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1. RESUMEN

Fundamentos. La amigdala cerebral desempefa un papel fundamental en la
modulacién de la ansiedad. Numerosos estudios han demostrado que la arginina
vasopresina (AVP) induce efectos ansiogénicos después de ser administrada
tanto de manera sistémica como intra septal. El nucleo central de la amigdala
(CeA) presenta una inervacién vasopresinérgica significativa asi como la
expresion de los receptores V1a 'y V1b para la AVP.

Objetivo. El objetivo de este trabajo fue estudiar la importancia de la
neurotransmision vasopresinérgica en la modulaciéon amigdalina de la ansiedad
innata, y esclarecer si los subtipos de receptores de la AVP pueden tener un
papel diferencial en la modulacién de la ansiedad innata.

Método. Las conductas de ansiedad fueron evaluadas utilizando la prueba de
enterramiento defensivo y la prueba de caja luz/oscuridad, después de la
microinfusion bilateral de la AVP sola o en conjunto con antagonistas para el
receptor V1a o V1b en el CeA.

Resultados. La microinfusion de AVP indujo en dosis bajas (1ng/lado), pero no
en dosis altas (10 ng/lado) efectos ansiogénicos, unicamente en la prueba del
enterramiento defensivo. El antagonista V1b (SSR149415), a diferencia del V1a
(compuesto de Manning) cancelé los efectos ansiogénicos de la AVP en la prueba
del enterramiento defensivo. En ninguna de las dos pruebas se observaron
efectos en las conductas de ansiedad tras administrar los antagonistas por si
solos.

Conclusiones. Nuestros resultados indican que el subtipo de receptor V1b
contribuye en la modulaciéon amigdalina de la ansiedad al utilizar un modelo para

evaluar ansiedad en el cual los estimulos resultan altamente aversivos.



ABSTRACT

The amygdala plays a paramount role in the modulation of anxiety and numerous
studies have shown that arginine vasopressin (AVP) elicits anxiogenic effects
following either its systemic or septal administration. The aim of this paper was to
study the involvement of vasopressinergic neurotransmission in the amygdaloid
modulation of unconditioned anxiety and to ascertain whether or not AVP receptor
subtypes may have a differential role in this modulation. Anxiety behavior was
evaluated both in Shock-Probe Burying Test and Light-Dark Box following the
bilateral microinfusion of AVP alone or AVP together with either AVP 1a or AVP
V1b receptor antagonists into the central amygdala (CeA). AVP microinfusion
elicited at low (1 ng/side) but not at high doses (10 ng/side) anxiogenic-like
responses in the Shock-Probe Burying Test but not in the Light-Dark Box.
SSR149415, an AVP V1b antagonist unlike Manning compound, an AVP V1a
antagonist, fully prevented AVP effects in the Shock-Probe Burying Test when it
was administered simultaneously with AVP. In addition, oxytocin receptor
blockade also failed to affect AVP effects. No effects of any AVP antagonist by
itself were observed in both anxiety paradigms. Our results indicate that AVP V1b
receptor contribute to the amygdaloid modulation of anxiety at least in the context
of the Shock-Probe Burying Test since no effects were noticed in the Light- Dark
Box. It remains to the future to ascertain whether AVP receptor subtypes have
indeed differential actions either in the modulation of global or specific features of

unconditioned anxiety.



2. ANSIEDAD

La ansiedad es un estado del organismo causado por la anticipacién de un peligro
o dano, que se da ante una amenaza desconocida, vaga o indefinida, que incluso
puede o no estar presente (LeDoux 1996). Desde el punto de vista bioldgico, la
ansiedad puede ser definida como la respuesta adaptativa que prepara a un
individuo para detectar y contender contra un peligro real o potencial (Pérez de la
Mora et al. 2010). Aunque de acuerdo con esto la ansiedad es una respuesta
normal en los individuos, cuando su presencia no guarda relacion con el estimulo
que la desencadena u ocurre aun en ausencia de este, se habla de ansiedad

patologica.

La ansiedad representa un estado de alta excitacion que posee una
valencia negativa (Russell 1980) y que da como resultado una mayor vigilancia,
en ausencia de una amenaza inmediata (Davis et al. 2010). Los trastornos de
ansiedad son altamente prevalentes durante la edad adulta (Remes et al. 2016),
tienen un comienzo temprano (Kessler et al. 2005) y afectan a una proporcién
significativa de los adultos jovenes (Remes et al. 2016). Tales trastornos
representan econdmicamente una carga enorme para los recursos de atencion de
la salud (Gustavsson et al. 2011) y son comdrbidos con una amplia variedad de
afecciones médicas, incluidas diversas enfermedades psiquiatricas, neurologicas
y cardiovasculares, con una consiguiente importante reduccién en la calidad de
vida de los sujetos (Shah & Han 2015).

El Manual Diagnéstico y Estadistico de los Trastornos Mentales, en su
quinta edicién (DSM V), divide a la ansiedad patolégica en varias categorias entre
los que se incluyen: la ansiedad por separacién, el mutismo selectivo, la ansiedad
social, la fobia especifica, la ansiedad generalizada y los ataques de panico

dentro de otras entidades.



Clinicamente la ansiedad se caracteriza por experiencias subjetivas de
tensién, de pensamientos de preocupacién y por numerosos cambios fisicos que
incluyen a la sudoracién, mareos e incremento en la presién sanguinea asi como

del ritmo cardiaco.

Es necesario hacer mencion, que los trastornos de ansiedad a nivel
mundial tienen una prevalencia estimada, a lo largo de la vida de un individuo, de
entre el 13,6% y el 28,8% (Alonso et al. 2004; Kessler 2007) y que debido a que
en su mayoria no son atendidos, provocan un gran sufrimiento a los individuos

que la padecen y frecuentemente los invalidan.

Para controlar y/o mitigar las consecuencias asociadas a los trastornos de
ansiedad, se han implementado, de manera general, dos tipos de tratamientos: la

terapia farmacolégica y la psicoterapia.

Dentro de la terapia farmacolégica de manera general se prescriben los
inhibidores de la recaptacion de serotonina (SRI) (v.g. fluoxetina), los inhibidores
de la recaptacién de serotonina y norepinefrina (SNRI) (v.g. venlafaxina), las
benzodiacepinas (v.g. clonazepam), los medicamentos anticonvulsivos (v.g.
gabapentina) y raramente los antidepresivos triciclicos (v.g. clomipramina)
(Bystritsky et al. 2013). En cuanto a la psicoterapia, la terapia cognitivo conductual
es la mas utilizada debido a que le ensefa a los pacientes a reconocer y cambiar
los patrones de pensamiento y las conductas que desencadenan a la ansiedad
(Roy-Byrne et al. 2010).

Tanto la terapia farmacoldgica como la psicoterapia, han demostrado ser
efectivas solas o en combinacion; sin embargo cuando de ambos tratamientos
son combinados se ha demostrado tener una mayor eficacia (Roshanaei-
Moghaddam et al. 2011).



2.1 Estudio de la ansiedad

Debido a los altos costos que conlleva el tratamiento de la ansiedad, las pruebas
clinicas requeridas para su diagnéstico, asi como la dificultad en el desarrollo de
terapias farmacoldgicas especificas que mitiguen sus efectos, resultan
indispensables estudios tendientes a entender la etiopatogenia de estos
trastornos. Por ello, dado que por razones tanto practicas como éticas, la
experimentacion en los humanos resulta limitada, se han desarrollado diversos
modelos animales para su estudio que han contribuido a su entendimiento (Harro
2017).

Es necesario, sin embargo aclarar, que a diferencias de los humanos en los
cuales la ansiedad es identificada a través de un amplio repertorio de expresiones
faciales o por medio de auto-informes, en los roedores su deteccidn resulta mas
compleja (Adhikari 2014; Degroot & Treit 2004), por lo cual es necesario analizar
cuidadosamente sus comportamientos innatos de defensa. Debido a lo
anteriormente expuesto, es posible definir a la ansiedad en animales como un
estado temporal de comportamiento inducido por estimulos amenazantes difusos
(Sylvers et al. 2011).

Los modelos animales de ansiedad se basan en la capacidad de un
individuo para responder ante un estimulo que reconocen como ajeno o
potencialmente peligroso y que normalmente propicia en ellos una respuesta
endocrina 'y autonoma, como un aumento en la frecuencia cardiaca, la
temperatura corporal, el nivel de adrenalina, noradrenalina y de la corticosterona
en la sangre (Benelli et al., 2000) (Fig. 1). Adicionalmente, en dichos modelos
existen alteraciones de la conducta que tienden a ser extremas y pueden verse
reflejadas en un incremento en la locomocion, en conductas de evitacién o bien

en “inmovilidad” conductual (Steimer 2002).



Figura 1. Diferentes tipos de pruebas conductuales empleadas en el estudio de la ansiedad
innata en los roedores. En dichas pruebas, se explota dentro de otros rasgos, la tendencia
natural de los roedores a evitar espacios abiertos e iluminados (laberinto elevado en forma de
“+”, campo abierto, caja luz-oscuridad), la presencia de objetos (enterramiento de canicas,
enterramiento defensivo) o de conespecificos (interaccion social) potencialmente o
abiertamente amenazantes. Imagen modificada de (Calhoon & Tye 2015).

Los modelos desarrollados para el estudio de la ansiedad pueden ser
divididos en dos (Rodgers, 1997). los modelos condicionados y los no
condicionados. Los modelos condicionados hacen referencia al condicionamiento
clasico” o “condicionamiento Pavloviano” que se basan en el “aprendizaje
asociativo”. En el caso de los modelos no condicionados, explotan
comportamientos filogenéticamente heredados o innatos que presentan los
animales ante circunstancias que se asemejan a lo que podria ocurrirle a un

individuo de su especie en su ambiente natural.

Dentro de los modelos innatos es posible diferenciarlos en aquellos que
son empleados preferentemente para evaluar ansiogénesis (v.g. la prueba del

enterramiento defensivo) o ansiolisis (v.g. caja luz-oscuridad).



Prueba del enterramiento defensivo

La prueba del enterramiento defensivo fue introducido en el estudio de las
neurociencias por Pinel y Treit en 1978. Este paradigma conductual se basa en
las respuestas defensivas instintivas de los roedores dirigidas hacia objetos
amenazantes. La prueba tiene como objetivo reproducir en un ambiente
controlado lo que sucede de forma cotidiana en la vida del roedor, cuando éste se
enfrenta a un estimulo aversivo. Durante la evaluacion conductual, el animal
explora libremente el ambiente que incluye un electrodo que al tocarlo descarga
una corriente eléctrica de aproximadamente 0.4 mA. La prueba del enterramiento
defensivo representa un modelo adecuado para desentranar neurobiologia de las
respuestas de afrontamiento activo y pasivo que se relacionan con ansiedad
debido a que son faciles de cuantificar, las respuestas son observables a partir de
un solo choque, cualquier roedor lo presenta sin importar su experiencia previa y

no requiere de entrenamientos complejos.

La caja luz-oscuridad

La prueba de exploracion de la caja luz-oscuridad se desarroll6 por
Crawley y Goodwin a principios de la década de 1980. Este modelo animal se
basa en aversion innata de los roedores a lugares con luz brillante en ambientes
desconocidos, lo cual genera un conflicto inherente entre su impulso exploratorio
y su evitacion del compartimento iluminado. Durante una sesién de 5 minutos, los
animales pueden libremente explorar un ambiente novedoso, a medida que la
curiosidad lo impulsa y la ansiedad lo permite, compuesto por dos diferentes
compartimentos: protegido (oscuro) y desprotegido (iluminado). El andlisis de la
conducta emplea medidas espacio temporales, mientras que las medidas
dependientes en estos modelos se relaciona con la evitacidn de un peligro
ambiental potencial. En esta prueba, como en otras pruebas para medir la
actividad exploratoria, se debe prestar especial atencién a la actividad locomotora
basal y al comportamiento de busqueda de novedad, ya que ambos parametros
pueden ser afectados por drogas o cambios genéticos que produzcan falsos

resultados. Finalmente, es necesario tener en mente que, aun cuando la



cuantificacion de los parametros espacio-temporales son importantes, se ignoran
otras conductas defensivas, tanto de tipo activo como pasivo (inmovilidad, huida,

tigmotaxis y asimilacion del riesgo).

Adicionalmente, en la actualidad existe una amplia variedad de modelos en
los que los animales utilizados son obtenidos a través de lineas desarrolladas y
seleccionadas genéticamente para obtener diferencias en su comportamiento en
algunas de las pruebas utilizadas para medir la ansiedad experimental (Cryan &
Sweeney 2011; Finn et al. 2003). Algunos de esos modelos utilizan cepas
exogamicas como la rata Wistar-Kyoto (WKY) (Pare 1994) que presenta un
comportamiento mas reactivo en comparacion con la cepa Sprague-Dawley
(McAuley et al. 2009). En otros modelos se seleccionan cepas que difieren en su
respuesta ante diversas situaciones ansiogénicas como las ratas de alta (HAB) y
baja (LAB) ansiedad (Liebsch et al. 1998), las ratas Tsukuba de alta y baja
emocionalidad (Fujita 1975) o las ratas de alta y baja vocalizacion ultrasénica
(Brunelli 2005) por mencionar sélo a algunas. Sin embargo, después de afios de
experiencia y un analisis complejo de los resultados obtenidos en estos
paradigmas fue posible determinar que los modelos animales si bien son utiles en
el estudio de la ansiedad se debe tener en mente que cada uno de ellos muestra
rasgos especificos de la ansiedad y que los resultados obtenidos en uno no

puede ser generalizado a todos.



3. SUSTRATO CEREBRAL DE LA ANSIEDAD

La ansiedad es un fendmeno complejo que por su naturaleza involucra
numerosas estructuras anatdomicas que la modulan y expresan. Asi, en un intento
por definir éstas, Papez en (1937) agrupé algunas de ellas dentro de un circuito
que a la postre se denominaria “circuito de las emociones 6 circuito de Papez’.
Dentro de dicho circuito quedaban incluidas estructuras tales como el talamo, el
hipotalamo, el hipocampo y la corteza cingulada, ademas de la amigdala, y la
corteza prefrontal. Posteriormente Paul MacLean (1949) retomando dichas
consideraciones y con el animo de darles un valor evolutivo propuso la teoria del

“cerebro triuno”, que de acuerdo con él, se estructuraba en tres partes:

e El cerebro instintivo o reptiliano, que seria el mas antiguo desde el punto
de vista evolutivo y que incluia el complejo estriatal y los ganglios basales,
atribuyéndoles la generacion de emociones tan basicas como el miedo y la

agresion.

e El cerebro limbico o mamifero, que procesaria respuestas mas complejas y
que incluia a la totalidad de los componentes propuestos en el circuito de

Papez.

e El cerebro cognitivo-gjecutivo, que evolutivamente seria el mas reciente y
estaria constituido esencialmente por la neocorteza. Dicho cerebro, de
acuerdo con MacLean, conectaria a la emocion con la cognicion y ejerceria

el control sobre las respuestas producidas por los otros sistemas.

En la actualidad se acepta que la actividad de las estructuras que
conforman el llamado sistema limbico, conducen a la expresién de conductas
emocionales (pendientes de las circunstancias), asi como la expresion del
sistema nervioso auténomo y las respuestas hormonales en el cuerpo (LeDoux
2012).



A pesar de que como se dijo antes, numerosas estructuras nerviosas estan
involucradas en la modulacion de la ansiedad, la amigdala es sin duda una de las
mas importantes, pues a ella llega toda la informacion sensorial relevante que
recoge un sujeto de su entorno y en ella se implementa el tipo y grado de sus
respuestas ansiosas (LeDoux 2007). Mas aun, a pesar de que existen diferencias
entre las especies, los aspectos basicos de esta estructura en términos de

estructura y funcién han sido conservados a través de la evolucién (Pabba 2013).

La primera referencia a la amigdala fue realizada en 1819 por el anatomista
aleman Karl Friedrich Burdach, quien descubrié una masa de color gris localizada
en la profundidad del I6bulo temporal con una apariencia similar a la de una

almendra, a la que denomin6 amigdala (del latin almendra) (Burdach 1819).

A lo largo de los afos, la amigdala ha sufrido adiciones estructurales y ha
sido objeto de diferentes clasificaciones. La primera descripcion anatémica de la
amigdala fue realizada por Meynert en 1867 (Meynert 1867). Afios mas tarde,
como consecuencia de las numerosas adiciones que esta estructura sufrié se
introdujo el término de “complejo amigdalino” ya que algunas de ellas tenian
incluso un origen embriolégico distinto. Se establecid asimismo la primera
clasificacion de sus componentes (Johnston 1923), que ha servido de base para
las nuevas clasificaciones. Asi, con base en la localizacién anatémica de los
nucleos amigdalinos (Price et al. 1987) éstos se agruparon en tres grupos
principales: el grupo profundo o basolateral, el grupo superficial o cortical y el
grupo centromedial, asi como, algunos agrupamientos neuronales que no
pudieron incluirse en ninguno de los grupos anteriores. Por otro lado, Swanson y
Petrovich (1998) tomando en consideracion el origen ontogénetico de los nucleos
componentes de la amigdala considera que ellos pertenecen a dos categorias,
aquellos que, de acuerdo con ellos, constituyen la extension ventromedial del
claustro y tienen por consiguiente un origen cortical v.g. los nucleos lateral y
basolateral y aquellos que provienen del estriado como son los nucleos central y

medial, asi como las islas intercaladas paracapsulares.
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La relacién de la amigdala con las emociones fue inicialmente explorada
por Brown y Schafer (1888) asi como por Cannon y Bard (1920) quienes la
relacionaron con las respuestas emocionales. Sin embargo, fue MaclLean quien
incluyé a la amigdala en el sistema limbico (MacLean 1949). Cabe sefialar, sin
embargo, que la relacién de la amigdala con las respuestas defensivas del
organismo a estimulos amenazantes fue inicialmente estudiada por medio de
ablaciones del I6bulo temporal realizadas en monos Rhesus (Macaca mulatta) por
Kliver y Bucy (1937), quienes encontraron cambios en los niveles de agresion,
miedo y conductas defensivas cuando las lesiones incluian a practicamente la
totalidad del I6bulo temporal. Dichos hallazgos fueron refinados posteriormente
identificandose a la amigdala como la responsable de dichos cambios (Weiskrantz
1956).

3.1 Anatomia

Como se sefald antes, los nucleos de la amigdala de acuerdo a la clasificacion
de Price et al. (1987), que sera la empleada en este trabajo, se pueden dividir en

tres grupos:
1) ElI grupo profundo o basolateral, que incluye al nucleo lateral, el nucleo
basal y el nucleo basal accesorio.

2) El grupo superficial o cortical, que Incluye los nucleos corticales y el nucleo

lateral del tracto olfativo.
3) El grupo centromedial. Compuesto de los nucleos medial y central.

