running, VWR) during early adolescence 

prevented the negative consequences of social stress in the EPM, splash test 

and cocaine CPP; the group under stress that had performed physical exercise 

(VWR+IRSD) did not show anxiety- or depression-like symptomatology or 

a potentiation of the conditioned rewarding effects of cocaine like that 

observed in the group of defeated animals without previous physical exercise 

(CONTROL+IRSD). However, exposure to physical activity did not prevent 

the social interaction deficit elicited by ISRD. Thus, our findings support the 

idea that physical activity promotes resilience to some negative effects of 

subsequent social stress and represents an excellent tool for the prevention of 

drug abuse or other stress-related mental disorders.  

 

Experimental Study 3:  

The results of this study show that, regardless of whether maternal 

separation (MS) had occurred or not, lower measures of open arms in the 

elevated plus maze, novelty-seeking and social interaction were observed in 
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mice that had experienced defeat (MS+IRSD and CONTROL+IRSD). 

However, increased grooming latency and cocaine-induced CPP acquisition 

were only observed in mice exposed to defeat (CONTROL+IRSD). These 

results indicate that an episode of MS prevents some effects of IRSD exposure 

in late adolescence, such as the development of depressive-like 

symptomatology and the potentiation of cocaine-induced CPP. However, MS 

did not modify social avoidance behavior or social defeat-induced anxiety 

since MS did not prevent the effects of IRSD in the EPM; mice exposed to 

MS + IRSD exhibited a similar profile to mice exposed only to defeat 

(CONTROL + IRSD). Indeed, mice exposed to MS + IRSD showed a lower 

percentage of entries in the open arms of the EPM and a reduction in the 

distance travelled in the EPM with respect to non-stressed mice (CONTROL 

+ EXPL group), neither of which was the case among mice exposed to IRSD 

or MS alone. On the other hand, mice exposed to MS + IRSD performed a 

greater number of stretch-attend postures than mice in the CONTROL + 

IRSD and MS + EXPL groups, and the MS + IRSD group was the only one 

that did not differ from control mice (CONTROL + EXPL group), suggesting 

the development of resilience to this effect of IRSD. 

Thus, these results suggest that inoculation against stress early in life 

through a brief episode of MS enhances later resilience to some of the 

negative effects of IRSD stress by preventing the development of depressive-

like behaviors produced by defeat in late adolescence and the long-term 

increase in their sensitivity to the rewarding effects of cocaine in adulthood. 
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Experimental Study 4:  

  The results of this study give support to the hypothesis that stress 

inoculation promotes resilience to the effects of IRSD on cocaine reward. 

Brief acute exposure to immobilization (IMM, physical stress), an acute 

social defeat (SD) in an agonistic encounter with an aggressive opponent 

(social stress), or an acute experience of vicarious social defeat (VSD) stress 

through visualization of the social defeat of another mouse (emotional stress) 

in early adolescence conferred resilience to the long-term effects of exposure 

to IRSD on the rewarding properties of cocaine. Inoculated mice 

subsequently exposed to IRSD in late adolescence did not develop cocaine-

induced CPP in adulthood, while non-inoculated mice exposed to IRSD 

showed enhanced sensitivity to cocaine and effectively acquired CPP. Stress 

inoculation also prevented some short-term effects of IRSD, although results 

were in function of the stressor experienced by mice in early adolescence. In 

particular, exposure to acute social defeat prevented the social avoidance 

observed in mice exposed only to IRSD, while exposure to acute 

immobilization prevented anxiety-like effects of IRSD in the EPM (in all 

measures in the open arms), and vicarious social defeat also prevented the 

increased latency to enter the open arms of the EPM observed among mice 

exposed to IRSD alone. It is important to note that stressful stimuli employed 

to induce stress inoculation also induced long-term effects in mice that had 

not suffered stress in late adolescence, including a reduction of grooming in 

the splash test (acute social defeat and immobilization), a decrease of 

immobility in the TST (vicarious social defeat and immobilization), an 

increase in novelty-seeking, social interaction and cocaine CPP 

(immobilization) and an increase in the number of entries and time spent in 

the open arms of the EPM (vicarious social defeat). 
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Experimental Study 5: 

The results of this study revealed a deficit in social interaction, a 

decrease in the frequency of grooming in the splash test and an increase in the 

rewarding effects of cocaine in animals subjected to ISRD in early 

adolescence compared to non-stressed animals. However, IRSD produced no 

significant effects in the EPM, hole-board or tail suspension test. 

Furthermore, as occurred in animals exposed to stress during late 

adolescence, we were able to distinguish two subgroups among the animals 

exposed to ISRD in early adolescence: one that was vulnerable and one that 

was resilient to the effects of stress on cocaine-induced CPP. With respect to 

the behavioral characteristics of the resilient animals, our findings highlight 

less submissiveness during defeats, an absence of depressive-like 

symptomatology (in the social interaction test and in the splash test) and an 

enhanced concern about potential dangers (lower percentage of time in the 

open arms of the EPM). 
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The majority of research on drug addiction aims to identify the 

individual and environmental factors that increase a subject's likelihood of 

becoming addicted. The concept of resilience - a complex, multidimensional 

construct – refers to the neurobehavioral features that confer protection 

against developing an addictive disorder after exposure to stressful events, as 

well as the neurobiological substrates underlying resilience.  

In our laboratory, we have used a protocol of defeat consisting of intermittent 

exposure of mice to an episode of defeat that is repeated four times, every 72 

h. With this protocol of intermittent defeats, we have seen how mice exposed 

to IRSD exhibit anxiety- and depression-like behavior, altered social 

interaction and learning impairments (Calpe-López et al., 2020; García-Pardo 

et al., 2017), as well as enhanced sensitivity to drugs of abuse (García-Pardo 

et al., 2015, 2016, 2019; Calpe-López et al., 2020). However, in the same way 

that most humans exposed to stress do not develop mental disorders, we have 

demonstrated that chronically defeated rodents respond to stress differently; 

some develop anxiety-, depression and addiction-like symptoms, whereas 

others remain resilient to these effects of stress (Calpe-López et al., 2022a; 

Wang et al., 2021). 

Thus, the main objective of the present thesis was the characterization and 

potentiation of resilience to the short- and long-term behavioral effects of 

IRSD exposure in early and late adolescence. Our research regarding 

resilience to the effects of IRSD on the rewarding properties of cocaine is an 

important contribution to the field for two reasons. First, most other studies 

have focused on resilience to depression- or anxiety-like behavior, while 

resilience against developing drug use disorders after stress has been studied 

very little. Second, we have evaluated resilience against the effects of IRSD 
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in late adolescence on cocaine reward in the long term, in adulthood. Thus, 

our research is pioneering in that it identifies mice that are resilient to the 

potentiation of cocaine CPP induced by IRSD and characterizes their 

behavioral profile during social defeat episodes and in a battery of behavioral 

tests after IRSD (Experimental Study 1, Calpe-López et al., 2020). We 

have also identified and characterized mice which are resilient to the effects 

of IRSD in early adolescence (an animal model of bulling), following the 

same experimental protocol (Experimental Study 5, Calpe-López et al., 

under review). The objective in this case was to verify whether the 

behavioral profile that was predictive of resilience in mice exposed to IRSD 

in late adolescence (described in the first study) was also applicable to 

animals exposed to DSRI during early adolescence. It is important to note that 

early adolescent mice experience social defeat less intensely than their older 

counterparts. The development of depression-like symptoms (deficit of social 

interaction and decrease in grooming in the splash test) and an enhanced 

sensitivity to the conditioned rewarding effects of cocaine in adulthood was 

observed irrespective of the age the mice were when they were exposed to 

IRSD. However, while mice exposed to IRSD in late adolescence displayed 

anxiety-like behavior in the EPM, elevated stress responsivity (reduced 

immobility) in the TST, and a decrease in novelty-seeking in the hole-board, 

these effects were not observed among mice exposed to IRSD during early 

adolescence. Regarding the behavioral traits that predict resilience to the 

effects of IRSD on the development of cocaine CPP, we observed that the 

maintenance of an active coping strategy during episodes of social defeat 

(reduced submissive behavior), the absence of social avoidance, unaltered 

levels of grooming and a lower percentage of time spent in the open arms of 

the EPM were observed in resilient mice exposed to IRSD in early or late 
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adolescence. However, the behavioral profile of mice in the hole-board or tail 

suspension tests was associated with resilience to the long-term effects of 

IRSD only in mice exposed to defeat in late adolescence.  

The other main objective of our work has been the potentiation of resilience 

through environmental interventions. We have demonstrated the 

development of mechanisms of recovery from stress through the protective 

effects of physical exercise. Exposure to voluntary wheel running (VWR) 

during adolescence enhanced the resilience of defeated mice and protected 

them against several negative consequences of stress, such as anxiety- or 

depression-like behavior (social avoidance and anhedonia) and the 

potentiation of the rewarding effects of cocaine (Experimental Study 2). In 

addition, we have demonstrated that a brief period of maternal separation 

(MS) prevents the short-term depression-like effects of IRSD and its long-

term effects on the rewarding properties of cocaine. Mice exposed to an 

episode of MS in early life and to repeated experiences of defeat in late 

adolescence behave in the same way as non-stressed mice and do not display 

anhedonia or acquire CPP after conditioning with a low dose of cocaine. 

However, our MS protocol did not prevent other effects of IRSD, such as 

anxiety-like behavior, a reduction in novelty-seeking, or a deficit in social 

interaction (Experimental Study 3). Finally, we can affirm the hypothesis of 

stress inoculation, since exposure to different protocols of inoculation against 

stress in early adolescence (acute immobilization, acute social defeat or acute 

vicarious social defeat) promoted resilience to the long-term effects of IRSD 

on cocaine reward (Experimental Study 4).  
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From a translational point of view, our results support the real-world 

observation that not all individuals exposed to social stress subsequently 

suffer mental and/or addictive disorders. According to our results, and to 

evidence obtained in humans, an active coping strategy (Feder et al., 2009) 

and a search for social support (Wu et al., 2013) should be encouraged. In 

addition, it is necessary to decrease reactivity to stressful events and increase 

awareness of dangers, as well as to promote the self-control function and 

sense of safety. These changes can be achieved by means of problem-solving 

tasks, relaxation training and cognitive restructuration (Thompson et al., 

2018). Our results also suggest that behavioral interventions that increase the 

pro-active response of adolescents exposed to bullying can enhance their 

resilience to the negative consequences of this stressful experience and 

prevent the development of depressive and addictive disorders. Our results 

endorse the idea that exercise can prevent the development of stress-related 

disorders. Physical activity during adolescence is an excellent tool to improve 

resilience to the negative effects of subsequent social stress on the 

vulnerability of an individual to mental and addictive disorders later in life. 

In addition, inoculation of stress in early life or adolescence can increase 

subsequent resilience to some of the negative effects of social stress, 

including the enhancement of sensitivity to the rewarding properties of 

cocaine in adulthood. Nevertheless, it is necessary to carry out further 

research to determine other protective factors that promote the development 

of resilience to stress during childhood or early adolescence. 

Although promising, research on resilience to the development of drug 

addiction following stress in animal models is not without limitations; 

namely, the difficulty in determining the intensity and duration of exposure 

to adversity and specific criteria for considering an animal to be resilient 
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(absence or reduction of substance consumption, sensitivity to drug reward, 

reinstatement of drug-seeking, etc.). In addition, the incorporation of females 

and rodents at different developmental ages into this field of research is 

crucial if we are to fully understand the realities of resilience, since there are 

likely to be some sex and age differences in behavioral markers of resilience. 

The results of our research show that there are certain neurobehavioral 

characteristics that predict resilience to social stress and that it is possible to 

promote resilience to the short- and long-term negative effects of stress, such 

as the development of anxiety, depression or drug use disorders. 

Characterization of resilient animals is the first step in developing behavioral 

and/or pharmacological strategies that promote the emergence of a resilient 

response to the negative effects of stress. From a translational point of view, 

understanding how resilience develops is vital for designing training 

programs that enhance this capacity and promote coping mechanisms, 

especially in subjects that are more vulnerable to stress. In addition to 

reducing addictive behaviors, resilience training can have positive effects on 

mental health, reducing vulnerability to the development of anxiety, and 

depressive and cognitive disorders. Advances in the identification of the 

neurobiological substrates of resilience will no doubt aid the development of 

pharmacological and psychological interventions to improve resilience to 

adversity and stress.  

Research on resilience can contribute to the development 

of new approaches to avoid stress-related mental 

disorders and new therapeutic strategies to treat people at 

risk of developing a drug use disorder after stressful 

experiences. 
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The following is a summary of the main conclusions of each of the studies 

included in the present Thesis: 

 

Experimental Study 1 

 

 We have demonstrated that the IRSD paradigm is useful to assess how 

chronic social stress influences vulnerability or resilience to the 

development of mental disorders, including depression, anxiety and 

CUD in mice.  

 In the short term following exposure to IRSD in late adolescence mice 

show anxiety-like symptoms in the EPM and lower levels of social 

interaction, immobility in the TST and grooming in the splash test in 

comparison to non-stressed mice.  

 In the long term after IRSD exposure in late adolescence, mice exhibit 

a potentiation of the rewarding effects of cocaine; in adulthood they 

acquire CPP with a dose of cocaine that is ineffective in non-stressed 

mice.  

 Among defeated mice it is possible to distinguish subgroups: a 

subgroup of vulnerable mice that effectively acquire cocaine CPP, and 

another subgroup of defeated mice that are resilient to the effects of 

IRSD on cocaine reward, that behave similar to non-stressed mice in 

adulthood; i.e. resilient mice do not develop cocaine CPP.  

 Resilience to the enhancing effects of IRSD on sensitivity to cocaine 

reward is associated with a distinctive behavioral profile (in 

comparison to vulnerable mice), both in social defeat episodes and in 

tests performed short term after IRSD.  
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 Resilient mice are characterized by less submission during defeat 

episodes, less interest in the open arms of the EPM, lower novelty-

seeking in the hole-board test, less reactivity in the TST, and an 

absence of IRSD-induced deficits such as social avoidance and 

anhedonia (in the social interaction and splash tests, respectively).   

 Thus, some mice are resilient to both the depression-like effects 

(deficit of social interaction and anhedonia) and the enhanced cocaine 

sensitivity induced by IRSD. Several individual traits, including an 

active coping response and avoidance of potential dangers in 

unknown environments, and reduced acute stress reactivity, 

contribute to a subject’s resilience to the negative consequences of 

social stress.  

 

Experimental Study 2 

 

 We have confirmed that mice exposed to IRSD in late adolescence 

show anxiety-like symptoms in the EPM and lower levels of novelty-

seeking, social interaction, immobility in the TST and grooming in the 

splash test in comparison to non-stressed mice. In addition, defeated 

mice acquire cocaine CPP in the adulthood. 

 We have demonstrated that exposure to physical activity through 

voluntary wheel running (VWR) during adolescence enhances the 

resilience of defeated mice and protects them against some negative 

consequences of stress. Mice exposed to both VWR and IRSD do not 

show the anxiogenic- or depression-like behavior (social avoidance 
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and anhedonia) or the potentiation of the rewarding effects of cocaine 

observed in mice exposed only to IRSD.  

 VWR during adolescence does not prevent the reduction of novelty-

seeking and of immobility in the TST induced by IRSD. 

 VWR during adolescence in non-stressed mice induced anxiety-like 

symptoms in the EPM; thus, this procedure may promote future 

resilience in defeated mice through a process of stress inoculation. 

 

Experimental Study 3 

 

 We confirmed once again that mice exposed to IRSD in late 

adolescence show anxiety-like behavior and lower levels of novelty-

seeking, social interaction and grooming, and acquire cocaine CPP. 

 An acute brief maternal separation (MS) in early life does not induce 

short-term effects in the EPM, hole-board, social interaction or splash 

tests, and nor does it induce long-term effects on cocaine CPP. 

 We have demonstrated that an episode of MS in early life prevents 

some effects of subsequent IRSD exposure in late adolescence, 

including increased latency to grooming behavior in the splash test 

and potentiation of cocaine-induced CPP.  

 MS does not prevent most of the short-term effects of IRSD, including 

social avoidance, reduction of novelty-seeking and anxiety-like 

behavior. 