Finalmente, hay un conjunto de nucleos separados que no caen facilmente
en ninguno de estos tres grupos y se tratan por separado. Estos incluyen las islas

intercaladas y el area amigdalo-hippocampal (Fig. 2).
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Figura 2. Nucleos amigdalinos en el cerebro de la rata tefidos con diferentes métodos.
Panel izquierdo: tincion de Nissl. Panel medio: tincién para la acetilconlinesterasa.
Panel derecho: tincion con plata. Abreviaturas: AB, nucleo accesorio basal; B, nucleo
basal; Ce, nucleo central; itc, células intercaladas; La, nucleo lateral; M, nacleo medial;
CO, nucleo cortical. Areas que no son de la amigdala: AST, 4area estriato-amigdalina de
transicion; CPu, caudado putamen; CTX, corteza. Tomado de LeDoux 2007.

Nucleo Basolateral

El nucleo basolateral estd comprendido por el nucleo lateral (LA), el nucleo
basal (B), que en otras clasificaciones es llamado el nucleo basolateral (BLA), y el
nucleo basal accesorio (AB), que en otras clasificaciones también es llamado el
nucleo basomedial (Fig. 3). A menudo, estos tres nucleos son colectivamente

referidos como el complejo basolateral (Johnston, 1923).

Nucleos corticales

A pesar que estas estructuras son superficiales se les denomina nucleos.
Muchos tienen caracteristicas corticales ya que estan ubicados en la superficie
del cerebro y tienen una estructura laminar (Price et al., 1987). Dentro de los
nucleos corticales se encuentran el nucleo del tracto olfatorio lateral (NLOT), el
nucleo de la cama del tracto olfatorio accesorio (BAOT), el nucleo anterior y
posterior cortical (CoA y CoP, respectivamente), y la corteza periamigdalina
(PAC).

12



Nucleos centromediales

El grupo nuclear centromedial se encuentra en la parte dorsomedial del
complejo amigdalino y consta de la parte central (CeA), medial (MeA), y el nucleo
de la cama de la estria terminal (BNST), que se encuentra fuera de los limites
tradicionales de la amigdala, pero dentro de lo que se ha dado en llamar la

amigdala extendida (de Olmos & Heimer, 1999).

Otros nucleos amigdalinos

Otros nucleos que no fueron incluidos en la clasificacién anterior pero que
se encuentran dentro de la amigdala son el area anterior de la amigdala (AAA), el
area amigdala-hipocampal (AHA) y las islas intercaladas paracapsulares (IPC). El
AHA es la mas caudal de los nucleos de la amigdala y se compone de una
subdivision medial y otra lateral. Las islas intercaladas son pequefios grupos de
neuronas que se encuentran dentro de haces de fibras que separan a diferentes

nucleos amigdalinos (Millhouse 1986; Palomares-Castillo et al. 2012).

La clasificacién anterior se ha adoptado por muchos autores, sin embargo
algunos otros han sugerido una clasificacion diferente que seria mas adecuada
basada en diferentes caracteristicas, por ejemplo las conexiones conocidas de la
amigdala (Alheid & Heimer, 1988; Alheid et al. 1995), o por las caracteristicas
estructurales y funcionales propias de cada nucleo como lo mencionado por

Swanson y Petrovich (Swanson & Petrovich, 1998; Swanson 2000).
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Figura 3. Los nucleos de la amigdala en la rata. Se muestran secciones coronales sucesivas
en sentido rostro-caudal (A-D). Los diferentes nucleos se dividen en tres grupos como se
describe en el texto. Las areas en color azul forman el grupo basolateral, areas en amarillo
son el grupo cortical, y las zonas en color verde el grupo centromedial. Abreviaturas: ABmc,
nucleo accesorio basal, subdivision magnocelular; AB, nucleo accesorio basal, subdivision
parvicellular; Bpc, nucleo basal, subdivision magnocelular; AHA, area amigdala-hipocampal;
BAOT, nucleo del tracto olfatorio accesorio; CeC, nucleo central division capsular; Cel,
nucleo central division lateral; CeM, nucleo central division medial; CoA, Nucleo anterior
cortical; CoP, nucleo posterior cortial; E.C., capsula externa; |, isla medial; Ladl, amigdala
lateral, subdivisién medial; Lam, amigdala lateral, subdivision medial; Lavl, amigdala lateral,
subdivisidn ventrolateral; Ldl, amigdala lateral, subdivision dorsolateral; Lcvl, amigdala lateral,
subdivision ventrolateral; Lm, amigdala lateral, subdivision medial; Mc, amigdala medial; Mcd,
amigdala dorsal subdivision medial; Mcv, amigdala medial subdivisién ventral; Mr, amigdala
medial subdivision rostral; PAC, corteza periamigdalina; Pir, corteza piriforme; ST, estria
terminal. Las coordenadas con respecto a Bregma son mostradas debajo de cada corte
coronal. Tomado de Sah, et al. 2003.

14



3.2 Participacion de la amigdala en la integracion de la ansiedad

Considerable trabajo realizado en diversos laboratorios ha permitido elaborar un
modelo sobre la participaciéon de la amigdala en la ansiedad. Dicho arquetipo
(LeDoux 2000) ha sido desarrollado esencialmente utilizando resultados
provenientes de paradigmas de ansiedad condicionada, que utilizan pruebas
basadas en el aprendizaje asociativo, por lo que podria no necesariamente
ajustarse a situaciones mas complejas, como las que se presentan en la vida de
un sujeto, ni ser valido para explicar la generacion de la ansiedad no
condicionada. Sin embargo, a pesar de sus limitaciones, dicho esquema ha
demostrado ser hasta la fecha convincente ya que permite responder a muchas
de las preguntas que se generan en torno a la ansiedad (LeDoux 2000; 2003;
2007).

Para que un organismo reaccione ante una amenaza, ya sea potencial o
real es necesario que la informacién sea procesada por diversas estructuras del
SNC para hacer que un sujeto dé una respuesta adecuada al estimulo que la
produce (Dalgleish 2004).

A continuacion se describen las fases y regiones cerebrales con mayor

importancia en este procesamiento:

1. Percepcion del estimulo.

El primer paso es la percepcién del estimulo por las vias sensoriales
primarias (visual, sensorial) que envian su informacién hacia el talamo (de Olmos
& Heimer, 1999).

2. Procesamiento talamico de la informacion

El talamo es considerado una importante “estacion retransmisora” debido a
que toda la informacion sensorial que proviene del medio ambiente, con
excepcion de la olfativa, es retrasmitida directamente a la amigdala. La
informacion recibida por esta estructura, dependiendo de la situacion aversiva que

la genera, puede seguir una via larga o una corta (Debiec & LeDoux, 2004). La
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via corta se refiere a la transmision de informacion directa del tdlamo hacia la
amigdala, lo que genera una representacion rapida y poco precisa del estimulo,
pero suficiente para conocer si esta es amenazante o no. Esta via permite dar una
respuesta rapida y exitosa al peligro que pone en entredicho la supervivencia del
sujeto (Debiec & LeDoux, 2004). Sin embargo, no toda la informacién sensorial
que llega a la amigdala procede del tdlamo, ya que se ha reportado que
informacion nociceptiva llega al BLA y CeA a través de la via espino—
parabraquial-amigdalina (Bernard et al. 1989; 1993; Jiménez-Velazquez et al.
2010).

La via larga involucra a la par de la comunicacién del talamo con la
amigdala, el envio de informacion hacia las cortezas sensoriales primarias y su
posterior reenvid hacia la corteza prefrontal medial (mPFC), en donde se realiza
un procesamiento mas detallado que permite obtener una representacion mas
precisa del estimulo amenazante. Una vez que ésta informacion ha sido
procesada dentro de la corteza prefrontal medial es enviada a la amigdala
(Debiec & LeDoux, 2004).

3. Procesamiento de la informacion en la amigdala

Complejo basolateral

La informacion sensorial proveniente del talamo y de la corteza llega al
complejo basolateral de la amigdala, y es contrastada con la informaciéon que le
llega del talamo (via corta). Una vez que esta informacién ha sido procesada
localmente es redireccionada hacia el CeA, en donde se implementan los
componentes autondmicos y hormonales propios de la respuesta ansiosa. A la
par de esto, informacion proveniente del BLA es enviada al nucleo accumbens, en
donde la respuesta ansiosa adquiere un componente motivacional, y a la mPFC
en donde posiblemente la ansiedad se haga consciente (Davis & Whalen, 2001;
Pérez de la Mora et al. 2007b). Por otro lado, es comunmente aceptado, que
dentro del nucleo lateral es donde se produce la plasticidad que se asocia a la

informacion contenida en los estimulos condicionado y no condicionados.
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Nucleo central

Una vez que la informacion generada por la amenaza ha sido evaluada, es
enviada al CeA, una estacion vital de salida, que es el encargado de generar una
respuesta somatica y autondmica acorde con la naturaleza y magnitud de la
amenaza. La respuesta ansiosa puede implementarse en dicho nucleo debido a
que su porcion medial es asiento de grupos neuronales con proyecciones hacia
los centros responsables de regular funciones autondémicas tales como: la
actividad cardiovascular, la respiracion, el tono muscular y la intensidad de los
reflejos (Pérez de la Mora et al. 2007b) asi como de aquellos encargados de
modular la actividad del eje hipotalamo-pituitaria-adrenal (HPA), localizados en el

tallo cerebral y el hipotdlamo respectivamente.

Islas intercaladas paracapsulares

Dado que no existen conexiones entre el nucleo lateral y la porcién medial
del nucleo central, que como se indicé antes, es la responsable de implementar la
respuesta ansiosa se ha sugerido que la informacion integrada en el complejo
basolateral tiene un relevo en las islas intercaladas paracapsulares (IPC) antes de
llegar a la porcion medial del CeA, pues dichas islas reciben numerosas
aferencias del complejo basolateral y proyectan hacia la porcion medial del CeA.
Tales agrupamientos insulares son conglomerados muy densos de interneuronas
GABAérgicas, que se encuentran localizados entre el BLA y CeA (Pare et al.
2004; Perez de la Mora et al. 2006; 2007a; 2008), y especificamente rodeando la

mitad rostral del complejo basolateral.

En virtud de que hay evidencia experimental que sugiere que dichas
interneuronas ejercen una influencia inhibitoria tonica entre ellas y sobre las
neuronas de la porciéon medial del CeA (Royer et al. 1999), se ha sugerido que
pudieran funcionar a manera de una interfase inhibitoria, con la capacidad para
regular, tanto espacial como temporalmente el paso de impulsos nerviosos
provenientes del complejo basolateral o de otras localidades extra-amigdalinas
con direccién a la porcion medial del CeA (Royer et al. 1999; Paré et al. 2004; De
Celis 2007; Pérez de la Mora et al. 2008).
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En resumen, de acuerdo al modelo mas aceptado en la actualidad, la
informacion sensorial relevante del medio ambiente alcanza directamente al
complejo basolateral de la amigdala via aferencias talamicas o corticales vy
despues de ser procesada localmente la informacion es enviada a la porcion
medial del CeA en donde se controlan y median cambios fisioldégicos y
conductuales, asociados a respuestas defensivas, que ocurren en respuesta a
una amenaza (Davis & Whallen 2001; Ledoux 2000). Dada la falta de conexiones
entre el BLA y la porcion medial del CeA, asiento de las neuronas que proyectan a
los nucleos encargados de dar la respuesta ansiosa, se ha propuesto que sean
las neuronas GABAérgicas de las islas IPC las encargadas de conectar
anatémicamente a estas dos estructuras y modular funcionalmente el paso de

impulsos nerviosos entre ellas (Fig. 4).

Figura 4. Procesamiento de la informacion en la amigdala. La informacion de peligro
proveniente del talamo (Tha) a través de proyecciones excitatorias glutamatérgicas llega al
complejo basolateral (BLA), a la par existe comunicacion bidireccional con la corteza medial
prefrontal (mPFC). La informacion proveniente del BLA es retransmitida hacia las islas
intercaladas paracapsulares (Mlp) que forman una interface inhibitoria localizada entre el BLA
y el nacleo central (CeA). Las MIp controlan el trafico del impulso nervioso proveniente de
BLA modulando a las neuronas de salida del CeA inhibiendo ténicamente tanto en su parte
lateral (CelL) en donde llegan proyecciones excitatorias provenientes de su parte medial
(CeM) que envia proyecciones a nucleos autondmicos que dan respuesta al impulso ansioso.
Tomado de la Mora et al. 2010.
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4. EL SISTEMA VASOPRESINERGICO

La arginina vasopresina (AVP) es un péptido de nueve aminoacidos: Cys-Tyr-
Phe-GIn-Asn-Cys-Pro-Arg-Gly-NH2 (Stoop et al. 2015) con un puente disulfuro
entre las posiciones 1 y 6 (Fig. 5). Dicho péptido fue conocido inicialmente como
hormona antidiurética (ADH) por su participacion en la colecta de agua en los
tubulos renales (Starling & Verney 1925; Taylor et al. 1953). La arginina
vasopresina fue caracterizada por Oliver y Schaefer en 1895 quienes realizaron
extractos de la glandula hipofisaria y mostraron que dichos extractos poseian
efectos sobre la presion arterial (Oliver & Schafer 1895). Sin embargo, su
purificacion fue lograda por Du Vigneuad y sus colaboradores hasta el afo de
1951, pero no fue sino hasta tres décadas después que la vasopresina fue

identificada como un neuropéptido producido en el cerebro.

Figura 5. Representacion de la estructura quimica de la arginina vasopresina. Se observan
resaltados a la arginina en la octava y a la fenilalanina en la tercera posicion.

El sistema vasopresinérgico participa en diversas funciones e.g regulacion
del equilibrio hidro-electrolitico, regulacién de la presidon sanguinea, regulacion de
la temperatura corporal, liberacion de la corticotropina, participacion en ritmos
circadianos y conductualmente, en ultimas fechas, se le ha relacionado con
conductas sociales, aprendizaje, memoria, estrés, ansiedad y depresion (Caldwell
et al. 2008; Landgraf & Neumann 2004a).
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4.1 Sintesis y liberacion

El gen que sintetiza para la vasopresina se localiza en la parte distal del brazo
corto del cromosoma 20 (20p13) en humanos, 3 (3g41) en las ratas y 2 (2q73) en
el raton. El precursor de la arginina vasopresina es un pre-propéptido que
contiene vasopresina, neurofisina Il y la glicoproteina copeptina (Burbach et al.
2001; Young & Gainer 2003). La arginina vasopresina se sintetiza principalmente
en el hipotalamo, en dos tipos diferentes de neuronas: las magnocelulares y
parvocelulares. Las neuronas magnocelulares se encuentran principalmente en el
nucleo paraventricular (PVN) y supradptico (SON) del hipotalamo (Fig. 6). Extra
hipotalamicamente se ha reportado en el nucleo de la cama de la estria terminalis
(BNST) y en el nucleo medial amigdalino (MeA) como las dos mayores fuentes
productoras de la AVP, ya que se ha demostrado tanto la presencia de RNAm
para AVP (Szot & Dorsa 1993) asi como cuerpos celulares y fibras (DiBenedictis
et al. 2017) que muestran una densa inmunoreactividad para dicho péptido
(Hallbeck et al. 1999).

Figura 6. Visualizacién inmunohistoquimica para la arginina vasopresina dentro del
hipotalamo. Note la densa distribucion de dicho péptido tanto en el nucleo paraventricular
(PVN) como el supraodptico (SON) del hipotalamo, sus principales sitios de produccion de
vasopresina (A1, A2).
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Los axones de las neuronas magnocelulares en el PVN y SON proyectan
hacia la pituitaria posterior (neurohipdfisis) en donde la AVP se acumula en las

terminales nerviosas y los cuerpos de Herring (Laycock 2010).

La AVP es liberada dentro de la glandula pituitaria fuera de la barrera
hematoencefalica, lo que permite su rapida integracién al torrente sanguineo
(Leng et al. 1999). En contraste, las neuronas parvocelulares del PVN proyectan
sus axones a los capilares del plexo portal de la zona externa de la eminencia
media del hipotalamo, de donde la AVP es transportada a la hipdfisis anterior via
la circulacién portal (Scott & Dinan 1998) (Fig. 7).

Cabe senalar, sin embargo, que las neuronas magnocelulares ademas de
liberar a la AVP en la sangre circundante, a través de sus proyecciones axodnicas
hipotalamicas, liberan también AVP de sus somas y dendritas dentro del PVN y el
SON (Ludwig et al. 2005). Dichas neuronas, envian proyecciones a diversas
regiones del sistema nervioso central (SNC) tales como el hipocampo, el septo, el
nucleo central de la amigdala (CeA) y diversas areas del tronco cerebral en donde
es probable que la AVP sirva como un neurotransmisor (Buijs et al. 1991;
Hernandez et al. 2016). Una vez liberada, la AVP puede llegar a otras areas del
cerebro a través del fluido extracelular (transmision por volumen) para modular la
actividad neuronal y por lo tanto el comportamiento de un organismo bajo
condiciones de estrés o ansiedad (Albers 2015; Engelmann et al. 2004; Landgraf
& Neumann 2004b; Ludwig & Stern 2015).
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Figura 7. Sintesis y liberacion de AVP. Note como la arginina vasopresina que es
sintetizada en las neuronas magnocelulares de los nucleos PVN y SON es transportada por
sus axones a la hipofisis posterior en donde es liberada al torrente circulatorio. PVN, nucleo
paraventricular del hipotalamo; SON, nucleo supraoptico del hipotalamo. Tomado de Holt &
Haspel, 2010.
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4.2 Receptores vasopresinérgicos

La vasopresina ejerce sus efectos a través de tres receptores: V1a, Vib y V2
(Koshimizu et al. 2012; Zelena 2012). Dichos receptores son transmembranales y
estan acoplados a proteinas G (GPCR). Por consiguiente poseen siete dominios
transmembranales, con estructura de a hélice, con un dominio N-terminal

extracelular y un dominio citoplasmatico C-terminal (Villabona 2010).

Los receptores V1 se localizan en el cerebro (V1a, V1b) y se acoplan a
proteinas Gag/11 que activan a la fosfolipasa C (PLC), la cual fosforila
fosfoinositidos membranales liberando inositol trifosfato (IP3) y dando lugar a la
formacién de diacilglicerol (DAG) que permanece en la membrana. El IP3, a su
vez, facilita la liberacién de calcio intracelular del reticulo endoplasmico mientras
que el DAG activa a la proteina quinasa C (PKC) en la superficie membranal. La
PKC activada fosforila proteinas celulares que son responsables de las
respuestas celulares caracteristicas de estos receptores (Birnbaumer 2000;
Treschan & Peters 2006) (Fig. 8).
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Figura 8. Transduccién de sefales a partir de los receptores V1. La sefializacion de los
receptores V1 promueven la disociacion de Ggq1 a GTP. La subunidad alfa (ag) induce la
estimulacion de la actividad de PLC beta (b) que promueve la hidrélisis de PIP,, aumentando
los niveles intracelulares de DAG y IP;. El IP;, a su vez estimula los IP3;R localizados en la
membrana del RE y promueve la liberacion de Ca®* de las reservas intracelulares. Ademas de
activar la sefializacion cascada abajo, la liberacién de Ca*" activa canales catiénicos
divalentes denominados frp que permiten el flujo de Ca*" extracelular hacia el interior de la
célula para reponer las reservas. Abs: DAG, diacilglicerol; ER, reticulo endoplasmico; GTP,
guanosin ftriifosfato; Gq a B y , sub unidades de la proteina G; IP3R, receptor para inositol
(1,4,5)-trifosfato; PIP2, fosfatidilinositol 4,5-bisfosfato; PLCb, fosfolipasa Cb. Imagen
modificada de Birnbaumer 2000.