 Thus, a brief MS of pups is a slightly stressful event that can inoculate 

mainly against the long-term effects of subsequent exposure to IRSD 
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and prevent the enhanced sensitivity of defeated mice to the rewarding 

effects of cocaine.  

 

 

Experimental Study 4 (in preparation) 

 

 Exposure to three different protocols of inoculation to stress in early 

adolescence (acute immobilization, acute social defeat or acute 

vicarious social defeat) promotes resilience to the long-term effects of 

IRSD on cocaine reward. Mice exposed to IRSD in late adolescence 

develop cocaine CPP, but defeated mice previously exposed to these 

stressful events do not develop CPP. These results support the 

hypothesis of stress inoculation. 

 Exposure to an acute episode of immobilization in early adolescence 

also prevents some of the effects of IRSD exposure in late adolescence 

(such as anxiety-like behavior, the reduction of novelty-seeking and 

social avoidance), but other effects of IRSD remain unaltered (such as 

a decrease in grooming behavior and immobility in the TST). 

 Exposure to an acute episode of immobilization in early adolescence 

induces by itself (without IRSD) behavioral effects in late adolescent 

and adult mice. Thirty days after exposure to immobilization, mice 

without additional stress exposure show an increase in novelty-

seeking behavior and social interaction but a reduction of grooming 

and immobility in the TST. Furthermore, mice exposed only to 
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immobilization in early adolescence acquire cocaine CPP in 

adulthood.  

 Exposure to an acute episode of social defeat in early adolescence also 

prevents some effects of IRSD exposure in late adolescence (such as 

the reduction of novelty-seeking, social avoidance and immobility in 

the TST) but other effects of IRSD remain unaltered (such as anxiety-

like behavior and a decrease in grooming behavior). 

 Exposure to an acute social defeat in early adolescence induces by 

itself (without additional stress exposure) a reduction of grooming 

behavior thirty days after the episode of defeat.  

 Exposure to an acute episode of vicarious social defeat in early 

adolescence only prevents the decrease in immobility in the TST 

induced by IRSD exposure in late adolescence, while the other short-

term effects of IRSD (anxiety-like behavior, reduction of novelty-

seeking, social avoidance and decrease in grooming behavior) remain 

unaltered. 

 Exposure to acute vicarious social defeat in early adolescence induces 

by itself (without additional stress exposure) a reduction of grooming 

behavior and immobility in the TST thirty days after the episode of 

vicarious defeat. 

 

Experimental Study 5 (under review) 

 

 We demonstrate that IRSD exposure during early adolescence induces 

depressive-like behavior (social avoidance and anhedonia in the social 

interaction and splash tests, respectively). In addition, IRSD in early 
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adolescence increases the sensitivity of mice to the rewarding effects 

of cocaine in adulthood.  

 Early adolescent mice experience social defeats less intensely than 

their older counterparts, since mice exposed to IRSD in early 

adolescence do not show anxiety-like behavior in the EPM or 

decreased novelty-seeking and immobility in the TST (effects 

observed in mice exposed to IRSD in late adolescence). 

 The IRSD paradigm is useful to assess the influence of chronic social 

stress on vulnerability or resilience to develop depression and CUD in 

mice, since a subgroup of vulnerable and a subgroup of mice resilient 

to the effects of IRSD can be identified. 

 An active coping strategy during episodes of social defeat predicts 

resilience to the effects of IRSD. Mice with low levels of submissive 

behavior during episodes of defeat are resilient to the short-and long-

term effects of IRSD. They display a greater frequency of grooming 

and higher social interaction levels than highly submissive mice. In 

addition, low submissive mice do not acquire CPP. 

 Resilience to the short-term effects of IRSD on both social interaction 

and grooming behavior predicts resilience to the long-term effects of 

IRSD on cocaine reward. 

 The behavioral profile of mice in the EPM is also related with 

resilience to the effects of IRSD on cocaine reward. Defeated mice 

that spend a lower percentage of time in the open arms do not acquire 

CPP. 

 The level of novelty-seeking behavior and immobility in the TST do 

not predict resilience to the effects of IRSD in early adolescence. 
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ABSTRACT  

Although exposure to intermittent repeated social defeat (IRSD) 

increases the vulnerability of mice to the rewarding effects of cocaine in the 

conditioned place preference (CPP) paradigm, some defeated mice are 

resilient to stress and do not develop CPP. In order to prevent CUD, it is 

important to discover strategies that can enhance resilience. According to the 

stress inoculation hypothesis, exposing subjects to a situation of low stress 

could decrease their maladaptive responses to future stress experiences. In 

this line, the aim of the present study was to evaluate whether the exposure to 

an acute stress during the early adolescence were effective to increase 

resilience to the effects of IRSD later in life. To reach this goal, on PND 27 

mice were exposed to an acute immobilization (IMM, restrain stress), a social 

defeat episode (SD, social stress), a vicarious social defeat (visualization of 

the social defeat of an animal of the same strain (VSD, emotional stress) or 

did not experience stress. On late adolescence (PND 47, 50, 53 and 56), half 

animals of each group were exposed to IRSD in the cage of an aggressive 

opponent (Control+IRSD, IMM+IRSD, SD+IRSD and VSD+IRSD groups) 

while the other half only performed the exploration of a empty cage 

(Control+EXPL, IMM+EXPL, SD+EXPL and VSD+EXPL groups). Then, 

all the animals carried out different behavioral tests, the Elevated Plus Maze 

(EPM), Hole-Board and Social Interaction Test on PND 57, and the Tail 

Suspension and Splash tests on PND 58. Three weeks later, all mice 

performed the CPP paradigm with a low dose of cocaine (1 mg/kg) (PND 77-

84). All protocols of stress on early adolescence induced resilience to the 

potentiation of cocaine CPP induced by exposure to IRSD on late adolescence 

and to the increase in the latency of entry into the open arms of the EPM. In 

addition, exposure to an acute social defeat on PND 27 reversed IRSD-
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induced social avoidance while exposure to immobilization on PND 27 

reversed all the effects of IRSD on the EPM measures. Taken together, our 

data demonstrate that exposure to an acute experience of stress in early 

adolescence can enhance resilience of mice to the long-term consequences of 

IRSD on cocaine reward. However, the development of resilience to several 

short-term effects of stress depend on the type of stress experienced during 

early adolescence. In sum, our results support the hypothesis of stress 

inoculation in adolescent male mice. 

Keywords: resilience, acute social defeat, defeat visualization, 

immobilization, conditioned place preference, stress inoculation, cocaine, 

male mice 

Abbreviations: CPP, conditioned place preference; EPM, elevated plus 

maze; FG, frequency of grooming; ISI, index of social interaction; NS, 

novelty-seeking; PND, post-natal day; RSD, repeated social defeat; TI, time 

of immobility; TST, tail suspension test; %TOA, percentage of time in open 

arms. 

 

INTRODUCTION 

Stress exposure has a long-term impact on motivated behavior and can 

exacerbate preexistent vulnerabilities for the development of a substance use 

disorder (SUD) (Engeln et al., 2021). Several models have been developed to 

examine how stressful experiences influences drug rewards. The scientific 

literature reveals that social stress exposure in animal models induces 

increased drug reinforcement responses and facilitate the reinstatement of 

drug seeking after periods of abstinence in the conditioned place preference 

(CPP) and the drug self-administration paradigms (Aguilar et al., 2013; 
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Montagud-Romero et al., 2018; Rodriguez-Arias et al., 2016, 2017). In 

previous studies of our laboratory, we have demonstrated that stress-induced 

by intermittent repeated social defeat (IRSD) enhances the rewarding effects 

of cocaine in the CPP paradigm in mice (García-Pardo et al., 2019; Calpe-

López et al., 2020). However, we have also observed individual differences 

in response to IRSD; in fact, we can distinguish two subpopulations of mice. 

Some animals develop depression-like symptoms and increased sensitivity to 

cocaine reward (susceptible or vulnerable animals), while others show a clear 

resistance to at least some of these maladaptive sequelae of stress (resilient 

animals) (Calpe-López et al., 2020). The phenomenon of resilience, 

understood as the ability of subjects to overcome the negative effects of stress, 

has been the subject of growing interest in recent years and has implicated in 

a paradigm shift in the fields of medicine and psychology, as it focuses on 

factors that maintain health and promote well-being rather than factors of 

vulnerability to disease. Resilience could explain why not all individuals who 

undergo stressful experiences become addicted to drugs of abuse. Using the 

chronic social defeat stress (CSDS) model, Krishnan et al. (2007) 

demonstrated that only mice characterized as susceptible (mice that displayed 

social avoidance after RSD exposure) developed cocaine-induced CPP. We 

have also previously demonstrated that mice that showed less submission 

during defeat episodes, and a behavioral profile short-term after IRSD 

characterized by lower percentage of time in the open arms of the elevated 

plus maze (EPM), low novelty-seeking, high social interaction, greater 

immobility in the tail suspension test (TST) and a higher frequency of 

grooming were resilient to the long-term effects of IRSD on cocaine reward 

since they behaved like controls and did not develop CPP (Calpe-López et al., 

2020). 
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A novel approach to reduce the incidence of substance use and other stress-

related disorders is to promote resilience to stress using environmental 

resources. For example, we have demonstrated that exposure to physical 

exercise (Voluntary Wheel Running, VWR) during adolescence subsequently 

blocks the negative consequences of stress induced by IRSD in the EPM, 

splash test and CPP, since the defeated mice previously exposed to VWR did 

not display anxiety- or depression-like effects or the potentiation of cocaine 

reward observed in mice exposed only to IRSD (Calpe-López et al., 2022a). 

In the same line, another study has shown that a brief 9-day cognitive training 

protocol in young adulthood may promote long-term resilience to drug-

seeking behavior, since after an interval of 4 weeks mice that have received 

the cognitive training showed a reduced maintenance of cocaine CPP in 

comparison to mice kept in standard housing for the same period that did not 

extinguish CPP (Boivin et al., 2015). Results of these studies suggest that 

while environmental stress increase vulnerability to drugs of abuse, positive 

experiences may build resilience to future drug challenges (Boivin et al., 

2015).  

Another way to increase resilience could be stress inoculation, a phenomenon 

which consists of exposing subjects to a situation of low stress level and if 

possible, controllable by the individual, decreasing their maladaptive 

response to future stress exposures. In this sense, we have demonstrated that 

exposure to a brief episode of stress early in life (6 h of maternal separation 

on post-natal day 9) increases the subsequent resilience of animals to some 

effects of IRSD, such as the depression-like symptoms in the splash test 

(higher latency of grooming) or the potentiation of cocaine reward (Calpe-

López et al., 2022a). However, other effects of IRSD, including the anxiety-

like behavior in the EPM and social avoidance were not prevented by 
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maternal separation (Calpe-López et al., 2022b). Hays et al. (2012) also 

showed that neonatal stress (including 8 h of maternal separation on post-

natal days 5-9) decreased the cocaine-CPP response and increased 

hippocampal neurogenesis in adult mice that, according to the authors, have 

been desensitized by early life stress and showed a reduced stress 

responsiveness during CPP test. Similarly, interference with natural dam-pup 

interactions during postnatal days 2-9 (a model of early life stress) reduced 

the social avoidance deficits induced by CSDS, enhanced stress coping 

behaviors in the TST and forced swimming test and decreased corticosterone 

response to acute restraint stress (Hsiao et al., 2016). These results support 

the stress inoculation hypothesis whereby a stressful experience in early life 

could increase the capacity of subjects to face stressors later in life.  

The hypothesis of stress inoculation has also been evaluated in young adult 

mice (Ayash et al., 2020; Brockhurst et al., 2015). To induce stress 

inoculation the experimental mouse was introduced into the cages of an 

aggressive mice, with a mesh wall between the two, for 15 min during 11 

sessions. Inoculation training sessions acutely increased plasma 

corticosterone levels but subsequently reduced corticosterone responses to 

repeated restraint (Brockhurst et al., 2015). In addition, stress inoculation 

reduced immobility in the TST, decreased freezing in the open field and 

decreased novel-object exploration latencies in mice exposed to repeated 

restraint (Brockhurst et al., 2015). Similarly, Ayash et al. (2020) reported that, 

compared to non-inoculated control mice, stress-inoculated mice showed 

more active defense behavior in an acute social defeat encounter, higher 

sociability, better extinction of conditioned fear, lower immobility in the tail 

suspension test and reduced defecation in an open-field test. These results 
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suggest that stress inoculation protects against different types of stressors and 

could be used to improve coping strategies and build resilience. 

Although adolescence is a critical developmental phase with enhanced 

susceptibility to stress (Tschetter et al., 2022), no previous studies have 

evaluated the effects of inducing stress inoculation in adolescent animals on 

their responsivity to stress later in life. Thus, the aim of the present study was 

to assess the stress inoculation hypothesis using different procedures to 

induce stress in early adolescent mice, such as exposure to an immobilization 

stress for 10 min (physical stress), exposure to an acute social defeat (social 

stress) or exposure to a vicarious social defeat through the visualization of the 

social defeat of another animal (emotional stress). Subsequently, we 

examined whether these environmental manipulations can enhance the 

resilience of animals to the effects of IRSD during late adolescence in the 

EPM, splash test, social interaction test, hole-board and TST. In addition, we 

assessed if stress exposure during early adolescence can prevent the long-term 

effects of IRSD on the rewarding effects of cocaine in the CPP paradigm in 

adult mice. 

 

MATERIAL AND METHODS 

Subjects 

A total number of 98 male mice of the C57BL/6 strain and 15 male 

mice of the OF1 strain (Charles River, France) were delivered to our 

laboratory at 21 days of age and 42 days of age respectively. They were 

housed for 6 days before initiation of the experimental procedures. 

Experimental mice (C57BL/6) were housed in groups of four in plastic cages 

(25 × 25 × 14.5 cm). Mice used as aggressive opponents (OF1) were 
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individually housed in plastic cages (23 × 32 × 20 cm) in order to induce 

heightened aggression (Rodríguez-Arias et al., 1998). To reduce their stress 

levels in response to experimental manipulations, grouped mice were handled 

for 5 min per day on each of the 3 days prior to initiation of the experimental 

procedures. All mice were housed under the following conditions: constant 

temperature; a reversed light schedule (white lights on 19:30–07:30); and 

food and water available ad libitum, except during behavioral tests. 

Procedures involving mice and their care were conducted according to 

national, regional and local laws and regulations, which are in compliance 

with the Directive 2010/63/EU. The protocol was approved by the Ethics 

Committee in Experimental Research (Experimentation and Animal Welfare) 

of the University of Valencia (A1507028485045). 

 

Drugs 

Animals were injected intraperitoneally with 1 mg/kg of cocaine 

(Alcaliber Laboratory, Madrid, Spain) or physiological saline (NaCl 0.9%) in 

a volume of 0.01 ml/g of weight. The physiological saline was also used to 

dissolve the cocaine. The dose of cocaine was selected on the basis of 

previous studies (Rodríguez-Arias et al., 2017; García-Pardo et al., 2019). 

 

Experimental Design 

After an adaptation period, on PND 27 the experimental mice 

(C57BL/6) were assigned to one of three different stress-protocol groups 

(Immobilization, Social Defeat or Vicarious Social Defeat) or to a control 

group without stress. On PND 47, the mice of each protocol of stress were 

assigned to one of two groups: one group was subsequently exposed to four 
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episodes of social defeat (IRSD on PND 47, 50, 53 and 56) in the cage of a 

resident mice (IMM+IRSD, n=15; SD+IRSD, n=15; VSD+IRSD, n=15), 

while the other group did not undergo stress and explored an empty cage on 

the same days (IMM+EXPL, n=12; SD+EXPL, n=13; VSD+EXPL, n=12). 

Control mice, which did not undergo any stress protocol, were also assigned 

to two groups: one group was exposed to IRSD on PND 47, 50, 53 and 56 

(Control+IRSD, n=8), and the other group explored an empty cage on the 

same days (Control+EXPL, n=8). 