Los receptores V1a se encuentran en una gran variedad de tejidos que
incluyen al musculo liso vascular, higado, rifion, y bazo (Koshimizu et al. 2012),
mediando diversos efectos bioldgicos, incluyendo la induccidon de hipotension,
vasoconstriccion, gluconeogénesis y agregacion plaquetaria (Zingg 1996). Cabe
sefalar, que el receptor V1a es el receptor mas prominente en diversos nucleos
del cerebro como son el hipotalamo, el septum, el hipocampo, el nucleo de la
cama de la estria terminal (BNST), la amigdala central (CeA), el cerebelo, el
organo subfornical y el plexo coroideo (Huber et al. 2005; Ostrowski et al. 1994;

Szot et al. 1994). Por su lado, el receptor V1b que se describiod inicialmente en la
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adenohipdfisis, como participante en la secrecion de corticotropina (ACTH) a la
circulacién (Sugimoto et al. 1994) ha sido detectado en un buen numero de
regiones cerebrales tales como: el hipocampo, la zona exterior de la eminencia
media y la amigdala (Corbani et al. 2017; Hernando et al. 2001; Lolait et al. 1995;
Stemmelin et al. 2005; Vaccari et al. 1998; Young et al. 2006) entre otras (Herman
et al. 1998). El receptor V2, se localiza principalmente en el rindn, en donde
participa en las acciones antidiuréticas de la AVP. Resulta sin embargo
interesante, que dicho receptor dentro del cerebro ha sido localizado uUnicamente

en el cerebelo.

Llegados a este punto es necesario mencionar la existencia de la oxitocina
(OT), un péptido muy similar a la AVP, de la que unicamente se diferencia por un
cambio de dos aminoacidos en su secuencia. Debido a su similitud estructural se
ha demostrado que los receptores Gq para OT son aparentemente no selectivos,
ya que muestran una afinidad similar entre OT y AVP (Gimpl & Fahrenholz 2001).
Los receptores para OT se expresan en el cerebro en el nucleo olfatorio, el BNST,
el CeA, el hipocampo ventral y el nucleo ventromedial (Huber et al. 2005; de Kloet
et al. 1986).

4.3 La arginina vasopresina y su relacion con la ansiedad

Como se ha descrito antes, la AVP posee diversas actividades funcionales entre
las que se incluyen la conducta, el aprendizaje, el proceso de memoria, la
emocionalidad y el afrontamiento del estrés (Ebner et al. 1999; Engelmann et al.
1994; Wigger et al. 2004; Young 2001) asi como el control de la actividad del eje
hipotalamo-pituitaria-adrenal (HPA) (Keck et al. 2002; Wotjak et al. 2002).

Los primeros trabajos que relacionaron a la AVP con conductas
relacionadas con la ansiedad fueron llevados a cabo por Gold y sus
colaboradores en 1978, quienes postularon que la deficiencia de la AVP producia

déficits conductuales que podian ser revertidos tras su administracién (Gold et al.
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1978) e intentaron relacionar a este neurotransmisor con padecimientos derivados
del estrés, como son la ansiedad y la depresién mayor. Postularon asimismo, la
existencia de vias vasopresinérgicas en SNC que participarian en el control de
diversos procesos fisioldgicos y en las enfermedades afectivas. Desde entonces

se han desarrollado diferentes estudios para confirmar estas ideas.

Particularmente interesantes a este respecto resultan las ratas Brattleboro,
que se descubrieron a principios de 1960 y que derivan de la cepa Long Evans.
(Sawyer et al. 1964; Sokol and Valtin 1965; Sokol & Zimmerman 1982). Dichas
ratas tienen una mutacion en el gen de la neurofisina que esta presente, como se
indicé antes, en el prepropéptido que posee la secuencia requerida para la
sintesis de la AVP y que como consecuencia de ello hace imposible su secrecién
(Bohus & de Wied 1998; Evans et al. 2000; Surget & Belzung 2008). Como
resultado de dicha mutacion, las ratas Brattleboro muestran una disminucion en
los niveles de ansiedad en comparacién con las ratas Long Evans (Williams et al.
1983), una alta actividad exploratoria (Balazsfi et al. 2015) y un perfil de depresidn
baja (Mlynarik et al. 2007).

Asi mismo, con la finalidad de estudiar a fondo los mecanismos por los
cuales se origina la ansiedad, una de las primeras estrategias utilizadas para ello
fue la de realizar una seleccion artificial de ratas, separando aquellas que
mostraban mayores niveles de ansiedad (ratas HAB) en el laberinto elevado en
forma de “+” (EPM, por sus siglas en ingles) (Hess et al. 1992) de aquellas con
menores niveles de ansiedad (ratas LAB) en dicho modelo. El establecimiento de
estas dos lineas de ratas coadyuvo a establecer una relacion entre la AVP vy la
ansiedad, ya que al medir la expresion de la AVP y la de su RNAm, en el PVN fue
posible encontrar que dichos marcadores estaban mas expresados en las ratas
HAB que en las LAB (Keck et al. 2003). Estos resultados son congruentes con los
hallazgos de Bunck et al. (2009) quienes reportaron una disminucién de la
expresion del gen de AVP en el PVN y SON en ratones LAB con respecto con la

expresion de dicho gen en ratones HAB.
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Por otro lado, estudios sobre la existencia de diversos tipos de
polimorfismos ligados al gen de la AVP demostraron que los individuos que
poseian polimorfismos asociados a una sobreexpresion de dicho neuropéptido,

mostraban un aumento de la ansiedad (Murgatroyd et al. 2004).

Con la intension de explorar los efectos centrales y periféricos de la AVP,
se han desarrollado diversos agonistas y antagonistas para los receptores
vasopresinérgicos destacando por su efectividad y especificidad: el compuesto de
Manning, un antagonista selectivo (Ki 0.7 nM; Manning et al. 2008) para los
receptores V1a y el SSR149415, un antagonista selectivo (Ki 1.3 nM; Roper et al.
2011) para los receptores V1b. Debido a la similitud con la oxitocina también se
ha empleado en diversos estudios el OTA, un antagonista selectivo (Ki 0.2 nM,;
Maning et al. 2008).

Los estudios farmacolégicos realizados han demostrado en su mayoria
efectos ansiogénicos inducidos por la AVP, sin embargo, en algunos casos
pueden resultar confusos. Ejemplo de ello, es que en tanto que la administracion
intraseptal e intraperitoneal (i.p.) de la AVP produjo efectos ansioliticos en el EPM
(Appenrodt et al. 1998), el bloqueo de los receptores V1a con el antagonista
d(CHaz)sTyr(Me)AVP disminuyo los niveles de ansiedad (Liebsch et al. 1996) en el
mismo modelo y regidn sugiriendo un papel ansiogénico para la AVP. En linea
con estos ultimos resultados, la administracion a ratas de un oligo-
desoxiribonucleotido anti sentido para los receptores V1a en el septum redujo sus
niveles de ansiedad cuando estas fueron expuestas al EPM (Landgraf et al.
1995). A pesar de la disparidad en los efectos, dichos resultados podrian ser
explicados debido a las diferencias en cuanto a las vias de administracién
empleadas, asi como los farmacos (v.g. agonista, antagonistas) y las dosis

administradas durante los experimentos.
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Por lo que toca al papel de los receptores V1b, la disponibilidad de un
antagonista especifico para ellos, el SSR149415 (Serradeil-Le Gal et al. 2005), ha
permitido analizar su papel en la regulacién de la ansiedad. Los resultados de
experimentos en los que este compuesto ha sido administrado oralmente a ratas,
han mostrado que este antagonista tiene un poderoso efecto ansiolitico en varios
modelos de ansiedad, entre los que se incluye el EPM. Resulta interesante para
este trabajo, que la administracion de SSR149415 en el septum lateral no tuvo
efectos observables en las ratas al ser evaluadas en el EPM, ni en la prueba de
conflicto de Vogel (Stemmelin et al. 2005) pero si cuando fue infundido dentro de
la amigdala y las ratas fueron evaluadas en el EPM. Por otro lado, los efectos
ansioliticos del SSR149415 unicamente se registraron cuando este compuesto
fue administrado en el BLA, y no en el CeA ni en el MeA (Salome et al. 2006). Los
resultados obtenidos sugieren que los receptores V1b juegan un papel

ansiogénico en la modulacién amigdalina de la ansiedad.

Por otro lado, estudios realizados utilizando ratones transgénicos dieron
apoyo adicional al papel ansiogénico de los receptores V1a en la modulacién de
la ansiedad. Asi, en ratones macho knockout (KO) para el receptor V1a se
observé una disminucion en los comportamientos asociados a la ansiedad en
comparacién con ratones no manipulados (wild type) (Bielsky et al. 2004;
Egashira et al. 2007). Congruentemente, la sobreexpresion del gen para V1a en el
septum lateral resulté en un incremento de las conductas asociadas a la ansiedad
(Bielsky et al. 2004).

En lo concerniente al receptor V1b, las manipulaciones genéticas para
silenciar el gen que codifican para el receptor V1b, demostraron efectos
conductuales inconsistentes al disminuir conductas asociadas a la ansiedad y en
otros no se observd ningun efecto sobre la ansiedad (Egashira et al. 2005;
Wersinger et al. 2002).
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4.4 La arginina vasopresina en la amigdala

La presencia de la AVP ha sido reportada en diversas estructuras cerebrales,
dentro de las que se encuentra la amigdala, una estructura que es reconocida

como clave en el procesamiento de la ansiedad.

Dentro de la amigdala se ha indicado que la AVP se sintetiza, esto debido
a que dentro del MeA y el BNST se ha demostrado la presencia de RNAm (Szot &
Dorsa 1993) asi como de células productoras y fibras vasopresinérgicas (Buis
1978, 1980; 1991; Caffé et al. 1987; DiBenedictis et al. 2017) que se comunican
de manera indirecta con el hipotdlamo (Jankord & Herman 2008). Asi también se
conoce que numerosas fibras vasopresinérgicas provenientes del PVN y el SON
atraviesan tanto el AHA como el BLA (Zhang & Hernandez 2013) y que terminales
vasopresinérgicas inervan el BNST, el BLA y el CeA (Hernandez et al. 2016;
Zhang & Hernandez 2013).

Como se menciond antes en el SNC unicamente se han reportado los
receptores V1 (a, b) para la AVP. En la amigdala, se ha descrito la presencia de
los receptores V1a en la parte lateral del BNST y la parte medial del CeA (Huber
et al. 2005; Stoop et al. 2015). En cuanto a los receptores V1b, su distribucién ha
sido ampliamente discutida, debido a que se creia que unicamente se hallaban en
la pituitaria, en donde modulan el eje HPA. Sin embargo, se ha reportado tanto
inmunoreactividad por el receptor (Hernando et al. 2001; Stemmelin et al. 2005)
asi como la presencia de RNA en la amigdala (Young et al. 2006). Estudios
recientes han permitido identificar de manera especifica la existencia de los
receptores V1b en el BLA y el CeA, utilizando manipulaciones genéticas y

ligandos fluorescentes (Corbani et al 2017).
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5. PLANTEAMIENTO DEL PROBLEMA

La ansiedad es el padecimiento psiquiatrico mas frecuente en México y el mundo
alcanzando una prevalencia cercana al 25 %. Su tratamiento, por tanto,
representa una carga econdomica para los servicios de salud publica y un
sufrimiento considerable para el caso de los pacientes, a los que en ocasiones

puede llegar a incapacitar.

En la actualidad no se conoce en su totalidad, el sustrato neurobiolégico de
la ansiedad, ni los mecanismos que la subyacen. Es imperativo, por tanto, la
realizacion de estudios que subsanen estas carencias y que permitan el desarrollo
de estrategias tanto conductuales como farmacolégicas para su

control/tratamiento.

Diversos sistemas de neurotransmision estan involucrados en la
modulacién de la ansiedad, la arginina vasopresina ha sido implicada
recientemente en dicha modulacién, sin que se conozcan, los sitios anatémicos
de su accién, ni menos aun, los mecanismos mediante los cuales ejerce sus

efectos ansiogénicos.

Dado que la amigdala, tiene un papel fundamental en la modulacion de la
ansiedad y que a su nucleo central llegan numerosas terminales
vasopresinérgicas provenientes del nucleo paraventricular del hipotalamo,
creemos de gran interés, estudiar la participacion de esta estructura en la
generacion de las acciones ansiogénicas de este neurotransmisor, concediendo
particular énfasis a la participacion de sus receptores V1b. Consideramos, que los
resultados obtenidos en este trabajo seran de importancia para entender la
participacion de los receptores vasopresinérgicos en la modulacion amigdalina de

la ansiedad y la posible activacion diferencial entre los receptores.
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6. HIPOTESIS

Los receptores vasopresinérgicos V1b presentes en el nucleo central de la
amigdala (CeA) modulan los efectos ansiogénicos ejercidos por la AVP de

manera independiente a los receptores V1a.

7. OBJETIVO GENERAL

Estudiar la neurotransmision vasopresinérgica en la modulacién amigdalina de la
ansiedad innata, y esclarecer si los subtipos de receptores de la AVP pueden

tener un papel diferencial.

7.1 Objetivos particulares

1. Establecer el papel de la arginina vasopresina en la modulacion amigdalina
de la ansiedad innata.

2. Establecer el posible papel diferencial que tiene los receptores V1a y V1b
en la modulacién amigdalina de la ansiedad innata.

3. Establecer si la actividad de los receptores V1b para la arginina
vasopresina sobre la ansiedad innata es general o depende del modelo

utilizado.
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8. PROCEDIMIENTOS EXPERIMENTALES

8.1 Animales

Para las evaluaciones conductuales fueron empleadas ratas macho de la cepa
Wistar con un peso de 250 a 260 g, criadas en el bioterio del Instituto de
Fisiologia Celular. Las ratas fueron hospedadas en un ambiente controlado (22°C;
ciclo luz/oscuridad 12/12 h, luces encendidas de 7:00-19:00 h) con agua y
alimento (dieta de nutricion constante para ratas de laboratorio, Rat Diet 500i)
disponible ad libitum. Todos los experimentos fueron realizados en la fase de luz
del dia (9:00-18:00 h) de acuerdo con las especificaciones técnicas para el
cuidado y uso de animales de laboratorio establecidas en la Norma Oficial
Mexicana (NOM-062-Z00-1999), los lineamientos establecidos por el comité de
ética local, y en acuerdo con el “International Guiding Principles for Biomedical
Research Involving Animals”, Council for International Organization of Medical
Sciences, 2010. Todos los procedimientos experimentales fueron realizados
reduciendo el sufrimiento de los animales al minimo. En todos los experimentos

las ratas fueron asignadas a los grupos experimentales de manera aleatoria.

8.2 Cirugia y microinyeccion

Para la implantacion permanente de canulas guia dentro de la amigdala, las ratas
fueron anestesiadas por via intraperitoneal con una mezcla de clorhidrato de
ketamina (60 mg/kg) y xilazina (5 mg/kg), ambas adquiridas de Pisa Agropecuaria
(Atalaquie, Hgo, México) y fijadas en un aparato estereotaxico (Kopf Instruments,
Tujunga, CA, USA) con la barra de incisivos a -3.3 mm. La temperatura corporal
de las ratas fue mantenida a 37°C usando un controlador de temperatura
(CMA/150 (CMA/Microdialysis, Stockholm, Sweden). Canulas de 46 mm de
diametro (C315G, Plastics One, Roanoke, VA, USA) fueron dirigidas
bilateralmente hacia el CeA (coordenadas AP: -1.7 mm, ML: + 4.2 mm a partir de
bregma, DV: -7.7 mm de la superficie del craneo, de acuerdo con el atlas de

Paxinos y Watson (1986). Las canulas guia fueron fijadas con ayuda de tornillos
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de acero inoxidable y acrilico dental (Laboratorios Arias, México City, México) y se
les colocaron dentro “mandriles” (C315DC, Plastics One) para mantenerlas sin ser
bloqueadas. Para prevenir infecciones se administrd6 Estreptobezetazil V-
Fortificado (Fort Dodge Animal Health Laboratories, México City, México) por via
intra-muscular. Para evitar el desprendimiento de las canulas, las ratas fueron

hospedadas en cajas individuales hasta el dia de la microinyeccion.

Después de 7 dias de recuperacion de la cirugia y de la anestesia, las ratas
fueron manipuladas una vez al dia durante 5 min por un lapso de cuatro dias para
la prueba del enterramiento defensivo y tres dias para la caja luz-oscuridad antes

de ser tratadas y evaluadas conductualmente.

8.3 Administracion de farmacos

La arginina vasopresina ([Arg8]-Vasopressin acetate salt) fue adquirida de Sigma
Chemical Co. (St. Louis, MO, USA), el antagonista V1a (d(CH,)s', Tyr(Me)? Arg?)-
Vasopressin trifluoroacetate salt (Compuesto de Manning) y el antagonista de la
Oxitocina (OTA, d(CH,)s", Tyr(Me)?,Thr*,0rn8,des-Gly-NH,®)-Vasotocin
trifluoroacetate salt se adquirieron de BACHEM Pioneering partner for peptides
(Torrance, CA, USA ), el antagonista V1b (SSR149415) fue adquirido en Axon
Medchem (Groningen, GRQ). EI SSR149415 se preparo en una solucion 0.9%
(p/v) NaCl conteniendo el 5% DMSO (Sigma, Lyon, France) y 5% Cremophor EL
(Sigma, Lyon, France). [FITC] [Ahx]CYIQNCPLG[Amida] fue adquirido de

Biosynthesis Committed to Biomic Research, (Lewisville, TX, USA).

En el dia de las evaluaciones conductuales, las ratas fueron administradas
bilateralmente con: AVP (1 o 10 ng/lado); SSR149415 (1 o 10 ng/lado),
compuesto de Manning (10 o 30 ng/lado), u OTA (15 ng/lado) como se muestra
en la Tabla 1. Los tratamientos fueron administrados via canulas de
microinyeccién (0.20 mm diametro externo, C315l, Plastics One), que protruia 1
mm del final de la canula guia durante un periodo de 5 min, usando dos bombas

de microdialisis (CMA/ Microdialysis, Stockholm, Sweden). Los tratamientos
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fueron microinfundidos en un volumen de 250 nl/lado. Las canulas permanecieron
en el sitio de la inyeccidén durante 60 s después de la microinyeccion para prevenir
el reflujo de los farmacos inyectados y para permitir su correcta difusién. Las
observaciones conductuales en cada prueba de ansiedad comenzaron
inmediatamente después de la microinyeccion de los farmacos. El rango de dosis
de la AVP usados se basaron en los estudios de Appenrodt y Schwarzberg
(2000). En el caso de los antagonistas, las dosis se basaron en lo reportado por
Hernandez et al. (2016) para los receptores V1a (compuesto de Manning), lo
descrito en el trabajo de Salomé et al. (2006) para los receptores V1b
(SSR149415) y el trabajo de Lazslo et al. (2016) para los receptores para la OT.
Diferentes grupos de ratas fueron usadas para la prueba del enterramiento

defensivo y la caja luz-oscuridad.