On PND 57–58, all mice underwent a series of behavioral tests: elevated plus 

maze (EPM), hole-board (HB), social interaction (SI), splash (SH) and tail 

suspension (TS) tests. On PND 57, the mice performed first the EPM, 

followed by the HB and then the SI test, with an interval of 1 hour between 

each test. On PND 58, mice performed the SH test and, after an interval of 1 

hour, the TS test. The order of tests was based on a previous study carried out 

in our laboratory. Afterwards, all mice were housed in the vivarium for 3 

weeks, after which they underwent the CPP procedure (PND 77-84) in order 

to evaluate the long-term effects of the experimental manipulations 

undergone during adolescence on cocaine reward in the adult mice (see Fig. 

1b). All experiments took place during the dark period (8.30h–16.30h) and in 

a different environment to that of the confrontation sessions. In order to 

facilitate adaptation, mice were transported to the dimly illuminated 

experimental room 1 h prior to testing. In order to facilitate adaptation, mice 

were transported to the dimly illuminated experimental room 1 h prior to 

testing. 
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Experimental Protocols 

1. Protocols of inoculation. 

 

1.1. Protocol 1: Immobilization  

To evaluate the effects of an acute episode of restrain-induced stress 

(Patel et al. 2005; Lu et al. 2003), animals were submitted to immobilization 

for 10 min on PND 27 (See Fig. 1a). To induce restraint, when mice 

spontaneously passed into a cylindrical glass tube (4 cm in diameter and 10 

cm in length, with holes 0.5 cm in diameter to permit respiration), two test 

tubes 0.5 cm in diameter were carefully introduced underneath the animal 

thus reducing the size of the tube to 3 cm so that it was impossible for the 

animal to turn (Ribeiro Do Couto et al., 2006).  

1.2. Protocol 2: Acute Social Defeat  

In this paradigm the experimental animal suffers an acute experience 

of social defeat on PND 27 in an agonistic encounter with a conspecific 

aggressive animal which had been previously isolated for at least one month 

(Fujii et al., 2019; Thomas et al., 2021) (See Fig. 1a). Agonistic encounters 

are performed in a neutral transparent plastic cage (23 x 13.5 x 13 cm), 

different of the home cage of the experimental or the aggressive animal. First, 

both animals are placed in the neutral cage separated by a transparent plastic 

barrier during 1 min. Then, this barrier is removed and the physical interaction 

between them is allowed for 10 min. In response to the aggressive behaviors 

of the opponent, experimental animal (group-housed and without fighting 

experience) exhibited avoidance/flee and defensive/submissive behaviors. 

The criteria used to define an animal as defeated is a specific posture, 
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characterized by an upright position, limp forepaws, upwardly angled head, 

and retracted ears. 

1.3. Protocol 3: Vicarious Social Defeat (VSD) Stress  

In this paradigm of social defeat, the experimental animals visualize a 

short experience of social defeat between a conspecific-defeated mouse and 

an aggressive-opponent mouse (5 min). The VSD stress is a novel paradigm 

capable of inducing emotional stress by isolating physical 

stress/confrontation in mice (Sial et al., 2016). In this model, male mice 

exhibit depressive-like behaviors after witnessing the defeat bout of a same-

sex conspecific, which resembles the behavioral profile of physically stressed 

mice (Iñiguez et al., 2014; Hodes et al., 2014). 

We used a neutral transparent plastic cage (29 x 60 x 35 cm), different of the 

home cage of the animals, for the agonistic encounters.  We also constructed 

two meshes made of metal grid (9 x 60 x 35 cm), each of them consisting of 

six compartments (9 x 10 cm) to separate the experimental mice of the 

defeated and opponent mice during the social defeat encounters. 

Regarding the method employed, we triggered an agonistic encounter with 

the result of VSD stress for the experimental mouse. The agonistic encounter 

between the defeated mouse and the aggressive opponent takes place in the 

central corridor of the neutral transparent plastic cage described above, so that 

all experimental mice can smell and observe the defeat through the metal grid. 

First, the experimental animals are placed into the wire mesh separated 

compartments (six in each side of the plastic cage). Then, an OF1 aggressive 

male mouse is placed in the central corridor so it can freely explore this 

intermediate space during 3 minutes. Immediately, a C57 male mouse is 
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introduced into the central corridor and the agonistic encounter takes place 

during 5 minutes, while the experimental mice are allow only a vicarious 

experience (i.e., visual, olfactory, auditory) of the physical bout. (See Fig. 1a) 

 

2. Intermittent Repeated Social Defeat (IRSD) 

The IRSD procedure consisted of four encounters - separated by 

intervals of 72 h (PND 27, 30, 33 and 36) - with a conspecific isolated mouse 

(OF1), which resulted in the defeat of the experimental animal. Each 

encounter lasted for 25 min and consisted of three phases, which began by 

introducing the experimental animal (intruder) into the home cage of the 

aggressive opponent (resident) for 10 min. During this initial phase, the 

intruder was protected from attack by a wire mesh wall, which allowed social 

interaction and threats from the aggressive male resident. The wire mesh was 

then removed from the cage and confrontation between the two mice was 

allowed for 5 min. In the third phase, the wire mesh was returned to the cage 

to separate the two animals once again for another 10 min to allow for social 

threats by the resident. Intruder mice were exposed to a different aggressor 

mouse during each episode of social defeat. The criterion used to define an 

animal as defeated was the adoption of a specific posture signifying defeat, 

characterized by an upright submissive position, limp forepaws, upwardly 

angled head, and retracted ears (Miczek et al., 1982; Ribeiro Do Couto et al., 

2006). All experimental mice displayed defeat, given that they all faced 

resident mice with high levels of aggression. The first and fourth agonistic 

encounters were videotaped and evaluated by an observer who was blind to 

the treatment (Brain et al., 1989) using a computerized system (Raton Time 

1.0 software; Fixma SL, Valencia, Spain). The time spent in avoidance/flee 
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and defense/submission by the experimental mice and the time spent in threat 

and attack by the resident aggressive mice were measured, as were the 

latencies of these behaviors. The control (non-stressed) group underwent the 

same protocol, without the presence of a ‘‘resident’’ mouse in the cage. 

 

3. Elevated Plus Maze (EPM) 

The effects of RSD on anxiety were evaluated on PND 37 using the 

EPM paradigm. This test is based on the natural aversion of mice to open 

elevated areas, as well as on the natural spontaneous exploratory behavior 

they exhibit in novel environments. The apparatus consisted of two open arms 

(30 × 5 cm) and two enclosed arms (30 × 5 cm), and the junction of the four 

arms formed a central platform (5 × 5 cm). The floor of the maze was made 

of black Plexiglas and the walls of the enclosed arms were made of clear 

Plexiglas. The open arms had a small edge (0.25 cm) to provide the animals 

with additional grip. The entire apparatus was elevated 45 cm above floor 

level. The total time spent in the open and closed arms, the number of entries 

into the open and closed arms, and the percentage of time and entries into the 

open arms are commonly considered indicators of open-space-induced 

anxiety in mice. Thus, anxiety levels are considered to be lower when the 

measurements in the open arms are higher and the measurements in the closed 

arms are lower, and vice versa (Rodgers and Dalvi, 1997; Rodgers and 

Johnson, 1995). Moreover, the total number of entries into the arms are 

regarded as locomotor activity scores (Campos et al., 2013; Valzachi et al., 

2013). At the beginning of each trial, subjects were placed on the central 

platform facing an open arm and were allowed to explore it for 5 min. The 

maze was cleaned with a 7% alcohol swab after each test, and the device was 

allowed to dry completely. The behavior of the mice was video recorded and 
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later analyzed by an investigator blind to the experimental conditions, using 

a computerized method (Raton Time 1.0 software; Fixma SL, Valencia, 

Spain). The measures recorded during the test period were frequency of 

entries and time spent in each section of the apparatus (open arms, closed 

arms and central platform). An arm was considered to have been visited when 

the animal placed all four paws on it. The following measures were taken into 

account for the statistical analyses: latency to first enter the open arms; time 

and percentage of time [(open/open + closed) × 100] spent in the open arms; 

number and percentage of open arm entries; and total entries into the arms. 

 

4. Hole-Board Test 

The mice’s novelty-seeking was evaluated in the hole board test 24 h 

after the last defeat or exploration (PND 37). This test was carried out in a 

square box (28 × 28 × 20.5 cm) with transparent Plexiglas walls and 16 

equidistant holes of 3 cm in diameter on the floor (CIBERTEC SA, Madrid, 

Spain). Photocells below the surface of the holes detected the number of times 

that a mouse performed a head-dip. At the beginning of the test, mice were 

placed in the same corner of the box and were allowed to freely explore the 

apparatus for 10 min. The latency to the first dip and the frequency of dips 

were automatically recorded by the apparatus. 