En los experimentos en los cuales fueron usados antagonistas, se infundio
de manera simultanea tanto el agonista como el antagonista con intencién de que
la relacion de sus concentracién se mantuviera inalterada en su sitio de inyeccion
y por consiguiente estar seguros de que la unién a sus receptores dependiera
esencialmente de su afinidad por ellos. Ademas, al administrar bajo estas
condiciones ambos farmacos se evitd una doble microinyeccion, lo que redujo el
riesgo que el segundo farmaco siguiera un camino diferente debido al dafio tisular

0 a cambios en la presion tisular producidos por el alto volumen inyectado.

Tabla 1. Tratamientos administrados durante los experimentos conductuales

Experimentos Tratamientos por grupo (ng/lado)
=xp. 1 SSF 1AVP 10 AVP
Vasopresina
1 AVP
Exp. 2 , 1 AVP
Vehicul 1AVP 10SSR 10SSR
Receptor VB ' o cU© 1SSR 10 SSR
Exp. 3 1 AVP 1 AVP
F 1 AVP 10M
Receptor V1A SS 0 MC 10 MC 30 MC
Exp. 4 1 AVP
Receptor OT SSF 1AVP 150TA 15 OTA

AVP, arginina-vasopresina; MC, compuesto de Manning; OT, oxitocina; OTA, antagonista
para la oxitocina; SSF, solucidn salina fisiologica; SSR, SSR149415.
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8.4 Extension de la difusiéon de vasopresina después de su

microinyeccion en la amigdala

Con la intencion de conocer la magnitud de la difusion de la AVP dentro del CeA,
en un grupo de ratas distintas a las empleadas para las evaluaciones
conductuales, fue infundido en la amigdala [FITC] [Ahx]CYIQNCPLG[Amide], un
analogo fluorescente de oxitocina con una composicion de aminoacidos y un peso
molecular similar a la AVP, bajo las mismas condiciones empleadas para la
administracién de la oxitocina. Diez minutos después de la infusion, las ratas
fueron sacrificadas mediante una sobredosis de pentobarbital sodico. Los
cerebros fueron removidos y congelados (30-60 s) en isopentano enfriado en hielo
seco. Secciones de cerebro de 40 um fueron obtenidos con ayuda de un criostato
y montados con Krystalon en laminillas gelatinizadas. Las secciones de cerebros
fueron aireadas por 5 dias a temperatura ambiente y se observaron bajo un
microscopio de fluorescencia (BX41 Olympus; filtro de emision U-MNU2). El
volumen de difusion del sitio de inyeccion se calculé usando el diametro de la
imagen fluorescente mas grande y empleando la férmula de una esfera (3/4TR?)

centrada en el sitio de inyeccidn.

8.5 Evaluaciones conductuales

8.5.1 Prueba del enterramiento defensivo (SPBT)

El procedimiento se realizd de acuerdo con lo descrito por Treit et al. (1981) y por
Fernandez-Guasti et al. (2001). La prueba se llevé a cabo en una caja elaborada
con acrilico con medidas de 27x16x23 cm. El suelo de la caja utilizada se
encontraba recubierto uniformemente por una cama de aserrin de pino de 5 cm
de grosor. En una de las paredes del dispositivo, 2 cm por encima del nivel de la
cama de aserrin, se coloco un electrodo (“probe”) electrificado a permanencia de
7 cm de largo y 0.5 cm de didmetro que generaba una descarga eléctrica de 0.4
mA (generador de choques constantes; LaFayete Instruments, Inc.) cada vez que

la rata lo tocaba con el hocico o las extremidades. La rata fue colocada, al inicio
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de la prueba, en el extremo contrario al electrodo y se le permitié explorar la caja
por 10 min a partir de haber recibido el primer choque. Los experimentos se
realizaron con una iluminacién roja de 2,3 a 2.5 luxes. Durante la evaluacion de la
conducta se registraron como indicadores de ansiedad la latencia al primer
episodio de enterramiento tras recibir el primer choque eléctrico, el numero de
choques recibidos y el tiempo total que pasoé la rata enterrando al electrodo. El
tiempo de enterramiento se tomé como una medida de ansiedad, la medida de
latencia como indice de reactividad y el numero de choques como una indicacion

del grado de nocicepcién/aversién a la descarga eléctrica.

Ademas de las respuestas conductuales de tipo activo reflejadas durante la
prueba, el efecto de los distintos tratamientos sobre el congelamiento conductual,
una respuesta ansiosa de tipo pasivo, también fue monitoreada. El tiempo de
congelamiento, definido como el porcentaje del tiempo de la prueba en que el
animal realizaba unicamente aquellos movimientos necesarios para la respiracion
fue utilizado como parametro. Los datos del congelamiento fueron obtenidos a

partir de la siguiente manera operacion:

4

) . Tiempo de inmovilidad (s)
Porcentaje de congelamiento = -~ X 100
Tiempo total de la prueba del

enterramiento defensivo (600 s)

8.5.2 Caja Luz-Oscuridad

La conducta se evalué como fue descrito previamente en de la Mora et al. 2005.
La prueba se realizd en una caja de acrilico dividida en dos compartimentos
conectados por una pequena abertura (7x7 cm). Las paredes y el suelo de uno de
los compartimientos (27x27x27 cm) eran de color blanco y un compartimiento mas
pequefio (27x18x27 cm) era de color negro. Cuadrados de 9x9 cm fueron
marcados en el suelo en ambos compartimientos usando lineas negras o blancas

respectivamente. Durante los experimentos, el compartimiento blanco fue

36



iluminado intensamente con luz blanca fria (700 luxes), el compartimiento negro
fue iluminados con luz de baja intensidad (70 luxes). Al inicio del experimento,
cada rata fue colocada en el centro del compartimiento blanco en frente a la
abertura de los dos compartimientos y la conducta fue videograbada durante 5
min. El tiempo de latencia a la primera entrada al compartimiento negro y el
tiempo total de permanencia en el compartimiento blanco, fueron tomados como
medidas de ansiedad (Costall et al. 1989; Henniger et al. 2000). La caja fue

limpiada con Dextran y secada antes de cada prueba.

8.5.3 Campo abierto

Con la finalidad de analizar la influencia de la AVP sobre la locomocién de las
ratas, se someti® a estas al paradigma de campo abierto inmediatamente
después de haber sido probadas en cualquiera de los modelos de ansiedad
utilizados. La prueba de campo abierto se llevé a cabo en una caja de acrilico de
50x50x30 cm equipada con celdas fotoeléctricas, que detectaban los movimientos
de los animales dentro de la caja mediante el registro del numero de
rompimientos de los haces de luz que ocurrian entre ellas (OMNIALVA, Ciudad de
México). Cada una de las paredes del dispositivo contenia 10 celdas
fotoeléctricas separadas entre si por un espacio de 5 cm. Las celdas fueron
colocadas a 4 cm por encima del suelo. Para el registro de los movimientos de las
ratas, la caja fue sincronizada con una PC que permitia estimar cuantitativamente
el numero de interrupciones de los haces de luz que ocurrian entre las fotoceldas.
Dichas interrupciones fueron transformadas en “eventos arbitrarios” de
locomocion con una frecuencia de muestreo de 10 Hz. El nivel de iluminacion
utiizado en el interior de la caja fue de 138 luxes, intensidad que se ha
demostrado no afecta la locomocién de las ratas (Bouwknecht et al. 2007). Al
comenzar la prueba, las ratas fueron colocadas en una de las esquinas de la caja
y a continuacién se les permitié explorarla libremente durante 5 min. Mediante el

software OMNIALVA fue posible registrar los movimientos de la rata en la caja
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(numero de eventos) y determinar el tiempo de permanencia de las ratas tanto en

su parte central como periférica (Prut & Belzung 2003).

Todos los experimentos conductuales fueron llevados a cabo en una
habitacién sono-amortiguada equipada con equipo para videograbar, los videos

fueron posteriormente analizados.

8.6 Evaluacion histologica

Una vez terminadas las pruebas de conducta, con objeto de verificar la correcta
posicion de las canulas implantadas, los animales se anestesiaron profundamente
con una sobredosis de pentobarbital sédico (65 mg por rata), y se les administré
bilateralmente 250 nl/lado azul de Pontamina a través de las canulas de inyeccion
usadas para la administracién de la AVP. Los cerebros fueron removidos y fijados
en formaldehido al 10% durante una semana. Para protegerlos en contra de los
efectos de la congelacion los cerebros se sumergieron en soluciones de sacarosa
con una concentracién creciente (10%, 20% y 30%), permaneciendo en cada una
de ellas, por un tiempo minimo de 24 h. Los cerebros fueron posteriormente
seccionados obteniéndose cortes coronales de 40 um mediante un criostato (CM
1510-3, Leica Instruments, Nussloch, Germany) a una temperatura de -19°C. Los
cortes obtenidos fueron tefidos con violeta de Cresilo y finalmente fueron
montados en portaobjetos utilizando Permount. La posicion de las canulas fue
determinada mediante la observacion de las secciones tefiidas con ayuda de un
microscopio estereoscopico. Los datos de las ratas empleadas para el analisis
estadistico fueron de aquellas en las cuales las canulas guia se situaron dentro

del CeA o en su proximidad inmediata.

38



8.7 Analisis estadistico

Los resultados son expresados como medias + error estandar. Debido a que el
analisis de Kolmogoroff-Smirnoff mostré que la poblacion bajo estudio en los
experimentos conductuales siguié una distribucion normal, se llevd a cabo
estadistica paramétrica para la evaluacion de los datos. Se llevd a cabo un
analisis de varianza de una via (ANOVA) seguida, cuando fue necesario (P<0.05),
de un analisis post hoc de Dunnet para comparar los grupos tratados vs. el grupo

control.

Se llevo a cabo la prueba de t de Student para evaluar el efecto de la AVP
en la conducta de inmovilidad, asi como para evaluar el efecto de DMSO (5%)+
Cremephor (5%) en el tiempo de enterramiento; la significancia en todas las
pruebas fue de P<0.05. Todos los analisis estadisticos fueron realizados con

ayuda del software GraphPad Prism V6.
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9. RESULTADOS

9.1 Localizacion de las canulas de inyeccion

Los sitios de implante de las canulas guia, en los animales empleados en el
analisis estadistico, se localizaron dentro del CeA. Las puntas de las canulas
estuvieron localizadas entre los niveles AP -1.8 a -3.1mm con respecto a Bregma,
de acuerdo con el atlas de Paxinos y Watson (1986) (Fig. 9). Los datos de los
animales con el posicionamiento de las canulas fuera de la amigdala o con signos

de alguna afeccidn se excluyeron del analisis estadistico.

Figura 9. Representacion esquematica de los sitios de implante de las canulas en la amigdala
en aquellos datos de animales usados tanto en la prueba de enterramiento defensivo como la
caja luz-oscuridad. Las coordenadas estereotaxicas corresponden a lo establecido en el atlas
de Paxinos y Watson (1986). Debido a la gran densidad de puntas de las canulas, en algunas
de las secciones, los simbolos se sobreponen. AVP, arginina vasopresina; V1bA, antagonista
para receptores V1b; ACo, nucleo anterior cortical de la amigdala; BLA, nucleo basolateral
amigdalino; BMA, nucleo amigdalino basomedial; Cel, nucleo central amigdalino, division
lateral; CeM, nucleo central amigdalino, division medial; IM, isla intercalada principal; LA,
amigdala lateral; MeA, nucleo medial amigdalino.
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9.2 Magnitud de la difusién de la [FITC] [Ahx]CYIQNCPLG[Amide]

tras su inyeccion en el CeA

Con el objeto de evaluar la magnitud de la difusion de la AVP administrada
estereotaxicamente se infundié dentro del CeA, bajo las mismas condiciones
experimentales que las usadas en este trabajo, [FITC] [Ahx]CYIQNCPLG[Amida],
un analogo de oxitocina fluorescente que difiere de la AVP solo en dos
aminoacidos. Bajo estas condiciones se encontr6 que el analogo de la AVP
permanecié dentro del CeA cerca del sitio de su inyeccion y que su difusion radial
no llegd a ser mayor que 0.380 mm® del sitio de su inyeccién (Fig. 10). Mas aun,
como puede ser observado, el analogo de la AVP fue endocitado por los cuerpos

de las células nerviosas circundantes al sitio de su inyeccion.
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Figura 10. Magnitud de la difusion de la [FITC] [Ahx]CYIQNCPLG[Amida] microinyectada
dentro de la amigdala. La [FITC] [Ahx]CYIQNCPLG[Amida], un analogo fluorescente de la
oxitocina, que tiene una composicion de aminoacidos y un peso molecular similar a la de la
AVP fue microinyectado en la amigdala bajo las mismas condiciones experimentales que las
empleadas para infundir la AVP. La extension de la difusion de este compuesto fue evaluada
después de 10 min de su infusion dentro del CeA. (A) La punta de la canula es mostrada
dentro del CeA en una seccion coronal contra-tefiida con violeta de cresilo en el nivel -2.56
mm de acuerdo con el atlas de Paxinos & Watson (1986). (B) El analisis de microscopia de
fluorescencia (4X) indica que la [FITC][Ahx]CYIQNCPLG[Amida] permanece en el CeA cerca
de la punta de la canula, difundiendo radialmente para ocupar el volumen de una esfera de
alrededor de 0.380 mm?® centrada en el sitio de su inyeccion. Note que dicho analogo fue
endocitado por los cuerpos de las células nerviosas que circundan al sitio de su inyeccién. (C)
Amplificacion (10X) de la misma zona. BLA, nucleo basolateral amigdalino; CeA, nucleo
central amigadalino; MeA, nudcleo medial amigdalino. OXT-FITC, [FITC]
[Ahx]CYIQNCPLG[Amidal].
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9.3 Evaluacién conductual en la prueba de enterramiento defensivo

después de la administracion de AVP en la amigdala central

La micro-infusién de la AVP (1ng/lado) dentro del CeA indujo en las ratas un
aumento en el tiempo de enterramiento durante la prueba (Fig. 11A). Sin
embargo, la AVP a dosis mayores (10 ng/lado) perdié su efecto (Fz26= 4.743;
P<0.05). Efectos similares fueron registrados en la latencia al enterramiento
(F2.26= 4.881; P<0.05) (Fig. 11B). El numero de choques recibidos a lo largo de la
prueba no registré un efecto estadisticamente significante (Fig. 11C) (F2.26= 1.951;
P>0.05). La actividad locomotora de las ratas no se encontré afectada por la
administracion de la AVP (1 y 10 ng/lado) al ser evaluada en el campo abierto
inmediatamente después del enterramiento defensivo (F226= 1.091; P>0.05) (Fig.
11D).

Figura 11. Efecto de la administracion bilateral de la arginina vasopresina (AVP) en la prueba
del enterramiento defensivo. La AVP a dosis bajas (1ng/lado) pero no altas (10ng/lado),
incremento tanto el tiempo de enterramiento (A) como su latencia (B). No se observaron a
ambas dosis efectos estadisticamente significantes en el numero de choques recibidos
durante la prueba (C) ni en la actividad locomotora de los animales (D). Los resultados son
expresados como medias + SEM. El numero de ratas (N) empleadas se indica dentro de cada
barra. * P<0.05. ANOVA de una via seguida de la prueba post hoc de Dunnett.
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Por otro lado, aunque se observé una tendencia no significativa (t=1.613;
P=0.1251) a que el grado de inmovilidad experimentado durante la prueba fuera
menor entre el grupo tratado con la AVP vs su control esta no resulté significativa
(Fig. 12). Prueba de t de Student; P>0.05.

Figura 12. Efecto de la administracion de la arginina vasopresina (AVP) en el grado de
inmovilidad experimentada por las ratas durante la prueba del enterramiento defensivo. No se
observaron efectos significativos con respecto al valor control ni en el porcentaje de
inmovilidad con respecto al tiempo total de la prueba (A) ni en el tiempo de inmovilidad (B)
tras la administracion de la AVP (1ng/lado). Los resultados son expresados como medias *
SEM. EI niumero de ratas empleadas se muestran en cada barra. Prueba de t de Student;
P>0.05.
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9.4 Bloqueo de los efectos ansiogénicos de la arginina vasopresina
en la prueba del enterramiento defensivo por el antagonismo de

los receptores V1b

Con la intencion de conocer si los efectos inducidos por la AVP durante la prueba
del enterramiento defensivo eran dependientes de un receptor especifico para la
AVP (V1a o V1b), fueron administrados junto con la AVP antagonistas selectivos
tanto para el receptor V1a (Compuesto de Manning) o para el receptor V1b
(SSR149415) en el CeA.

Como se observa en la Fig. 13A la administracion del SSR149415, un
antagonista especifico para los receptores V1b, evitd (F44s=3.968; P<0.01) la
aparicion de los efectos de la AVP en la conducta de enterramiento. La
administracién del SSR149415, bloqueo por completo los efectos de la AVP en el
tiempo de enterramiento (Fig. 13A). Sin embargo, no se observaron efectos de la
AVP en la latencia al enterramiento tras la administraciéon de la AVP (1ng/lado),
SSR149415 (10 ng/lado), o la de ambos compuestos simultdneamente
(F448=2.562; P>0.05) (Fig. 13B). De igual manera, bajo ninguna condicion
experimental se observaron efectos en el numero de choques recibidos por las
ratas durante la prueba en relacion con su control (F445=0.16; P>0.05) (Fig. 13C).
Por otro lado, la evaluacién de la actividad locomotora en el campo abierto revelo
que bajo ninguna de las condiciones experimentales usadas en este trabajo las
ratas tratadas presentaron anomalias locomotoras cuando fueron comparadas

con sus respectivos grupos control (F445=0.753; P>0.05) (Fig. 14D).
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Figura 13. Efecto del bloqueo de los receptores V1b sobre la conducta de enterramiento
inducida por la infusion bilateral intra-amigdalina de la AVP. (A) La infusion de SSR149415
bloqueo los efectos inducidos por la AVP en el tiempo de enterramiento sin presentar ningun
efecto por si mismo sobre esta conducta. (B) Observe que ni la AVP, el SSR149415 ni su
combinacién tuvieron algun efecto en la latencia al enterramiento. Asimismo, note que
tampoco se observaron efectos tanto en el numero de choques recibidos durante la prueba
(C) ni en la locomocion (D) bajo ninguna de las condiciones probadas. Los resultados son
expresados como medias + SEM. El nimero de ratas (N) empleado en cada tratamiento es
mostrados en el interior de cada barra. * P < 0.05. ANOVA de una via, seguido de la prueba
post hoc de Dunnett.
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9.5 Efecto del DMSO (5%) y Cremophor EL (5%) en la conducta de

ratas evaluadas en la prueba del enterramiento defensivo.

Debido a que una mezcla de DMSO + Cremophor EL al 5% (c/u) fue usada como
vehiculo para la infusion de SSR149415, sus posibles efectos conductuales
fueron estudiados en la prueba del enterramiento defensivo. Como se observa en
la Fig. 14, no se encontraron efectos ni en el tiempo (A) (t=0.656; P =0.523) ni en
la latencia al enterramiento (B) (t=0.301; P=0.768). No se encontraron asimismo
efectos ni el numero de choques recibidos durante la prueba (C) ({=0.847;
P=0.411) ni en la locomocién de las ratas (D) (t=0.612; P=0.550) cuando esta fue
evaluada en el campo abierto inmediatamente después de la prueba del

enterramiento defensivo.

Figura 14. Efecto de la administracion bilateral de DMSO+Cremophor EL en la prueba de
enterramiento defensivo. La administracién de una mezcla de DMSO + Cremophor EL al 5%
(c/u) en el nucleo central de la amigdala no indujo efectos conductuales ni en (A) el tiempo de
enterramiento, (B) la latencia al enterramiento ni (C) en el nimero de choques recibidos a lo
largo de la prueba. No efectos fueron tampoco observados en (D) la actividad locomotora. Los
resultados son expresados como medias + SEM. El nimero de ratas (N) empleado en cada
tratamiento es mostrados en el interior de cada barra. P> 0.05; Prueba de t de Student.
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9.6 Efecto del bloqueo de los receptores V1a para vasopresina
sobre la conducta de las ratas en la prueba del enterramiento

defensivo

Con la intencién de analizar la posibilidad de que los efectos de la AVP (1ng/lado)
fueran mediados a través de los receptores V1a, y para corroborar la participacion
de los receptores V1b en la ansiedad, se administré simultaneamente con la AVP
un antagonista selectivo (compuesto de Manning), a una dosis efectiva (10 ng),
utilizada en experimentos anteriores (Hernandez et al. 2016), para disminuir los
niveles de ansiedad (Beiderbeck et al. 2007; Bredewold et al. 2014; Gray et al.
2012;), en el CeA y se evaluo la conducta de las ratas en la prueba del

enterramiento defensivo.

La administracion del compuesto de Manning fue incapaz de evitar el
aumento del tiempo de enterramiento inducido por la AVP y no afecté ni por si
mismo ni en combinaciéon con la AVP dicho parametro (Fs40 =3.137; P<0.05)
(Fig.15A). Asimismo, no se observaron efectos (F340=0.534; P>0.05) (Fig.15B) de
este antagonista por separado (10ng/lado) ni en combinacién con la AVP
(1ng+10ng/lado respectivamente) en la latencia al enterramiento ni en el numero
de choques recibidos por las ratas durante la prueba (F340=0.655; P>0.05) (Fig.
15C). La locomocion de estos animales no se vio afectada tampoco por ninguno
de los tratamientos utilizados (F340=0.230; P>0.05) (Fig. 15D).

Con el objeto de descartar la posibilidad de que la falta de antagonismo del
compuesto de Manning sobre los efectos de la AVP en el enterramiento defensivo
fuera debido al uso de una dosis baja de este compuesto los efectos de una dosis
3 veces mayor del antagonista fue probada en un nuevo experimento. De la
misma manera que como ocurrido anteriormente, no se encontraron efectos (Fig.
16) en ninguno de los parametros evaluados: (A) Tiempo de enterramiento
(F225=5.507; P<0.05). (B) Latencia al enterramiento (F225=0.537; P>0.05). (C)
Numero de choques recibidos (F225=3.011; P>0.05). (D) Locomocion en un
campo abierto (F225=0.611; P>0.05).
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Figura 15. Efecto de la administracion del compuesto de Manning en los efectos conductuales
inducidos por la microinfusion de la arginina vasopresina (AVP) en el CeA. La administracion
del compuesto de Manning (10ng/lado) fue incapaz de bloquear los efectos de la AVP tanto
en el tiempo de enterramiento (A), en su latencia (B) y en el numero de choques recibidos
durante la prueba (C). Ningun efecto fue tampoco observado sobre la locomocion cuando
este antagonista fue infundido tanto por separado como en combinacion con la AVP (D). Los
datos son mostrados como medias + SEM. El nUmero de ratas empleadas se observan dentro
de cada barra. * P<0.05, ANOVA de una via seguido de la prueba post hoc de Dunnett.
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Figura 16. Efecto de la administracion del compuesto de Manning en los efectos conductuales
inducidos por la microinfusion de la arginina vasopresina (AVP) en el CeA. La administraciéon
del compuesto de Manning (30ng/lado) fue incapaz de bloquear los efectos de la AVP en el
tiempo de enterramiento (A), no se observaron asimismo efectos en la latencia al
enterramiento (B), el numero de choques recibidos durante la prueba (C) ni en la actividad
locomotora (D). Los datos se muestran como medias + SEM. El nimero de ratas empleadas
se observan dentro de cada barra. * P<0.05; ** P<0.01. ANOVA de una via seguido de la
prueba post hoc de Dunnett.
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9.7 Efecto del bloqueo de los receptores oxitocinérgicos sobre los

efectos de la AVP en la prueba del enterramiento defensivo

Debido a que los efectos de la AVP en la prueba del enterramiento defensivo
podrian estar mediados por los receptores para la oxitocina, como ha sido
reportado por Song et al. (2014; 2016), los efectos de la AVP en esta prueba
fueron evaluados en presencia de un antagonista para los receptores a la
oxitocina (OTA) utilizando una dosis que ha demostrado ser efectiva para
bloquear los efectos de la OT (Laszl6 et al. 2016). Como puede observarse en la
Fig. 17, el OTA (15ng/lado) administrado simultdneamente con la AVP (1ng/lado)
fue incapaz de modificar sus efectos. Asi, ni el incremento del tiempo de
enterramiento inducido por la AVP (F33s=3.775; P<0.05) ni su falta de efectos
tanto en la latencia al enterramiento (F535=1.090; P>0.05) como en el numero de
choques recibidos por las ratas (F335=0.4012; P>0.05) fueron afectados.
Adicionalmente no se observaron cambios en la falta de efectos de la AVP sobre
la locomocion (F338=1.216; P>0.05) (Fig.17).

51



Figura 17. Efecto de la administracion bilateral del OTA en el CeA sobre los efectos de la
microinfusion simultanea de la arginina vasopresina (AVP) en la prueba del enterramiento
defensivo. El OTA fue incapaz de modificar el incremento inducido por la AVP en el tiempo de
enterramiento (A), ni la falta de efectos de este neurotransmisor sobre el tiempo de latencia al
enterramiento (B), el numero de choques recibidos durante la prueba (C) y la locomocion de
los animales (D). Los resultados son expresados como medias + SEM. El numero de
animales empleados se observan dentro de cada barra. * P<0.05. ANOVA de una via,
seguida de la prueba post hoc de Dunnett. CeA, Nucleo central de la amigdala; OTA,

antagonista para los receptores a la oxitocina.

52



9.8 Efecto de la administracion bilateral de la AVP en el CeA en la

caja luz-oscuridad

No se observaron efectos tras la administracion de la AVP (1ng/lado) y el
SSR149415 (10ng/lado) tanto en forma individual como en combinacién (1ng/lado
+ 1 o 10ng/lado respectivamente), en la latencia para pasar al compartimiento
oscuro de la caja (F450=0.173; P>0.05), en el tiempo de permanencia en su
compartimiento iluminado (F480=0.802; P>0.05) o en el numero de transiciones
entre los compartimientos oscuro e iluminado del dispositivo conductual
(F480=1.267; P>0.05). No se encontraron asimismo efectos de ninguno de los
tratamientos en la locomocion de las ratas cuando sus valores fueron comparados

con los valores registrados en el grupo control (F4,5=0.089; P>0.05) (Fig. 18).
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Figura 18. Efectos conductuales de la administracion intra CeA de la arginina vasopresina
(AVP) y del SSR149415 en la caja luz-oscuridad. Tanto la AVP como el SSR149415
(antagonista de los receptores V1b) administrados ya sea individualmente o en combinacion
fueron incapaces de afectar en la caja luz-oscuridad: el tiempo de permanencia en el
compartimiento iluminado (A), la latencia para entrar al compartimiento iluminado (B) y el
numero de transiciones entre los compartimientos oscuro e iluminado (C). De manera similar,
no se observaron efectos de ninguno de los tratamientos en la locomocion de los animales
(D). Los resultados son expresados como medias + SEM. El nimero de animales en cada
grupo es mostrado dentro de sus barras respectivas. ANOVA de una via. P>0.05.
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10. DISCUSION

El sistema vasopresinérgico se encuentra ampliamente representado en la
amigdala, dado que han sido reportados tanto cuerpos celulares y fibras en su
nucleo medial (MeA), asi como terminales provenientes del PVN y receptores V1
(a,b) en su nucleo central (CeA). Cabe destacar que la amigdala es una
estructura generalmente aceptada como clave en el procesamiento de la
ansiedad. Sin embargo, a pesar de que su papel en dicha respuesta ha sido
estudiado en el animal integro (Appenrodt et al. 1998; Mak et al. 2012) y en
algunas regiones del cerebro tales como el septum (Appenrodt et al. 1998; 2000;
Landgraft et al. 1995; Stemmelin et al. 2005) poco se sabe del papel que juega
dicho sistema de neurotransmision en la modulacion amigdalina de la ansiedad.
Mas aun, dado que en la amigdala estan presentes tanto receptores V1a y V1b
que reconocen a la AVP como su neurotransmisor, se desconocia si ambos tipos
de receptores participan en la supuesta modulacién amigdalina de la ansiedad por
parte de la AVP o si pudieran ejercer un papel diferencial en ella. El presente
trabajo va dirigido a determinar el papel de la AVP en la modulaciéon amigdalina
de la ansiedad innata y a establecer el papel que en ella juegan sus distintos tipos
de receptores y particularmente los V1b que han sido poco estudiados. Para ello
determinamos los efectos conductuales de la AVP al ser infundida en el CeA 'y
mediante la administracion de antagonistas selectivos para sus dos tipos de
receptores intentamos establecer la participacion de cada uno de ellos utilizando
dos paradigmas de ansiedad innata, el enterramiento defensivo (Treit et al. 1981)

y la caja luz oscuridad (Costall et al. 1989).

Nuestros resultados sugieren que la AVP tiene una participacion
ansiogénica en la modulacién amigdalina de la ansiedad innata y de que en estos
efectos los receptores V1b, a diferencia de los V1a, juegan un papel fundamental.
Asi, en respuesta a la administracién de la AVP, en la prueba del enterramiento
defensivo nuestros resultados mostraron un aumento en el tiempo que las ratas

estuvieron enterrando el electrodo (tiempo de enterramiento) que es el parametro
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de ansiedad mas importante en este prueba (Treit et al. 1981; De Boer &
Koolhaas 2003).

Cabe senalar, sin embargo, que los efectos ansiogénicos de la AVP se
observaron unicamente cuando este neurotransmisor fue administrado a dosis
bajas (1ng/lado) y que desaparecieron cuando la dosis fue incrementada a
10ng/lado. Es posible, que tales efectos se deban a una perdida en la
especificidad de la AVP por su receptor y que como consecuencia de ello a dosis
altas la AVP se hubiera unido también a receptores para la OT; que se
encuentran también presentes en el CeA (Huber et al. 2005; Mouillac et al. 1995),
poseen una afinidad similar por la AVP y tienen acciones ansioliticas (Bale et al.
2001; De la Mora et al 2016; Lazlo et al. 2016). Adicionalmente, es posible que
dosis altas de la AVP sensibilizaran a los receptores de OT compartiendo asi su
via de senalizacion (Song et al. 2014, 2016) contribuyendo a amortiguar los

efectos ansiogénicos de la AVP.

En este contexto resulta sorprendente, que la administracion de la AVP a
dosis que incrementan el enterramiento (1ng/lado) aumentaron la latencia para el
inicio de dicha conducta unicamente en el primer experimento y no asi en los
subsecuentes. Dicho hallazgo resulta sorprendente debido a que este parametro
guarda una correlacion negativa con el tiempo del enterramiento (De Boer &
Koolhaas 2003) y en consecuencia deberia haber disminuido en nuestros
experimentos. La falta de constancia en los efectos por la administracion de la
AVP en los experimentos posteriores, podria ser explicado debido a diferencias
individuales en las ratas que no permitieran observar de manera clara los efectos
de la AVP en la reactividad de los roedores a comenzar la conducta del
enterramiento. Dado que la latencia al enterramiento guarda una mayor relacién
con la reactividad de los roedores que con la ansiedad (De Boer & Koolhaas
2003), tales resultados pudieran ser explicados debido a una disminucién en la
sensibilidad de las ratas a los choques eléctricos recibidos. En apoyo de esta

sugerencia, se ha reportado que la administracion de la AVP en el CeA induce
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efectos analgésicos en la region oro-facial de las ratas (Ahn et al. 2001). Cabe
sefalar que en linea con lo anterior, la tendencia observada en nuestras ratas a
recibir un numero mayor de choques como resultado de la infusion de la AVP,
pudiera reflejar asimismo, dicha disminucién en la sensibilidad de la region oro-

facial de nuestras ratas.

Por otro lado, nuestros resultados muestran que los efectos de la AVP en
esta prueba fueron observados unicamente en conductas de tipo activo (e.g.
conducta de enterramiento) (De Boer & Koolhaas 2003) y no en aquellas de tipo

pasivo (e.g. inmovilidad conductual).

Es importante hacer notar que los efectos de la administracion bilateral de
la AVP dentro del CeA en nuestros experimentos fueron especificos, ya que sus
efectos se restringieron Unicamente a la conducta de enterramiento y que su
administracion no afecté el numero de choques recibidos a lo largo de la prueba

ni la actividad locomotora de los animales.

Resulta sorprendente que los efectos ansiogénicos inducidos por la AVP en
la prueba del enteramiento defensivo no se replicaran en la caja luz-oscuridad,
otro paradigma empleado en el estudio de la ansiedad innata (Costall et al. 1989;
Misslin et al. 1989). La razén de estas diferencias no resulta clara ya que este
paradigma ha sido bien validado en su capacidad para detectar efectos tanto
ansiogénicos como ansioliticos (Hughes & Hancock 2016; Onaivi & Martin 1989).
La razén de estas diferencias entre estos paradigmas no es facilmente explicable
pero es muy probable que obedezcan a disimilitudes significativas en los aspectos
de la ansiedad innata que son modelados en cada prueba (Spooren et al. 2000).
Es posible, que dentro de estas diferencias se encuentren el grado de
ambiguedad y certeza de los estimulos ansiogénicos que ambas pruebas generan
y la capacidad de los sistemas CCKérgicos amigdalinos para modificarlos en un

sentido o en otro (ansiogénesis o ansiolisis).

57



Resulta tentador, con base en lo anterior, sugerir que mientras que los
sistemas CCKérgicos no son capaces de identificar/afrontar estimulos difusos
tales como cambios en la iluminacion, caracteristicos de la caja luz-oscuridad si
son capaces de hacerlo con estimulos mas identificables y de mayor grado de
aversion como son los choques eléctricos que se aplican en la prueba del
enterramiento defensivo. Es claro, que se requiere de mas experimentacién para
poder entender a cabalidad la naturaleza de los efectos diferenciales encontrados

en este trabajo.

Dado que en la amigdala el receptor mas prominente es el receptor V1a
(Ostrowsky et al. 1992;1994) resulta sumamente interesante que a diferencia del
d(CH),Tyr(Me),Arg)-vasopresina (compuesto de Manning), un antagonista
selectivo de receptores V1a (Manning et al. 1992), la administracion bilateral intra-
amigdalina del SSR149415, que antagoniza selectivamente a los receptores V1b
(Serradeil-Le Gal et al. 2002), fue capaz de bloquear los efectos ansiogénicos de
la AVP observados en el enterramiento defensivo. Dichos efectos; son sin
embargo congruentes con la reduccion de los niveles de ansiedad reportadas en
modelos clasicos de esta respuesta (Engin & Treit 2008; Griebel et al. 2002;
Hodgson et al. 2007; Salomé et al. 2006; Stemmelin et al. 2005) y sobre
conductas sociales asociadas a la ansiedad (Amikishieva et al. 2011; Griebel et al.
2002; Litvin et al. 2011; Overstreet & Griebel 2005; Shimazaki et al. 2006). Por
otro lado, la falta de efectos de este compuesto, por si mismo, observados en
nuestros experimentos sugiere que este antagonista se comport6 como un
antagonista clasico, carente de efectos propios, y descartan la posibilidad que
dentro de la amigdala exista una liberacion ténica de la AVP, que bajo
condiciones basales afectara la actividad de los receptores V1b y por consiguiente

su participacion en la modulacion basal que la amigdala ejerce sobre la ansiedad.
Por otro lado, como se senald antes, el bloqueo de los receptores V1a no

afectd los efectos ansiogénicos de la AVP cuando ambas sustancias fueron

administradas de manera conjunta. Dado que diversos estudios han reportado
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que los receptores V1a participan en la modulacién de la ansiedad y que la
administracion del compuesto de Manning induce efectos ansioliticos (Bayerl et al.
2016; Beiderbeck et al. 2007; Wigger et al. 2004), la falta de efectos atribuible al
bloqueo de los receptores V1a cuando este compuesto fue infundido (10 y 30
ng/lado) resulta sorprendente ya que en experimentos anteriores, dicho
compuesto bloqueo los efectos ansiogénicos de la AVP al ser evaluada en el EPM
(Hernandez et al. 2016). La posibilidad de que la falta de efectos del compuesto
de Manning obedeciera a su administracion simultdnea con la AVP y no antes de
ella resulta poco probable, ya que bajo estas mismas condiciones el SSR149415
fue capaz de inducir efectos ansioliticos atribuibles al bloqueo de los receptores
V1b. Mas aun, bajo el esquema de inyeccion usado en este trabajo, los
compuestos al ser infundidos simultdneamente alcanzan sus blancos bajo la
misma relacién de concentracion que tenian al ser inyectados, al evitarse su
difusién diferencial a consecuencia de los distintos tiempos de su inyeccion. Bajo
estas condiciones, la mayor afinidad del compuesto de Manning por el receptor
V1a que la mostrada por la AVP (Ki 0.7 nM vs 2.6 nM respectivamente) (Manning
et al. 2008; Thibonnier et al. 1997) aunado al empleo de una dosis mayor del
antagonista (10 y 30ng/lado) que la de la AVP (1ng/lado) asegurarian un bloqueo

efectivo de los receptores V1a.

En linea con nuestros resultados en la caja luz-oscuridad, los ratones que
no expresan el receptor V1b (knock out V1b) no exhibieron efectos del genotipo
sobre las conductas de ansiedad al ser evaluados en la caja luz-oscuridad, el
EPM ni en el campo abierto (Egashira et al. 2005; Wersinger et al. 2002). Es
interesante, sin embargo, que ratones knock out para el receptor V1a mostraron,
en los mismos modelos conductuales, una disminucién de sus niveles de
ansiedad (Bielsky er al. 2004; Egashira et al. 2007), lo que podria sugerir la
existencia de una activacion diferencial de los receptores para la AVP que

dependeria del tipo de paradigma conductual empleado para evaluar la ansiedad.
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Queda por aclarar en el futuro si las distintas caracteristicas de ansiedad
innata modeladas en diferentes paradigmas no condicionados, son moduladas

diferencialmente por diferentes subtipos de receptores para la AVP.