 

5. Social Interaction Test 

Twenty-four hours after the last defeat or exploration (PND 37), the 

social behavior of the mice was evaluated in an open field (37 × 37 × 30 cm). 

A perforated plexiglass cage (10 × 6.5 × 30 cm) was placed in the middle of 



7. Study 4 

250 
 

one wall of the open field. After habituation to the room, each animal was 

placed in the center of the open field and was allowed to explore it twice, 

under two different experimental conditions. The first time (object phase) the 

perforated plexiglass cage was empty. After 10 min of exploration, the 

experimental mouse was returned to its home cage for 2 min. Next, a mouse 

of the OF1 strain was confined to the perforated cage (to safeguard the 

experimental mouse from attack) and the experimental mouse was 

reintroduced into the open field for 10 min (social phase). The OF1 mouse 

was unfamiliar to the experimental mouse (i.e., it was different from the one 

used in the RSD episodes). In both phases, the time spent in the 8 cm area 

surrounding the perforated cage—the interaction zone—was registered and 

automatically sent to a computer using the Ethovision 2.0 software package 

(Noldus, Wageningen, The Netherlands). An index of social interaction (ISI) 

was obtained [time spent in the interaction zone during the social phase/(time 

spent in the interaction zone during the social phase + time spent in the 

interaction zone during the object phase); Henriques-Alves and Queiroz, 

2016]. The ISI is commonly used as the social preference-avoidance index 

(Krishnan et al., 2007). 

 

6. Tail Suspension Test (TST) 

The tail suspension test (TST) measures the behavioral variable of 

immobility, which is considered to represent despair (Pollak et al., 2010). It 

is based on the observation that, after initial escape-oriented movements, 

rodents develop an immobile posture when placed in an inescapable, stressful 

situation. In the case of the TST, the stressful situation involves the 

hemodynamic stress of being hung by their tail in an uncontrollable fashion 
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(Cryan et al., 2005). This has been used as a measure of behavioral depression 

because, when antidepressant treatments are given prior to the test, the 

subjects engage in escape-directed behaviors for longer periods of time than 

after treatment with a vehicle (Pollak et al., 2010). Forty-eight hours after the 

last defeat or exploration (PND 38), we investigated whether our procedure 

of social defeat modified the length of time spent in immobile positions in the 

TST. In accordance with the protocol described by Vaugeois et al. (1997), 

mice were suspended by the tail, using adhesive tape, from a hook connected 

to a strain gauge that recorded their movements during a 6-min test period. 

The behavior displayed by the mice was video recorded and later analyzed by 

an observer who was blind to the treatment received by the animal, using a 

computerized method (Raton Time 1.0 software; Fixma SL, Valencia, Spain). 

The parameters considered for the statistical analyses were the total time 

spent immobile and the latency to become immobile. 

 

7. Splash Test 

The splash test was carried out on PND 38 and consisted of spraying 

a 10% sucrose solution on the dorsal coat of a mouse placed in a transparent 

cage (15 × 30 × 20 cm) with regular bedding to stimulate grooming behavior. 

The behavior of the mice was videotaped for 5 min and later analyzed using 

a computerized method (Raton Time 1.0 software; Fixma SL, Valencia, 

Spain) by an observer blind to the treatment received by the animal. The 

latency to the first grooming, the time spent engaged in this behavior and its 

frequency were recorded. An increase in latency to grooming and a decrease 

in the time and/or frequency of grooming is interpreted as depressive-like 

behavior (Smolinsky et al., 2009). 
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8. Conditioned Place Preference (CPP) 

Three weeks after the last episode of social defeat (PND 57), the 

animals carried out the CPP procedure. For place conditioning, we employed 

eight identical Plexiglas boxes with two equal-sized compartments (30.7 cm 

long × 31.5 cm wide × 34.5 cm high) separated by a gray central area (13.8 

cm long × 31.5 cm wide × 34.5 cm high). The compartments had different 

colored walls (black vs. white) and distinct floor textures (fine grid in the 

black compartment and wide grid in the white one). Four infrared light beams 

in each compartment of the box and six in the central area allowed the 

recording of the position of the animals and their crossings from one 

compartment to the other. The equipment was controlled by three IBM PC 

computers using MONPRE 2Z software (Cibertec SA, Madrid, Spain). The 

CPP consisted of three phases and took place during the dark cycle following 

an unbiased procedure in terms of initial spontaneous preference (for detailed 

explanations of the procedure, see Maldonado et al., 2007). In brief, during 

pre-conditioning (Pre-C), the time spent by the animal in each compartment 

during a 15-min period was recorded. Animals showing a strong 

unconditioned aversion or a preference for a given compartment were 

excluded from the study (n=2). In the second phase (conditioning), which 

lasted for 4 days, experimental animals received saline before being confined 

to the vehicle-paired compartment for 30 min and, after an interval of 4 h, 

were injected with 1 mg/kg of cocaine immediately before being confined to 

the drug-paired compartment for 30 min. During the third phase, or post-

conditioning (Post-C), the time spent by the untreated mice in each 

compartment during a 15-min period was recorded. 

 



Calpe-López, Claudia 

253 
 

 

 

Statistical Analysis 

The behavioral effects of each protocol of stress inoculation and IRSD were 

evaluated using a two-way ANOVA with two between-subjects variables; 

Inoculation, with two levels (Control and IMM, Control and SD or Control 

and VSD), and Defeat, with two levels (EXPL and IRSD). Post hoc 

comparisons were performed with Bonferroni tests, which allow multiple 

hypotheses to be tested simultaneously, thus limiting the type I error rate 

without increasing the probability of a type II error occurring. The effects of 

each protocol of stress inoculation and IRSD on the CPP paradigm were 

evaluated using a three-way ANOVA with the two between-subjects 

variables described above and a within-subjects variable; Days, with two 

levels (Pre-C and Post-C). Post hoc comparisons were performed with 

Bonferroni tests. All statistical analyses were carried out with the SPSS 

program. 

 

RESULTS 

 

Effects of the exposure to an acute immobilization on early adolescence 

The ANOVA of the number of entries into the open arms of the EPM 

revealed that the variable Inoculation [F(1,39)=17.518; p<0.001], Defeat 

[F(1,39)=6.413; p<0.05], and the Interaction of the variables Inoculation X 

Defeat [F(1,39)=8.655; p<0.01] were significant (Figure 2a). Post-hoc 

comparisons of the Interaction showed that control mice exposed to defeat 
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(Control+IRSD) performed less entries into the open arms than those in the 

Control+EXPL (p<0.01) and IMM+IRSD (p<0.001) groups.  

The ANOVA of the latency to enter the open arms of the EPM revealed that 

the variable Inoculation [F(1,39)=8.797; p<0.01], Defeat [F(1,39)=8.108; 

p<0.01], and the Interaction of the variables Inoculation X Defeat 

[F(1,39)=9.217; p<0.01] were significant (Figure 2b). Post-hoc comparison 

of the Interaction showed that the Control+IRSD group displayed a higher 

latency to enter the open arms than the Control+EXPL (p<0.01) and 

IMM+IRSD (p<0.001) groups. 

The ANOVA of the time spent in the open arms of the EPM revealed that the 

variable Inoculation [F(1,39)=9.642; p<0.01] and the Interaction of the 

variables Inoculation X Defeat [F(1,39)=7.773; p<0.01] were significant 

(Figure 2c). Post-hoc comparisons of the Interaction showed that control mice 

exposed to defeat (Control+IRSD) spent less time in the open arms of the 

EPM than mice in the Control+EXPL (p<0.01) and IMM+IRSD (p<0.001) 

groups.  

The ANOVA of the percentage of entries into the open arms of the EPM 

revealed that the variable Defeat [F(1,39)=6.906; p<0.05] and the Interaction 

of the variables Inoculation X Defeat [F(1,39)=9.250; p<0.01] were 

significant (Figure 3a). Post-hoc comparison of the interaction highlighted a 

lower percentage of entries into the open arms by mice in the Control+IRSD 

group than by mice in the Control+EXPL (p<0.001) or IMM+IRSD (p<0.01) 

groups.  