Aunque se podria arguir, que dadas las similitudes estructurales entre la
AVP y OT los efectos mediados por la activacién de los receptores V1b pudieran
en realidad ser debidos a la activacion de los receptores a la OT, esto parece
poco probable, ya que la administracion de OTA fue incapaz de bloquear los
efectos ansiogénicos inducidos por la AVP cuando ambos compuestos fueron
infundidos conjuntamente. Como argumento adicional, dado que la afinidad de la
AVP es mayor por los receptores V1b (Ki 0.3 nM) que por los receptores para la
OT (Ki 1.7 nM) es aun menos probable que la AVP haya ocupado un mayor

numero de receptores para la OT que para la AVP.

El sitio anatdmico dentro de la amigdala en donde la AVP ejercié sus
efectos ansiogénicos puede sugerirse que es el CeA. Esto, en vista de que la
mayoria de las puntas de las canulas estuvieron localizadas en el CeA y la
infusion de los farmacos se realizd bajo condiciones que muy probablemente
hicieron que dichos compuestos permanecieran cerca de su sitio de infusion es
factible que el substrato anatomico de la accion ansiogénica de la AVP haya sido

dicho nucleo.

Asi, dado que en nuestros experimentos se utilizaron tanto un volumen de
inyeccion muy pequeno (250 nl/lado) como una presion muy reducida (50 nl/min)
es posible que la difusion de los farmacos haya estado limitada a una zona muy
cercana a la punta de las canulas inyectoras, como ha sido reportado por
nosotros (de la Mora et al. 2006) y otros investigadores (James & Starr 1978;
Peterson 1988). Como prueba de ello, nuestros resultados indican, que la difusion
radial de [FITC]J[Ahx]CYIQNCPLG[amide], un andlogo de la oxitocina (OT)
fluorescente administrado dentro del CeA, bajo las mismas condiciones

experimentales usadas en los experimentos farmacoldgicos, no haya ocupado
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mas de un volumen de 0.380 mm?® del total de la amigdala (11.6 + 0.2 mm?®)
(Chen & Buckmaster, 2005).

Adicionalmente, han sido reportados receptores V1b dentro del CeA y una
densa inervacion vasopresinérgica proveniente del PVN del hipotdlamo (Corbani
et al. 2018; Hernandez et al. 2016; Hernando et al. 2001; Huber et al. 2005;
Stemmelin et al. 2011; Vaccari et al. 1998; Young et al. 2006). Sin embargo, se
debe tener en cuenta la existencia de células vasopresinérgicas en el nucleo
medial de la amigdala (MeA), que podrian liberar a la AVP de manera local,

influyendo asi los efectos conductuales observados.

Cabe senalar, que ha sido reportado (Salomé et al. 2006) que la micro-
administracion de dosis similares a las nuestras de SSR149415 dentro del BLA,
pero no dentro del CeA, resultaron en la aparicién de efectos ansioliticos en el
laberinto elevado en forma de signo de “+”. Dichos efectos resultan sorprendentes
pues la densidad de receptores V1b dentro del BLA es sumamente escasa
(Hernando et al. 2001; Stemelin et al. 2005). Aunado a esto, la administracion de
SSR149415 en el CeA por si solo tuvo efectos ansioliticos, mientras que en
nuestros experimentos no se observaron dichos efectos. Es posible, sin embargo,
que dado que las condiciones de inyeccion de estos investigadores fueron
bastante mas drasticas (300nl/lado a una velocidad de 200nl/min) que las
nuestras, dicho antagonista haya alcanzado via los ventriculos laterales, sitios
fuera e incluso dentro de la amigdala en donde podria haber bloqueado

receptores V1b con un papel importante en la modulacion basal de la ansiedad.

El mecanismo a través del cual los receptores V1b ejercen los efectos
ansiogeénicos revelados en nuestros experimentos no es claro, pero dado que
dichos receptores pudieran estar presentes en neuronas excitatorias localizadas
en la porcién medial del CeA, su activacion por la AVP liberada de terminales
vasopresinérgicas en dicho nucleo podria resultar en la aparicion de efectos

ansiogeénicos. Alternativamente, dado que dichos receptores coexisten con
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receptores que tienen un caracter ansiogénico y reconocen a la CRH/CRF es
factible que la AVP liberada dentro de la porcion medial del CeA pudiera promover
la formacién de dimeros facilitadores ansiogénicos entre los receptores V1b y los
receptores para el factor liberador de corticotropina como ha sido descrito para

otros receptores (Murat et al. 2012; Young et al. 2007).
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11. CONCLUSIONES

La administracion de 1 ng/lado de vasopresina en el nucleo central de la amigdala

induce efectos ansiogénicos en la prueba de enterramiento defensivo.

La administracion de un antagonista para receptores V1b (SSR149415), pero no
para los receptores V1a bloquea los efectos ansiogénicos inducidos por la

vasopresina durante la prueba de enterramiento defensivo.

La administracién de vasopresina en el nucleo central de la amigdala no modifica

los niveles de ansiedad en la caja luz-oscuridad.

En suma, los resultados de este trabajo subrayan el papel de la neurotransmision
vasopresinérgica en la modulacion amigdalina de la ansiedad y muestran la
participacion de los receptores V1b localizadas en el CeA en dicha modulacion.
Adicionalmente, nuestros resultados sugieren que la AVP no tiene un efecto
modulador global en la regulacién amigdalina de la ansiedad y que sus efectos
dependen de las caracteristicas especificas modeladas por cada paradigma de

ansiedad.
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AB.
AC.
ACTH.
ADH.
AHA.
AMPc.
AVP.

BAOT.
BLA.
BNST.
CeA.
CoA.
CoP.
CRH.
DAG.
EPM.
GABA.

GPCR.

HAB.
HPA.
IP3.
IPC.
LA.
LAB.
LS.
MeA.
mPFC.
NLOT.
OT.
PAC.
PKC.
PLC.
PVN.
SNC.
SON.
SPBT.

12. ABREVIATURAS

Area anterior de la amigdala

Nucleo basal accesorio

Adenilato ciclasa

Corticotropina

Hormona antidihuretica

Area amigdalina hipocampal
Adenosin monofosfato 3°5 ciclico
Arginina vasopresina

Nucleo basal

Nucleo cama del tracto olfativo accesorio
Nucleo basolateral

Nucleo cama de la estria terminal
Nucleo central de la amigdala
Nucleo anterior cortical

Nucleo posterior cortical

Hormona liberadora de corticotropina
Diacilglicerol

Laberinto elevado en forma de signo “+”
Acido gamma-aminobutirico
Receptor acoplado a proteinas G
Ratas Wistar de alta ansiedad

Eje hipotalamo-pituitaria-adrenal
Inositol trifosfato

Islas intercaladas paracapsulares
Nucleo lateral

Ratas Wistar de baja ansiedad
Septum lateral

Nucleo medial de la amigdala
Corteza prefrontal medial

Nucleo del tracto olfativo lateral
Oxitocina

Corteza periamigdalina

Proteina quinasa c

Fosfolipasa c

Nucleo paraventricular del hipotalamo
Sistema nervioso central

Nucleo supradptico del hipotalamo
Prueba de enterramiento defensivo
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Abstract

Rationale The amygdala plays a paramount role in the modulation of anxiety and numerous studies have shown that arginine
vasopressin (AVP) elicits anxiogenic effects following either its systemic or septal administration.

Objectives The aim of this paper was to study the involvement of vasopressinergic neurotransmission in the amygdaloid
modulation of unconditioned anxiety and to ascertain whether or not AVP receptor subtypes may have a differential role in this
modulation.

Methods Anxiety behavior was evaluated both in Shock-Probe Burying Test and Light-Dark Box following the bilateral
microinfusion of AVP alone or AVP together with either AVP 1a or AVP 1b receptor antagonists into the central amygdala (CeA).
Results AVP microinfusion elicited at low (1 ng/side) but not at high doses (10 ng/side) anxiogenic-like responses in the Shock-
Probe Burying Test but not in the Light-Dark Box. SSR149415, an AVP 1b antagonist unlike Manning compound, an AVP la
antagonist, fully prevented AVP effects in the Shock-Probe Burying Test when it was administered simultaneously with AVP. In
addition, oxytocin receptor blockade also failed to affect AVP effects. No effects of any AVP antagonist by itself were observed in
both anxiety paradigms.

Conclusions Our results indicate that AVP 1b receptor contribute to the amygdaloid modulation of anxiety at least in the context of
the Shock-Probe Burying Test since no effects were noticed in the Light-Dark Box. It remains to the future to ascertain whether AVP
receptor subtypes have indeed differential actions either in the modulation of global or specific features of unconditioned anxiety.

Keywords Amygdala - Vasopressin - AVP - SSR149415 - Manning compound - OTA - Anxiety Shock-Probe Burying Test -
Light-Dark Box
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According to this more generalized liability, extensive net-
works of AVP fibers have been disclosed in several
extrahypothalamic nuclei including hippocampus, septum,
and amygdala (Buijs 1978; Buijs et al. 1991; Caffe et al.
1987; De Vries et al. 1985), where AVP may be released as
a neurotransmitter (Ebner et al. 2002; Landgraf et al. 1995a).
In line with this, AVP V1a (Huber et al. 2005; Lolait et al.
1995; Ostrowski et al. 1994; Szot et al. 1994) and AVP V1b
receptors (Corbani et al. 2017; Hernando et al. 2001;
Stemmelin et al. 2005; Young et al. 2006) have been reported
in several brain regions, including the amygdala.

On the other hand, septal microadministration of
d(CH2)5Tyr(Me) AVP, an AVP Vla antagonist (Manning
etal. 1992), has been shown to produce anxiolytic-like effects
(Liebsch et al. 1996) and retro-dialysis septal infusion of an
antisense oligo-desoxyribonuleotide for AVP Vla receptor
was found to reduce anxiety-like behavior in the Elevated-
Plus Maze (EPM) (Landgraf et al. 1995b). In addition, mice
having a deletion of AVP Vla receptor exhibited a marked
reduction in anxiety-like behavior in several unconditioned
anxiety models (Bielsky et al. 2004).

Although the role of AVP V1b receptors in anxiety has
been considerably less studied, the available evidence sug-
gests that this receptor subtype may also participate in its
modulation. Accordingly, anxiolytic-like effects were found
in several models of conditioned and unconditioned anxiety
following both the oral (Griebel et al. 2002; Shimazaki et al.
2006) and i.p. (Griebel et al. 2002; Hodgson et al. 2007; Litvin
et al. 2011; Overstreet and Griebel 2005) administration of
SSR149415, an AVP V1b receptor antagonist (Serradeil-Le
Gal et al. 2002). In agreement with the above, microinfusion
of SSR149415 into the lateral septum (Stemmelin et al. 2005)
elicited anxiolytic-like effects in the EPM. Interestingly, the
effects of SSR149415 on anxiety seem to involve specific
pools of neurons, since anxiolytic effects were observed when
this antagonist was infused within the amygdaloid basolateral
nucleus (BLA) but not into the central (CeA) and medial
(MeA) amygdaloid nuclei (Salomé et al. 2006). Likewise,
anxiolytic-like effects were elicited after its infusion into the
dorsal but not into the ventral hippocampus (Engin and Treit
2008). It is however noteworthy that whereas AVP V1a recep-
tor KO mice show reduced anxiety-like behavior in the Light-
Dark Box, Elevated Plus-Maze, and Open-Field Test, AVP
V1b receptor KO mice do not exhibited any differences in
anxiety-like behavior in the same paradigms as compared with
wild type mice (Egashira et al. 2005).

It is commonly accepted that amygdala is a complex struc-
ture involved in anxiety and fear processing (Davis and
Whalen 2001; de la Mora et al. 2010; Ehrlich et al. 2009; Le
Doux 2007; Pare et al. 2004; Roozendaal et al. 1992).
However, in spite of the fact that this region is innervated by
numerous vasopressinergic terminals from PVN (Buijs 1978,
1980; Hernandez et al. 2016) and both AVP V1a and V1b
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receptors populate its CeA and other nuclei (Corbani et al.
2017; Hernando et al. 2001; Huber et al. 2005; Stemmelin
et al. 2005; Young et al. 2006), the role of vasopressinergic
neurotransmission in the modulation of anxiety by this struc-
ture needs to be clarified. The AVP neurotransmission medi-
ated by AVP V1D receptors within the amygdala has been, to
the best of our knowledge, only considered by Salomé et al.
2006. The aim of this paper was to study the role of
vasopressinergic neurotransmission in the amygdaloid modu-
lation of anxiety and to ascertain whether or not AVP 1b re-
ceptors may have a differential role in this modulation.

In addition, we will also investigate whether AVP neuro-
transmission has either a global influence on the amygdaloid
regulation of anxiety or exerts its effects by modulating spe-
cific defensive responses as revealed by different anxiety
models. Therefore, in this work, we used two different anxiety
paradigms, the Light-Dark Box and the Shock-Probe Burying
Test, which differ in terms of both the aversive stimuli that
induce anxiety and the kind of defensive strategy used by the
animals to avoid damage. In the Light-Dark Box (Costall et al.
1989), which exploits the innate tendency of rodents to escape
from highly illuminated spaces, a passive coping behavior is
used to avoid light. In contrast, in the Shock-Probe Burying
Test (De Boer and Koolhaas 2003; Treit et al. 1981), which
takes advantage of the natural propensity of rats to bury any
harmful object in their environment, an active burying behav-
ior protects animals from receiving electrical shocks during
the test. Additionally, these two animal models have not been
used to evaluate the effect of AVP on the amygdaloid modu-
lation of anxiety.

The effects of AVP might be mediated through its activity
at oxytocin receptors, as reported by Song et al. (2016).
Therefore, in order to control for the validity of the AVP ef-
fects reported in this work, the effects of AVP were also eval-
uated in the presence of d(CH2)5l,Tyr(Me)z,Thr4,Orn8,des—
Gly-NH,")-vasotocin, an oxytocin antagonist (OTA). It has
been widely used (Barberis et al. 1999; Bosch et al. 2007;
Laszlo et al. 2016) to block AVP Va receptors.

Substantial sex differences have been reported in the rat
brain for both vasopressin and oxytocin systems in the amyg-
dala and other brain regions (Di Benedictis et al. 2017;
Dumais and Veenema 2016). This includes changes in social
behavior (Dumais and Veenema 2016) as well as in AVP Vla
receptor binding (Dumais et al. 2013). Therefore, only male
rats were used in this work.

Experimental procedures

Animals

Male Wistar rats (250-270 g), bred in the Instituto de
Fisiologia Celular, Universidad Nacional Auténoma de
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México, México City, Mexico, were used in behavioral exper-
iments. Rats were housed in a controlled environment (tem-
perature 22 °C; lights on 7:00-19:00 h) with water and food
ad libitum. The experiments were conducted during the light
phase of the day (9:00-18:00 h) according to the guidelines
established by the local Mexican Ethics Committee, according
to the “International Guiding Principles for Biomedical
Research Involving Animals,” Council for International
Organizations of Medical Sciences, 2010. Efforts were taken
to minimize animals’ suffering throughout all experimental
procedures. In all behavioral experiments, rats were randomly
assigned to groups and also tested randomly.

Behavioral experiments
Surgery and microinjection

For implantation of permanent guide cannulae into the amyg-
dala, rats were anesthetized with a mixture of ketamine hydro-
chloride (60 mg/kg) and xylazine (5 mg/kg; Pisa
Agropecuaria) (Atalaquie, Hgo, Mexico) i.p. and placed in a
stereotaxic frame (Kopf Instruments, Tujunga, CA, USA)
with the incisor bar set at —3.3 mm. Body temperature was
maintained at 37 °C using a CMA/150 temperature controller
(CMA/Microdialysis, Stockholm, Sweden). Bilateral stainless
steel cannulae of 46-mm outer diameter (C315G, Plastics
One, Roanoke, VA, USA) were aimed to CeA (coordinates
AP — 1.7 mm, ML + 4.2 mm from bregma, DV — 7.7 mm from
the skull surface, according to the atlas of Paxinos and Watson
1986. Guide cannulae were affixed with stainless steel screws
and dental acrylic cement (Laboratorios Arias, México City,
Mexico) and sealed with dummy cannulae (C315DC, Plastics
One). Estreptobezetazil V-Fortificado (Fort Dodge Animal
Health Laboratories, Mexico City, Mexico) was given to pre-
vent infection. To avoid biting of the cannulae by rats in the
same cage, the animals were housed in individual cages where
they remained until they were injected.

After 7 days of recovery from surgery and anesthesia, rats
were handled once a day (5 min) during either 4 or 3 days for
the Shock-Probe Burying Test and Light-Dark Box, respec-
tively. Open-Field was used following testing in both
paradigms.

Drug administration

Vasopressin ([Arg8]-vasopressin acetate) was purchased
from Sigma Chemical Co. (St. Louis, MO, USA); Vla
antagonist (d(CH,)s', Tyr(Me)? Arg®)-vasopressin
trifluoroacetate salt (Manning compound) and OTA
(d(CH2)5‘,Tyr(Me)2,Thr4,0rn8,des-Gly-NH29)-Vas0tocin
trifluoroacetate salt were obtained from BACHEM
Pioneering partner for peptides (Torrance, CA, USA);
V1b antagonist SSR149415 was purchased from Axon

Medchem (Groningen, GRQ). SSR149415 was prepared
as a solution in 0.9% (w/v) NaCl containing 5% DMSO
(Sigma, Lyon, France) and 5% Cremophor EL (Sigma,
Lyon, France). [FITC] [Ahx]CYIQNCPLG[amide] was
purchased from Biosynthesis Committed to Biomic
Research (Lewisville, TX, USA).

On the day of the experiment, rats were treated bilaterally
with AVP (either 1 or 10 ng/side), SSR149415 (either 1 or
10 ng/side), Manning compound (either 10 or 30 ng/side), or
OTA (15 ng/side) as shown in “Results” via injection cannu-
lae (0.20-mm outer diameter, C3151, Plastics One), which
protruded 1 mm beyond the end of the guide cannulae over
a period of 5 min, using two CMA/Microdialysis pumps
(CMA/ Microdialysis, Stockholm, Sweden). Drugs were
microinfused in a volume of 250 nl/side. The cannulae were
kept in place for 60 s after the injection to prevent backflow
and to allow for diffusion. Behavioral observations in every
anxiety test were started immediately after AVP microinjec-
tion. The dose range of AVP used in this study was based in
the study of Appenrodt and Schwarzberg (2000). V1b antag-
onist (SSR149415) was infused according to the work of
Salomé et al. (2006) dealing with the effects of AVP on un-
conditioned fear in rats. Different cohorts of rats were used for
either the Shock-Probe Burying Test or the Dark-Light Box.

In the experiments in which receptor antagonists were
used, in order to facilitate that agonists and antagonists will
reach their targets at nearly the same concentration ratio in
which they were injected, and to be certain that their binding
was mostly dependent on their receptor affinity, we infused
both compounds simultaneously (for information see
“Discussion”). Moreover, under these conditions, a double
microinjection was avoided reducing the risk of tissue damage
and preventing that the second compound, due to changes in
tissue pressure produced by the high volume injected, will
follow a different diffusion path.

Extent of vasopressin diffusion following
its microinjection into the amygdala

In order to get an insight of the extent of AVP diffusion
following its injection into the CeA, [FITC]
[Ahx]CYIQNCPLG[Amide], a fluorescent oxytocin analog
having a similar molecular weight and amino acid composi-
tion as AVP, was infused into the amygdala under the same
conditions as used in this work. The animals were deeply
anesthetized with sodium pentobarbital (65 mg per rat;
Laboratorios Ttokkyo, Mexico City, Mexico). Ten minutes
after infusion, the rats were killed under anesthesia and the
brains removed from the animals and frozen (30—60 s) in dry
ice-cooled isopentane. Cryostate sections (40 um) were ob-
tained and mounted on gelatinized slides with Krystalon.
Sections were air-dried (5 days) at room temperature and ob-
served in a fluorescence microscope (BX41 Olympus fitted
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with a U-MNU?2 emission filter). Volume of diffusion from the
injection site was obtained by computing the volume of a
sphere (3/47R%) centered at the site of injection using the larg-
er diameter observed on the fluorescent image.

Shock-Probe Burying Test

The test was carried out essentially as described by
Fernandez-Guasti et al. (2001) and Pesold and Treit (1995).
The test was conducted in an acrylic cage (27 x 16 x 23 cm),
which has its floor covered with a uniform layer (5 cm) of fine
sawdust. The cage was equipped with an electrified probe (7-
cm long, 0.5-cm thick) that protruded from one of its walls,
2 cm above the bedding and through which the rats receive an
electric shock (0.4 mA) any time they come in contact with the
probe. The current was generated by a constant-current shock
generator (LaFayete Instruments, Inc.). During the test, the rat
is introduced into the cage, and after the first electric shock, its
behavior was recorded for 10 min. During the test, three pa-
rameters were recorded: the total amount of time that the rat
spends burying the probe with the forepaws (burying behav-
ior), the burying behavior latency, represented as the time
from the first shock to the start of the burying behavior, and
the number of shocks received by the rat during the test. The
burying behavior was taken as the main measure of anxiety,
the burying behavior latency as an index of reactivity, and the
number of shocks as an indication of the harmful effects of the
electric shocks. In addition, since the above responses reflect
active coping behaviors, the effects of AVP on freezing (a
passive coping behavior) was also evaluated. Freezing was
taken as the % of the time of the test that the animal spends
only executing the movements needed for respiration.

Light-Dark Box

Behavior was evaluated as previously described (de la Mora
et al. 2005). Briefly, the box was of acrylic and divided into
two compartments, connected by a small opening (7 x 7 cm).
The walls and floor of one compartment (27 x 27 x 27 cm)
were white, whereas those of a smaller compartment (27 x
18 x 27 cm) were black. Squares of 9 x9 cm were marked
on the floor of both compartments using either black or white
lines. During the experiments, the white compartment was
strongly illuminated with a cold light source (700 Ix), whereas
the black compartment was illuminated with a red light lamp
(70 1x). At the beginning of the experiment, each rat was
placed in the center of the white compartment facing the open-
ing between the two compartments and behavior was video-
recorded for 5 min. The latency of the first entry into the black
compartment and the total time spent in the white compart-
ment were taken as measures of anxiety-like behavior (Costall
et al. 1989; Henniger et al. 2000). The box was cleaned with
Dextran and dried before each trial.
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Open-Field Test

To have an indication of the effects of either AVP or their
antagonists (V1a, V1b) on locomotion, an Open-Field Test
was used immediately after both the White and Black Box
Test and the Shock-Probe Burying Test. Locomotion in this
test was carried out in an acrylic box (50 X 50 X 30 cm)
equipped with photoelectric cells to record the horizontal
movements of the animals through the arena (OMNIALVA,
Mexico City, Mexico). Each wall contained 10 photoelectric
cells separated by 5 cm from each other that were located
4.0 cm above the arena. The box was interphased with a PC
that allowed estimating quantitatively the number of beam
interruptions through photocells during the locomotion of
the animal in the arena and transforming them into arbitrary
locomotion events (beam interruptions) with a sample fre-
quency of 10 Hz. The illumination level inside the box was
138 Ix. At the beginning of the test, the rats were placed in one
of'the corners of the box and were allowed to explore the arena
for 5 min.

All behavioral experiments were carried out in a sound-
attenuated room equipped with video-recording facilities.
For each type of experiment, the apparatus used to evaluate
the behavior was placed beneath the video camera, and the
animal behavior was recorded in the absence of any observer
and tested in a randomized way.

Histological evaluation

To verify the correct positioning of the implanted cannulae, at
the end of the behavioral tests, the animals were deeply anes-
thetized with sodium pentobarbital (65 mg per rat;
Laboratorios Ttokkyo, Mexico City, Mexico), and 250 nl of
a diluted solution of pontamine sky blue was microinjected
bilaterally via the injection cannulae.

Brains were removed and postfixed in 10% formaldehyde
for 1 day and then cryoprotected by incubating the brains in
PBS containing 10, 20, and 30% sucrose for 1 day in each
solution. Serial coronal sections (40-pum thick) were made
using a cryostat (CM 1510-3 Leica Instruments, Nussloch,
Germany), counterstained with Cresyl Violet, and the exact
positions of the cannulae were determined.

Statistical analysis

Results are expressed as means + SEM. Since, KS distance,
using the Kolmogoroff-Smirnoff test, suggested that the pop-
ulation under study in the behavioral experiments that follow-
ed a normal distribution parametric statistics was used to eval-
uate the results. Accordingly, one-way ANOVA was practiced
for each parameter followed when necessary (P <0.05) by
Dunnett’s test as a post hoc test for comparing treated groups
against their respective vehicle-treated control group. Effects
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of AVP on freezing behavior and effects of 5% DMSO 5%
Cremephor were evaluated using the unpaired Student’s 7 test.
Significance in all tests was set at P < 0.05. Statistical param-

eters were computed using GraphPad Prism 6 statistical
software.

Results
Microinjection location and diffusion

Cannulae tips in those animals, which were treated with
either saline, AVP, or AVP V1b antagonist and evaluat-
ed in the Shock-Probe Burying Test or the Light-Dark
Box, were found within the amygdala boundaries either
inside or surrounding CeA. Cannulae tips were found
spanning from AP level —1.8 to —3.1 mm according
to the Paxinos and Watson (1986) stercotaxic atlas.
Similar cannulae locations were found in the rest of
the animals used in this work (see Fig. 1 in the
Supplementary material). Animals with their cannulae
tips in other locations were excluded from the statistical
analysis.

[FITC] [Ahx]CYIQNCPLG[Amide], a fluorescent
oxytocin analog, was administered into the amygdala
under the same experimental conditions as used in cur-
rent work. As shown in Supplementary Fig. 2, it was
found that this fluorescent marker remains near its site
of injection and radially diffused at a distance of no
more than 0.380 mm® from this site.

Effects of the bilateral intra-amygdaloid
administration of AVP on the behavior of rats
in the Shock-Probe Burying Test

As shown in Fig. 1A, the microinfusion of low doses of AVP
within CeA elicited an enhancement of burying behavior in
the Shock-Probe Burying Test. These effects were, however,
lost when AVP was infused at higher doses (one-way
ANOVA: F, 6=4.743; P<0.05). Similar effects were ob-
served on the latency to bury (Fig. 1B) (one-way ANOVA:
F5,6=4.881; P<0.05). A trend for an increase in the number
of shocks received during the test (control 6.16 £ 1.26, N=12;
AVP 1 ng; 11.1£3.0, N=8; 10 ng 7.5+ 1.0, N=9) was also
noticed at low AVP doses but disappeared when higher doses
were infused (one-way ANOVA: F; 56=1.951; P> 0.05). No
effects of AVP (1 and 10 ng/side) were also observed on lo-
comotion (control 357.8 £24.5 events, N=12; AVP 1 ng,
399.8+41.6 events, N=38; 10 ng, 335.2+23.1 events, N=
9) in the Open-Field (one-way ANOVA: F, ,6=1.091;
P>0.05).

In addition, only a non-significant trend: control group
(3.155+£0.635, N=10) vs AVP-treated group (1.738 +

0.608, N=9) for a decrease in the percentage of freezing be-
havior was observed when an effective dose of AVP (1 ng/
side) was infused. Two-way Student’s ¢ test (P> 0.05).

Effects of the blockade of either AVP V1a or V1b
receptors on the behavior elicited by the bilateral
intra-amygdaloid administration of AVP

in the Shock-Probe Burying Test

In order to know whether the effects of AVP on the
behavior of rats in the Shock-Probe Burying Test were
mediated by either AVP Vla or AVP VI1b receptors,
either AVP + Manning compound (AVP Vla antagonist)
or AVP + SSR149415 (AVP V1b antagonist) was
microinfused bilaterally into the CeA and the rats were
tested in this paradigm.

As indicated in Fig. 1C, SSR149415 (F4.45=3.968;
P <0.01) fully prevented the effects of AVP on burying be-
havior. No effects of this antagonist were observed when it
was infused alone (Fig. 1C). In contrast, no effects of either
AVP alone (1 ng/side), SSR149415 alone (10 ng/side), and
AVP + SSR149415 (either 1 ng+ 1 ng/side or 1 ng+ 10 ng/
side) were observed on latency to bury (Fj44g3=2.562;
P>0.05) (Fig. 1D). Likewise, no effects were also noticed
on the number of shocks received during the test (vehicle
4.0£19, N=11; AVP 1 ng 43+£29, N=9; SSR149415
10 ng 4.2+0.5, N=10; AVP 1 ng+SSR149415 1 ng 3.9+
0.5, N=12; AVP 1 ng+ SSR149415 10 ng 3.6 £0.6, N=11)
(F448=0.16; P> 0.05) as well as on locomotion in the Open-
Field in rats infused with any of the above treatments (vehicle
428.8+25.4 events, N=11; AVP 1 ng 451.1 £50.2 events,
N=9; SSR149415 10 ng 395.7+30.9 events, N=10; AVP
1 ng+ SSR149415 1 ng=415.7+17.3 events, N=12; AVP
1 ng+ SSR149415 10 ng 449.5+£29.5 events, N=11)
(F448=0.753; P>0.05).

Manning compound unlike SSR149415 failed to pre-
vent the effects of AVP on burying behavior (F3 4=
3.137; P<0.05) (Fig. 2A). No effects of either
Manning compound alone (10 ng/side) or AVP +MC
(1 ng+10 ng/side) were observed on latency to bury
(F3.40=0.534; P>0.05) (Fig. 2B) and number of shocks
received during the test (saline 3.7+0.5, N=12; AVP
1 ng 3.7£0.6, N=14; Manning compound 10 ng 4.8+
0.6, N=8; AVP 1 ng+ Manning compound 10 ng 4.1+
0.5, N=10) (F3.40=0.655; P>0.05). No effects on lo-
comotion in the Open-Field were recorded with any of
the above treatments (saline 440.5+40.5 events, N=12;
AVP 1 ng 487.5+37.4 events, N=14; Manning com-
pound 10 ng 459.0£37.9 events, N=8; AVP 1 ng+
Manning compound 10 ng 457.9+55.4 events, N=10)
(F3.40=0.230; P>0.05). In line with these results, no
effects were found in a new experiment using a higher
dose of Manning compound (30 ng/side). Thus, no

@ Springer



1020

Psychopharmacology (2018) 235:1015-1027

Fig. 1 Effects of the bilateral administration of arginine-vasopressin
(AVP) on the behavior of rats in the Shock-Probe Burying Test and of
its simultaneous administration with an AVP V1b receptor antagonist
(V1bA). AVP at the lowest dose used increased both time of burying
(a) and latency to bury (b). SSR149415, an AVP V1b antagonist, fully

effects on AVP-induced increase on burying behavior
(Fr.25=5.507; P<0.05) were noticed under these condi-
tions (Fig. 2C). As earlier observed, latency to bury
(Fr.25=0.537; P>0.05) (Fig. 2D) and number of shocks
received during the test (saline 6.3+0.5, N=10; AVP
1 ng 44+0.8, N=9; AVP 1 ng+ Manning compound
30 ng 4.1+0.7, N=9) were not affected (F,,5=3.011;
P>0.05). Effects of AVP on locomotion were also not
affected (saline 611.5+40.4 events, N=10; AVP 1 ng
666.9+36.3 events, N=9; AVP 1 ng+ Manning com-
pound 30 ng 636.4+27.6 events, N=9) (F,,5=0.611;
P>0.05).

Effects of 5% DMSO 5% Cremophor EL
on the behavior of rats in the Shock-Probe Burying
Test

Since DMSO and Cremophor EL were used as a vehicle

for infused SSR149415, the effects of this vehicle were
studied in the Shock-Probe Burying Test. No effects
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prevented the effects of AVP on burying behavior without having any
effects by its own (c). Results are expressed as means = SEM. N values
are depicted inside each bar. * P<0.05; ** P<0.01. One-way ANOVA
was followed by Dunnett’s test

were found in burying behavior (sec) (saline 54.6 +
15.9 vs DMSO 68.8+14.7) (P=0.523; df=13), latency
to bury (s) (saline 46.8+7.70 vs DMSO 49.6+5.8)
(P=0.768; df=13), number of shocks (saline 4.5+
0.68 vs DMSO 5.3+£0.65) (P=0.411; df=13), and lo-
comotion (events) (saline 587.6 +44.9 vs DMSO 555.8
+26.68) (P=0.550, df=13). N in all cases was 7 for
the saline group and 8 for the 5% DMSO group.

Effects of blockade of oxytocin receptors
on the behavior elicited by AVP in the Shock-Probe
Burying Test.

As shown in Fig. 2, OTA (15 ng/side) simultaneously
infused with AVP (1 ng/side) failed to affect the effects
of AVP on both burying behavior (f5;5=3.775;
P<0.05) (Fig. 2E), latency to bury (F335=1.090;
P>0.05) (Fig. 2F) and number of shocks received dur-
ing the test (saline 4.6+0.8, N=9; AVP | ng 4.0+0.5,
N=12; OTA 15 ng 4.7+0.6, N=12; AVP 1 ng+ OTA
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Fig. 2 Effects of the bilateral intra-amygdaloid administration of
Manning compound (AVP Vla antagonist) and OTA (oxytocin
antagonist) on the behavioral effects elicited by the microinfusion of
arginine-vasopressin (AVP) into the CeA. Both Manning compound (a,
¢) and OTA (e) failed to prevent the effects of AVP on burying behavior.

15 ng 4.0£0.5, N=9) (F333=0.4012; P>0.05). Effects
of AVP on locomotion were also not affected (saline
647.4+51.7 events, N=9; AVP 1 ng 578.1£30.5

No effects on any of these antagonists were observed on burying latency
when they were infused either alone or in combination with AVP (b, d, f).
Results are expressed as means = SEM. N values are depicted inside each
bar. ¥ P<0.05; **P<0.01. One-way ANOVA was followed by
Dunnett’s test

events, N=12; OTA 15 ng 571.8+25.7 events, N=12;
AVP 1 ng+OTA 15 ng 634.9+23.4 events, N=9)
(F3,38: 1.216; P>005)
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Effects of the bilateral intra-amygdaloid
administration of AVP on the behavior of rats
in the Light-Dark Box

Although low values were found for the number of transitions
and the time spent in the illuminated compartment of the
Light-Dark Box in the control group, no effects of the bilateral
intra-amygdaloid microinfusion of AVP and SSR149415
alone or in combination (1 ng/side + either 1 orl0 ng/side)
on the behavior of rats in the Light-Dark Box were observed
in the latency (F4g0=0.173; P>0.05) to enter into the dark
side of the box, which is regarded as the most sensitive mea-
sure in this test (Fig. 3A), the time spent in the light side of the
box (Fy80=0.802; P> 0.05) (Fig. 3B) or the number of tran-
sitions between light and dark compartments (Fy go=1.267;
P>0.05) (Fig. 3C). Likewise, no effects of any treatment were
registered on locomotion in the Open-Field Test (Fy4 g9 =
0.089; P> 0.05) (Fig. 3D).

Fig. 3 Effects of the bilateral administration of arginine-vasopressin
(AVP) and SSR149415 (AVP V1b antagonist) in the CeA on the behavior
of rats in the Light-Dark Box. Both AVP and SSR149415 either alone or
in combination failed to affect both time in the light compartment (a),
latency to enter into the light compartment (b), and number of transitions

@ Springer

Discussion

In this work, it was found that the bilateral intra-amygdaloid
administration of AVP in male rats results in an increase in
burying behavior, which is the most sensitive measure of anx-
iety in the Shock-Probe Burying Test (Treit et al. 1981; De
Boer and Koolhaas 2003). In agreement with this, a trend for a
decrease in freezing behavior was observed, suggesting that at
least in this test and under the conditions employed (presence
of bedding material), only active coping behaviors (De Boer
and Koolhaas 2003) are modulated by AVP when adminis-
tered into the amygdala.

Our results suggest that AVP has an anxiogenic role in the
amygdaloid modulation of anxiety. The main finding of this
work was however to disclose the involvement of AVP V1b
receptor mechanisms in this modulation. Thus, it was found
that the bilateral intra-CeA infusion of SSR149415, a selective
AVP V1b receptor antagonist (Serradeil-Le Gal et al. 2002),

between light and dark compartments (c). Similarly, no effects were
observed for any treatment in the locomotion in the Open-Field (d).
Results are expressed as means + SEM. N values are depicted inside each
bar. * P<0.05. One-way ANOVA was followed by Dunnett’s test
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fully prevented the AVP-induced effects on anxiety-like be-
havior. The effects of SSR149415 on AVP-induced anxiety-
like behavior seem to have been produced by a blocking effect
on agonist activated AVP V1b receptors. In agreement with
Salomé et al. (2006), no effects were produced by its intra-
amygdaloid administration alone indicating a lack of an AVP
tone within the CeA under the current basal conditions.
Furthermore, its blocking effects on anxiety-like behavior
seem to be rather specific since its intra-amygdaloid adminis-
tration did not elicit any changes on both number of shocks
received during the Shock-Probe Burying Test and locomo-
tion in the Open-Field. Likewise, no effects were observed in
the Dark-Light Box.