The ANOVA of the percentage of time spent in the open arms of the EPM 

revealed that only the variable Defeat was significant [F(1,39)=5.365; 
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p<0.05] (Figure 3b). Post-hoc comparison highlighted a lower percentage of 

entries into the open arms by mice in the defeated groups (Control+IRSD and 

IMM+IRSD) than in the non-defeated (Control+EXPL and IMM+EXPL) 

groups (p<0.05).  

The ANOVA of the frequency of grooming revealed that only the variable 

Inoculation was significant [F(1,39)=5.554; p<0.05] (Figure 4a). Post-hoc 

comparison showed a lower frequency of grooming in mice exposed to 

immobilization (IMM+EXPL and IMM+IRSD groups) than in control mice 

(Control+EXPL and Control+IRSD groups) (p<0.05). The ANOVA of the 

time spent in grooming revealed that only the variable Defeat was significant 

[F(1,39)=4.146; p<0.05] (Figure 4b). Post-hoc comparison highlighted that 

mice in the defeated groups (Control+IRSD and IMM+IRSD) spent less time 

in grooming than those in the non-defeated groups (Control+EXPL and 

IMM+EXPL) (p<0.05).  

The ANOVA of the ISI data revealed that the variable Inoculation 

[F(1,39)=34.982; p<0.001] and Defeat [F(1,39)=18.516; p<0.001] were 

significant (Figure 5). Post-hoc comparison of the variable Inoculation 

highlighted that mice exposed to immobilization (IMM+EXPL and 

IMM+IRSD groups) have a higher ISI than control mice (Control+EXPL and 

Control+IRSD groups) (p<0.001). In addition, post-hoc comparison of the 

variable Defeat showed that mice in the defeated groups (Control+IRSD and 

IMM+IRSD) have a lower ISI than those in the non-defeated groups 

(Control+EXPL and IMM+EXPL) (p<0.001).  

The ANOVA of the number of dips revealed Inoculation to be the only 

significant variable [F(1,39)=14.618; p<0.001] (Figure 6). Mice exposed to 

immobilization (IMM+EXPL and IMM+IRSD groups) showed a higher 
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number of head dips than control mice (Control+EXPL and Control+IRSD 

groups) (p<0.001).  

The ANOVA of the time spent in immobile in the TST revealed that that the 

variable Inoculation [F(1,39)=4.039; p<0.05] and Defeat [F(1,39)=4.208; 

p<0.05] were significant (Figure 7). Post-hoc comparison of the variable 

Inoculation highlighted that mice exposed to immobilization (IMM+EXPL 

and IMM+IRSD groups) spent less time immobile than control mice 

(Control+EXPL and Control+IRSD groups) (p<0.05). In addition, post-hoc 

comparison of the variable Defeat showed that mice in the defeated groups 

(Control+IRSD and IMM+IRSD) spent less time immobile than those in the 

non-defeated groups (Control+EXPL and IMM+EXPL) (p<0.05).  

The ANOVA of the time spent in the drug-paired compartment revealed that 

the variable Days [F(1,37)=22.611; p<0.05], the interaction Inoculation X 

Defeat [F(1,37)=4.605; p<0.05], and the interaction Days X Inoculation X 

Defeat [F(1,37)=4.316; p<0.05] were significant (Figure 8). Post-hoc 

comparison of the interaction Days X Inoculation X Defeat showed that mice 

in the Control+IRSD and IMM+EXPL groups spent more time in the drug-

paired compartment in Post-C than in Pre-C (p<0.001 and p<0.05, 

respectively). In addition, on Post-C day the group Control+IRSD spent more 

time in drug-paired compartment than the Control+EXPL and IMM+IRSD 

groups (ps<0.05). 

 

Exposure to an acute Social Defeat episode on early adolescence 

The ANOVA of the number of entries into the open arms of the EPM 

revealed that the variables Inoculation [F(1,40)=7.291; p<0.01] and Defeat 

[F(1,40)=6.466; p<0.05] were significant (Figure 2a). Post-hoc comparison 
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of the variable Inoculation highlighted that mice exposed to an acute defeat 

(SD+EXPL and SD+IRSD groups) performed more entries into the open 

arms than control mice (Control+EXPL and Control+IRSD groups) (p<0.01). 

In addition, post-hoc comparison of the variable Defeat showed that mice in 

the defeated groups (Control+IRSD and SD+IRSD) performed less entries 

into the open arms than those in the non-defeated groups (Control+EXPL and 

SD+EXPL) (p<0.05).  

The ANOVA of the latency to enter the open arms of the EPM revealed that 

the variable Inoculation [F(1,40)=6.411; p<0.05], Defeat [F(1,40)=8.333; 

p<0.01], and the Interaction of the variables Inoculation X Defeat 

[F(1,40)=5.844; p<0.05] were significant (Figure 2b). Post-hoc comparison 

of the Interaction showed that the Control+IRSD group displayed a higher 

latency to enter the open arms than the Control+EXPL (p<0.01) and 

IMM+IRSD (p<0.001) groups. 

The ANOVA of the time spent in the open arms of the EPM revealed that 

only the variable Defeat was significant [F(1,40)=9.955; p<0.01] (Figure 2c). 

Post-hoc comparisons showed that mice exposed to repeated defeat 

(Control+IRSD and SD+IRSD) spent less time in the open arms of the EPM 

than mice non defeated in late adolescence (Control+EXPL and SD+EXPL 

groups) (p<0.01).  

The ANOVA of the percentage of entries into the open arms of the EPM 

revealed that the variable Defeat [F(1,40)=6.862; p<0.05] and the Interaction 

of the variables Inoculation X Defeat [F(1,40)=3.94; p<0.05] were significant 

(Figure 3a). Post-hoc comparison of the interaction highlighted a lower 

percentage of entries into the open arms by mice in the Control+IRSD group 

than by mice in the Control+EXPL (p<0.01) group.  
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The ANOVA of the percentage of time spent in the open arms of the EPM 

revealed that only the variable Defeat was significant [F(1,40)=10.201; 

p<0.01] (Figure 3b). Post-hoc comparison highlighted a lower percentage of 

entries into the open arms by mice in the defeated groups (Control+IRSD and 

SD+IRSD) than in the non-defeated (Control+EXPL and SD+EXPL) groups 

(p<0.01).  

The ANOVA of the frequency of grooming revealed that only the variable 

Inoculation was significant [F(1,40)=7.811; p<0.05] (Figure 4a). Post-hoc 

comparison showed a lower frequency of grooming in mice exposed to an 

acute social defeat (SD+EXPL and SD+IRSD groups) than in control mice 

(Control+EXPL and Control+IRSD groups) (p<0.05). The ANOVA of the 

time spent in grooming did not reveal significant effects (Figure 4b).  

The ANOVA of the ISI data revealed that the variable Inoculation 

[F(1,40)=16.351; p<0.001], Defeat [F(1,40)=11.849; p<0.001], and the 

interaction Inoculation X Defeat [F(1,40)=4.05; p<0.05] were significant 

(Figure 5). Post-hoc comparison of the interaction highlighted a lower ISI in 

the Control+IRSD group than in the Control+EXPL (p<0.001) or SD+IRSD 

(p<0.001) groups.  

The ANOVA of the number of dips did not reveal significant effects (Figure 

6).  

The ANOVA of the time spent in immobile in the TST revealed that that the 

variable Defeat [F(1,39)=5.124; p<0.05] and the interaction Inoculation X 

Defeat [F(1,39)=6.141; p<0.05] were significant (Figure 7). Post-hoc 

comparison of the interaction showed that mice of the group Control+IRSD 

spent less time immobile than mice of the group Control+EXPL (p<0.01). 
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The ANOVA of the time spent in the drug-paired compartment revealed that 

the variable Days [F(1,37)=12.972; p<0.001], the interaction Days X 

Inoculation [F(1,37)=5.815; p<0.05], and the interaction Days X Inoculation 

X Defeat [F(1,37)=4.056; p<0.05] were significant (Figure 8). Post-hoc 

comparison of the interaction Days X Inoculation X Defeat showed that mice 

in the Control+IRSD group spent more time in the drug-paired compartment 

in Post-C than in Pre-C (p<0.001). In addition, on Post-C day the group 

Control+IRSD spent more time in drug-paired compartment than the 

Control+EXPL and SD+IRSD groups (ps<0.01). 

 

Exposure to Vicarious Social Defeat on early adolescence 

The ANOVA of the number of entries into the open arms of the EPM 

revealed that the variables Inoculation [F(1,39)=14.260; p<0.001] and Defeat 

[F(1,39)=13.102; p<0.001] were significant (Figure 2a). Post-hoc comparison 

of the variable Inoculation highlighted that mice exposed to vicarious social 

defeat (VSD+EXPL and VSD+IRSD groups) performed more entries into the 

open arms than control mice (Control+EXPL and Control+IRSD groups) 

(p<0.01). In addition, post-hoc comparison of the variable Defeat showed that 

mice in the defeated groups (Control+IRSD and VSD+IRSD) performed less 

entries into the open arms than those in the non-defeated groups 

(Control+EXPL and VSD+EXPL) (p<0.01).  

The ANOVA of the latency to enter the open arms of the EPM revealed that 

the variable Inoculation [F(1,39)=14.634; p<0.001], Defeat [F(1,39)=8.621; 

p<0.01], and the Interaction of the variables Inoculation X Defeat 

[F(1,39)=9.977; p<0.01] were significant (Figure 2b). Post-hoc comparison 

of the Interaction showed that the Control+IRSD group displayed a higher 
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latency to enter the open arms than the Control+EXPL and IMM+IRSD 

groups (ps<0.001). 

The ANOVA of the time spent in the open arms of the EPM revealed that the 

variables Inoculation [F(1,39)=4.965; p<0.05] and Defeat [F(1,39)=11.782; 

p<0.001] were significant (Figure 2c). Post-hoc comparisons of the variable 

Inoculation highlighted that mice exposed to vicarious social defeat 

(VSD+EXPL and VSD+IRSD groups) spent more time in the open arms than 

control mice (Control+EXPL and Control+IRSD groups) (p<0.05). Post-hoc 

comparison of the variable Defeat showed that mice exposed to repeated 

defeat (Control+IRSD and VSD+IRSD) spent less time in the open arms of 

the EPM than mice non defeated in late adolescence (Control+EXPL and 

VSD+EXPL groups) (p<0.001).  

The ANOVA of the percentage of entries into the open arms of the EPM 

revealed that only the variable Defeat was significant [F(1,39)=13.805; 

p<0.001] (Figure 3a). Post-hoc comparison highlighted a lower percentage of 

entries into the open arms by mice in the defeated groups (Control+IRSD and 

VSD+IRSD) than in the non-defeated (Control+EXPL and VSD+EXPL) 

groups (p<0.001).  

The ANOVA of the percentage of time spent in the open arms of the EPM 

revealed that only the variable Defeat was significant [F(1,39)=6.769; 

p<0.05] (Figure 3b). Post-hoc comparison highlighted a lower percentage of 

time in the open arms by mice in the defeated groups (Control+IRSD and 

VSD+IRSD) than in the non-defeated (Control+EXPL and VSD+EXPL) 

groups (p<0.05).  
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The ANOVA of the frequency of grooming did not reveal significant effects 

(Figure 4a). The ANOVA of the time spent in grooming revealed that only 

the variable Defeat was significant [F(1,39)=4.281; p<0.05] (Figure 4b). Post-

hoc comparison highlighted that mice in the defeated groups (Control+IRSD 

and VSD+IRSD) spent less time in grooming than those in the non-defeated 

groups (Control+EXPL and VSD+EXPL) (p<0.05).  

The ANOVA of the ISI data revealed that only the variable Defeat was 

significant [F(1,39)=5.070; p<0.05] (Figure 5). Post-hoc comparison of the 

variable Defeat showed that mice in the defeated groups (Control+IRSD and 

VSD+IRSD) have a lower ISI than those in the non-defeated groups 

(Control+EXPL and VSD+EXPL) (p<0.05).  

The ANOVA of the number of dips revealed Defeat to be the only significant 

variable [F(1,39)=5.04; p<0.05] (Figure 6). Mice exposed to repeated defeat 

(Control+IRSD and VSD+IRSD groups) showed a lower number of head dips 

than mice not exposed to repeated defeat (Control+EXPL and VSD+EXPL 

groups) (p<0.05).  

The ANOVA of the time spent in immobile in the TST revealed that that the 

variable Defeat [F(1,39)=4.291; p<0.05] and the interaction Inoculation X 

Defeat [F(1,39)=5.524; p<0.05] were significant (Figure 7). Post-hoc 

comparison of the interaction showed that mice of the groups Control+IRSD 

(p<0.01) and VSD+EXPL (p<0.05) spent less time immobile than mice of the 

group Control+EXPL. 

The ANOVA of the time spent in the drug-paired compartment revealed that 

only the variable Days [F(1,37)=8.291; p<0.05] was significant (Figure 8). 
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Simple Effects of this variable showed that the effect of Days was only 

significant in the Control+IRSD group [F(1,37)=9.055; p<0.01]. 

 

 

 

CONCLUSIONS 

Exposure to three different protocols of inoculation to stress in early 

adolescence (acute immobilization, acute social defeat and acute vicarious 

social defeat) prevent some of the short-term effects of IRSD exposure in late 

adolescence (depending on the protocol of inoculation employed) and 

promotes resilience to the long-term effects of IRSD on cocaine reward. Mice 

exposed to IRSD in late adolescence develop cocaine CPP, but defeated mice 

previously exposed to these stressful events do not develop CPP. These 

results support the hypothesis of stress inoculation. 

 

 Effects of acute immobilization 

Exposure to an acute episode of immobilization in early adolescence induces 

by itself (without IRSD) behavioral effects in late adolescent and adult mice. 

Thirty days after exposure to immobilization, mice without additional stress 

exposure (IMM+EXPL) show an increase in novelty-seeking behavior and 

social interaction but a reduction of grooming and immobility in the TST. 

Furthermore, mice exposed only to immobilization in early adolescence 

acquire cocaine CPP in adulthood.  

Acute immobilization in early adolescence prevents some of the short-term 

effects of IRSD exposure in late adolescence, such as anxiety-like behavior, 
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the reduction of novelty-seeking and social avoidance. However, other effects 

of social stress (decrease in grooming behavior and immobility in the TST) 

remain unaltered in IMM+IRSD mice. 

In addition, acute immobilization in early adolescence promotes resilience to 

the long-term effects of IRSD on cocaine reward. Mice exposed to IRSD in 

late adolescence develop cocaine CPP, but defeated mice previously exposed 

to immobilization do not develop CPP.  

 Effects of acute social defeat 

Exposure to ASD in early adolescence induces by itself (without additional 

stress exposure) a reduction of grooming behavior thirty days after the 

episode of ASD.  

Exposure to ASD in early adolescence prevents some short-term effects of 

IRSD exposure in late adolescence, such as the reduction of novelty-seeking, 

social avoidance and immobility in the TST. Other effects of social stress 

(anxiety-like behavior and a decrease in grooming behavior) remain unaltered 

by ASD. 

In addition, ASD in early adolescence promotes resilience to the long-term 

effects of IRSD on cocaine reward. Mice exposed to IRSD in late adolescence 

develop cocaine CPP, but defeated mice previously exposed to a social defeat 

do not develop CPP.  

 Effects of vicarious social defeat 

Exposure to acute VSD in early adolescence induces by itself (without 

additional stress exposure) a reduction of grooming behavior and immobility 

in the TST thirty days after the episode of VSD. 
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Exposure to an acute episode of VSD in early adolescence only prevents the 

decrease in immobility in the TST induced by IRSD exposure in late 

adolescence, while the other short-term effects of IRSD (anxiety-like 

behavior, reduction of novelty-seeking, social avoidance and decrease in 

grooming behavior) remain unaltered. 

In addition, VSD in early adolescence promotes resilience to the long-term 

effects of IRSD on cocaine reward. Mice exposed to IRSD in late adolescence 

develop cocaine CPP, but defeated mice previously exposed to VSD do not 

develop CPP.  
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Fig. 1b. Experimental design 
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