In support of the above, (d(CHz)Sl,Tyr(Me)z,Argg)-vaso-
pressin (Manning compound), a selective AVP Vla receptor
antagonist (Manning et al. 1992), was unable to block the
AVP-induced anxiogenic-like effects when it was bilaterally
administered together with AVP into the CeA. The possibility
that the lack of effects of this antagonist was due to the fact
that they were administered simultaneously is unlikely for the
reasons indicated under “Drug administration” and because
SSR149415 injected under the same conditions was effective
in blocking the anxiogenic effects of AVP. Furthermore, it can
be argued that the Manning compound failed to block AVP
Vlareceptors because of the simultaneous presence of AVP in
the infused fluid. However, this is unlikely since AVP has, as a
matter of fact, a lower affinity than the Manning compound
for the AVP Vla receptor (AVP Ki 2.6 nM (Manning et al.
2008) vs Manning compound (Ki 0.7 nM (Thibonnier et al.
1997). Furthermore, this antagonist was administered at
higher doses than AVP (10- and 30-ng Manning compound
vs 1-ng AVP).

The effects of AVP on anxiety-like behavior were only
observed at low doses (1 ng/side) and disappeared when the
dose was increased to 10 ng/side. These effects may indicate
that at this high dose, AVP may have bound and activated
codistributed (Huber et al. 2005; Mouillac et al. 1995) oxyto-
cin receptors, which exert anxiolytic-like effects (Bale et al.
2001; De la Mora et al. 2016; Laszlo et al. 2016). Their acti-
vation may have dampened the anxiogenic AVP effects. In
support of this possibility, recent work of Song et al. (2014,
2016) has convincingly demonstrated that, at least in Syrian
hamsters, there exists a cross-talk between OT-AVP receptors
and AVP-OT receptors.

The significant increase in latency observed with 1-ng AVP
in the Shock-Probe Burying Test in one experiment along with
several trends for the same effect observed in other experi-
ments is quite surprising in spite of the fact that is not the main
measure of anxiety in this test. Thus, one should expect a
negative correlation between burying time and latency to bury
(De Boer and Koolhaas 2003). However, latency to bury can
be linked to the reactivity of the animal rather than to anxiety
and a diminished orofacial sensitivity has been reported

following the intra-CeA infusion of AVP (Ahn et al. 2001).
Therefore, the increase in the latency observed in the current
work may be related to a decreased sensitivity to the electrical
shock received for the first time by the rats. In agreement with
this suggestion, a trend for an increase in the number of shocks
received during this test was recorded in our experiments.
Alternatively, it may be feasible that the latency to bury is
not sensitive to the administration of AVP in the present study.

In line with the anxiogenic effects of AVP with the low
dose in the Shock-Probe Burying Test, an increased explora-
tion of the open arms in the Elevated-Plus Maze was reported
by Salomé et al. (2006) upon the intra-amygdaloid blockade
of AVP V1b receptors with SSR149415. This also suggests
that AVP is playing an anxiogenic role in its modulation of the
amygdaloid activity.

In addition, our results also suggest that AVP does not exert
a global effect in the amygdaloid modulation of anxiety but
rather that its effects depend on the specific aspects of the
anxiety modeled by each test. Thus, in contrast to the effects
of AVP in the Shock-Probe Burying Test reported in this work
and by Salomé et al. (2006) in the Elevated Plus-Maze, no
effects of this neurotransmitter were observed in the “Light-
Dark Box,” another anxiety paradigm (Costall et al. 1989;
Misslin et al. 1989). The reason for these differences is not
clear as this test has also been successively used to detect both
anxiogenic and anxiolytic effects (Hughes and Hancock 2016;
Onaivi and Martin 1989). In consequence, the lack of effects
of AVP neurotransmission in this test may be explained by the
presence of significant dissimilarities between the aspects of
anxiety modeled in each unconditioned anxiety paradigm
(Spooren et al. 2000) undermining any global effect of AVP
neurotransmission in anxiety. Interestingly, in line with our
results, no differences in anxiety-like behavior were observed
when AVP V1b KO and wild-type mice were evaluated in the
Light-Dark Box (Egashira et al. 2005) and the EPM
(Wersinger et al. 2002). It remains for the future to clarify
whether or not different unconditioned anxiety features, as
modeled in different unconditioned paradigms, are indeed dif-
ferentially modulated by different AVP V1 receptor subtypes.

Since small infusion volumes (250 nl/side) and low-
pressure flows (50 nl/min) were used to microinfuse all com-
pounds used in this work, it is possible that the effects of AVP
and all antagonists infused have taken place very near the site
of their injection. In support of this, when [FITC]
[Ahx]CYIQNCPLG[amide], a fluorescent oxytocin analog,
having a similar molecular weight and amino acid composi-
tion to AVP, was administered into the amygdala under the
same experimental conditions used in this work, it was found
to remain near the cannulae tip and radially diffusing no more
than 0.38 mm® from the site of its injection. Moreover, previ-
ous results from our (de la Perez et al. 2006) and other labo-
ratories (James and Starr 1978; Peterson 1988) have shown
that several other compounds having a considerably lower
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molecular weight than oxytocin and AVP also remain near
their site of injection when they were microinfused under the
conditions used in this work.

Most of the cannulae tips in this work were found within
CeA and there exists evidence of a dense vasopressinergic
innervation of CeA from the hypothalamic PVN nucleus
(Hernéandez et al. 2016) and of the presence in the same area
of AVP 1b receptors (Corbani et al. 2017; Hernando et al.
2001; Stemmelin et al. 2005; Young et al. 2006). It is therefore
reasonable to suggest that the anxiogenic AVP effects reported
in this work as well as their blockade by SSR149415 may
have occurred somewhere within the CeA. It is however rather
intriguing that while in the Salomé et al. (2006) study in agree-
ment with our work, SSR149415 did not show any effects
after being infused into the CeA, it had anxiolytic effects fol-
lowing its administration into the BLA. This suggests the ex-
istence of a selective AVP V1b-mediated AVP endogenous
tone, which was blocked by the local SSR149415 administra-
tion. It will remain for the future to establish whether such a
selective tone may in fact exist within the BLA.

A high density of AVP Vla receptors has been described
located on CeA output neurons (Huber et al. 2005) presum-
ably together with AVP V1b receptors (Corbani et al. 2017). It
seems therefore likely that AVP infused into CeA in our ex-
periments binds and activates both AVP V1a and presumably
V1b receptors and at high concentrations, even OT receptors
(Song et al. 2014). This broadens the modulatory features of
the actions of AVP neurotransmission on the anxiogenic out-
put of amygdala. In this context, it is important to note that
GPCR iso- and heteroreceptor complexes are frequently
formed representing a novel integrative mechanism in the
CNS of high interest (Borroto-Escuela et al. 2014, 2016;
Fuxe et al. 2013, 2014; de la Mora et al. 2016), including
heteromerization of AVP Vla receptors with oxytocin recep-
tors (Terrillon et al. 2003, 2004). The mechanisms by which
AVP V1b receptors in CeA increase anxiety and neuronal
excitability (Lu et al. 1997; Raggenbass 2008) could also in-
volve actions at AVP V1b receptor protomers in putative AVP
V1b-AVP Vla heterodimers modulating the AVP V1a recep-
tor protomer signaling. Therefore, it is proposed that the
anxiogenic effects of AVP in the Shock-Probe Burying Test
can be a result of activation of AVP Vb receptor monomers/
homomers and/or of AVP V1b-AVP Vla and AVP Vl1b-
oxytocin heteroreceptor complexes altering their signaling in
at least a pool of medial CeA anxiogenic output neurons.

The results of this work underline the role of AVP neuro-
transmission in the amygdaloid modulation of anxiety and
open the possibility that not only AVP Vla but also the AVP
V1b receptor contribute to this modulation. Furthermore, our
results also suggest that AVP does not have a global modula-
tory effect on the amygdaloid regulation of anxiety but its
modulatory action is dependent upon specific features of this
response modeled by each paradigm of anxiety. It remains for

@ Springer

the future to study whether and how both AVP receptor sub-
types differentially participate in the modulation of specific
features of unconditioned anxiety and their signaling integrat-
ed through allosteric mechanisms in putative AVP V1a-AVP
V1b and/or AVP V1b-oxytocin heteroreceptor complexes of
the medial CeA projection neurons.
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The arginine-vasopressin (AVP)-containing hypothalamic magnocellular neurosecretory
neurons (VPMNNSs) are known for their role in hydro-electrolytic balance control
via their projections to the neurohypophysis. Recently, projections from these same
neurons to hippocampus, habenula and other brain regions in which vasopressin
infusion modulates contingent social and emotionally-affected behaviors, have been
reported. Here, we present evidence that VPMNN collaterals also project to the
amygdaloid complex, and establish synaptic connections with neurons in central
amygdala (CeA). The density of AVP innervation in amygdala was substantially
increased in adult rats that had experienced neonatal maternal separation (MS),
consistent with our previous observations that MS enhances VPMNN number in the
paraventricular (PVN) and supraoptic (SON) nuclei of the hypothalamus. In the CeA,
V1a AVP receptor mBNA was only observed in GABAergic neurons, demonstrated
by complete co-localization of Via transcripts in neurons expressing Gadi and
Gad2 transcripts in CeA using the RNAscope method. V1b and V2 receptor mRNAs
were not detected, using the same method. Water-deprivation (WD) for 24 h, which
increased the metabolic activity of VPMNNSs, also increased anxiety-like behavior
measured using the elevated plus maze (EPM) test, and this effect was mimicked by
bilateral microinfusion of AVP into the CeA. Anxious behavior induced by either WD
or AVP infusion was reversed by CeA infusion of V1a antagonist. VPMNNs are thus
a newly discovered source of CeA inhibitory circuit modulation, through which both
early-life and adult stress coping signals are conveyed from the hypothalamus to the
amygdala.

Keywords: magnocellular, synapses, RNAscope, Gad1, Gad2, V1a, microinjection, maternal separation
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Hernandez et al.

Vasopressinergic Modulation of CeA GABAergic Neurons

INTRODUCTION

Arginine-vasopressin (AVP)-containing magnocellular
neurosecretory neurons (VPMNNs) have a critical role in
the control of water-electrolyte balance via AVP release from
the neurohypophysis, and also influence fundamental behaviors
important for survival, presumably at the level of the brain
itself (Greving, 1923, 1928; Harris, 1948; de Wied, 1979; Koob
et al,, 1981; Landgraf and Neumann, 2004). However, despite
the profound behavioral and physiological effects of central
AVP (Miihlethaler et al., 1982; Landgraf and Neumann, 2004),
and early attempts to characterize the central projections of
the VPMNN (Buijs, 1978, 1980; DeVries et al, 1985), we
remain relatively uninformed about the central organization of
the underlying AVP neuronal connections within the central
nervous system (CNS): ie., physiological circuit interactions,
synaptic innervation patterns, and the identity of post-synaptic
neuronal targets.

One area of the brain in which AVP likely exerts profound
behavioral effects is the amygdala. The amygdala is a complex
structure involved in anxiety and fear processing (Davis and
Whalen, 2001; LeDoux, 2007). In particular, the central amygdala
(CeA) is thought to be critical for emotional processing
of environmental input, especially in regard to plasticity of
behavioral responses to stress (Penzo et al., 2015). A potential
target for AVP input to CeA are its numerous GABAergic
neurons (Sun and Cassell, 1993; Swanson and Petrovich, 1998),
which are important for expression of anxiogenic responses (Sun
et al., 1994; Para et al., 2004; Huber et al., 2005).

There are well-documented AVP projections to amygdala
(Buijs, 1978, 1980; Buijs and Swaab, 1979; Buijs et al., 1983; Cafté
and van Leeuwen, 1983; Rood and De Vries, 2011; Zhang and
Hernandez, 2013), and AVP elevation in CeA is correlated with
maternal aggression and other stress-related behaviors (Landgraf
and Neumann, 2004). However, the origin, distribution, and
co-localization with classical neurotransmitters of these fibers,
and behavioral consequences of activation of AVP release from
these fibers, especially during development, have received little
attention. In particular, it has only been demonstrated recently
that dynamic regulation of VPMNNs of the hypothalamic
paraventricular (PVN) and supraoptic (SON) nuclei may
convey stressor response signals to non-neurohypophyseal
limbic regions (Herndndez and Zhang, 2012; Zhang et al,
2012; Zhang and Hernandez, 2013; Hernandez et al, 2015).
Thus, we have now begun to characterize the VP-MNN
projections to the amygdala, and investigate their involvement
in developmentally-related and adult stress responses.

Perinatal stress in rodents, such as maternal separation
(MS), fragmented maternal care, and maternal endocrine
dysfunction, has been used to examine the causal relationship
between early life stress and later stress overreactivity and
susceptibility to affective disorders (Zhang et al., 2010, 2012;
Lukas et al, 2011). AVP is among several neurotransmitter
systems reported to be altered as a consequence of early life stress
(Veenema et al., 2006, 2007; Lukas et al., 2011), and therefore
is among the neurotransmitter candidates for mediating the
reported later-life behavioral hyperreactivity associated with

early life stress. We have reported that the AVP system is
activated as a consequence of stress during the early life
period, with increased VPMNN PVN and SON cell number,
enlargement of Herring body densities, and increased number
of reciprocal synaptic connections between vasopressinergic and
corticotropin releasing factor (CRF) containing neurons. This
neuronal plasticity is associated with increased sensitivity to
acute stressors, and anxiogenic conditions in adulthood (Zhang
etal., 2010, 2012).

In the present study, we have combined
immunohistochemistry with antero- and retrograde tracing,
electron microscopy and anatomical analysis, to show that
AVP innervation of the amygdaloid complex has at least dual
origins: thin fibers likely arising from a small population
of neurons localized in the bed nucleus of stria terminalis
intra-amygdaloid division (STIA), likely to establish Gray type
II synapses; and thick fibers originating from hypothalamic
PVN and SON, positive for vGluT2 and establishing Gray type
I synapses. Semiquantitative anatomical analysis in combination
with AVP-IHC showed that the medial amygdala (MeA)
was the region with the densest AVP innervation followed
by the rostral part of the CeA, where Vla receptor-positive
GABAergic neurons were located. MS produced a substantial
increase in AVP immunopositive fibers, especially in the central
and medial amygdala. We also found that in the CeA the
Vla receptors were only expressed in GABAergic neurons.
Finally, physiological and pharmacological manipulations of
vasopressinergic neurotransmission from PVN to CeA were
used to show the functional importance of this projection
to the modulation of anxious behavior in the rat. In this
regard, we examined the effects on vasopressinergic projections
from the hypothalamic VPMNNs to the amygdala, of at
least one physiological condition, water deprivation (WD),
for which neurohypophyseal AVP (hormone) release is
a known homeostatic response, in order to determine if
there is a corresponding allostatic response to WD in the
amygdala. Here, we report that this is indeed the case, and
discuss its implications for dual vasopressinergic homeostatic
regulation via the neurohypophysis, and allostatic regulation via
VPMNN projections to extrahypothalamic brain, including the
amygdala.

MATERIALS AND METHODS

Animals

Adult male Wistar rats of 280 + 20 g were obtained from the
local animal facility. Animals were housed three per cage under
controlled temperature and illumination (12 h/12 h, inverted to
the natural light/dark cycle) with water and food ad libitum.
All animal procedures were approved by the Comision de
investigacion y Etica de la Facultad de Medicina, Universidad
Nacional Autonoma de Mexico (approval number: CIEFM-086-
2013).

Maternal Separation Protocol
The MS (3 h daily, MS 3 h) procedure is described
in detail elsewhere (Zhang et al, 2012). Briefly, female
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and male adult rats were mated for 2 days. During the
last week of gestation, female rats were single-housed in
standard rat Plexiglas cages and maintained under standard
laboratory conditions. On the day after parturition, postnatal
day (PND) 2, each litter was culled to 7-8 pups, in which
5-6 were males. During the period from PND 2-PND 16,
the pups were separated daily from their dams, and placed
into an incubator at 29°C £ 1°C, between 09:00 h and
12:00 h. After this period rats were returned to their
home cages. After ending the MS protocol, animals were
left undisturbed until the weaning at PND 28, when male
and female rats were separated. Animals were then left
undisturbed until PND 90 when the elevated plus maze
(EPM) was performed during their activity period. Animal
facility reared (AFR) rats were treated in the same conditions
as described above except that these animals were left
undisturbed in their cages during the period when MS 3 h
rats were separated from their dam. Bedding was changed
twice a week for both groups, with minimum disturbance to
the rats.

Immunohistochemistry

Rats were deeply anesthetized with an overdose of sodium
pentobarbital (63 mg/kg, Sedalpharma, México) and perfused
transaortically with 0.9% saline followed by cold fixative
containing 4% of paraformaldehyde in 0.1 M sodium phosphate
buffer (PB, pH 7.4) plus 15% v/v saturated picric acid for
15 min (for the immunoreaction using monoclonal antibody
against GABA, 0.1% glutaraldehyde was also added to the
fixative solution). Brains were immediately removed, blocked,
and then thoroughly rinsed with PB. Brains were sectioned
soon after perfusion using a Leica VT 1000S vibratome.
Freshly-cut freely-floating sections were blocked with 20%
normal donkey serum (NDS) in Tris-buffered (0.05 M, pH 7.4)
saline (0.9%) plus 0.3% of Triton X-100 (TBST) for 1 h at room
temperature and incubated with the primary antibodies listed
in Table 1 (for antibody specificity see “Supplementary Material
Table S17). For light microscopical immunohistochemistry,
Vectastain Elite ABC Kit was used (Vector Labs, Burlingame,
CA, USA) followed by DAB-peroxidase reaction, while for
immunofluorescence reactions, sections were incubated
with the corresponding fluorochrome-conjugated secondary
antibodies. For immunoreaction visualization, a Nikon Eclipse
50i light microscope and a Leica TCS-SP5 confocal microscope
were used.

Anatomical Assessment of AVP Innervation
Density in Amygdala Subfields and
Comparison Between MS and AFR Rats

Observations were made under light microscopy. Anatomical
nomenclature, especially on amygdala subfields, and regional
delineation were according to Paxinos and Watson (2006). To
evaluate the densities of vasopressin-containing axon projections
in amygdala, observations were made under a light microscope
(Nikon Eclise, 50i, with 40x objective) and tracing was
performed with the help of a drawing tube attached to the
microscope (amplification at 10.6x). A square equivalent to
0.04 mm? of the brain tissue section was placed under the
drawing tube projecting to the visual field coinciding with
the anatomical regions of interests. AVPir+ fibers inside the
projected square were manually traced. Calculation of fiber
length in each square was performed using Image] (open
image > make binary > measure). The value of the area in
the results window corresponds to the number of pixels in
the image. Since the process of skeletonization converts every
trace into a one pixel thick trace, the number of pixels equals
the summed length of the traces in pixels. The real length is
converted to millimetre taking into account the correspondence
between pixels and a known scale value. AVPir+ fiber length
from postero-dorsal medial amygdala (MePD) from coronal
section (Bregma. —2.7 mm) was 3618 mm and was assigned
as 100%. Fiber lengths falling in the range of 100%-76% were
assigned as ++++; 75-51% as +++; 50-26%: as ++ and 25-1% +.

Neuronal Activation Through
Fos-Expression Assessment

The pattern of amygdala neuronal activation after the EPM test
was evaluated in four animals for each of the cannulated rat
groups, i.e., those infused with NaCl 0.9%, with AVP 1 ng, or
with AVP 1 ng + Vla antagonist 10 ng. The number of Fos+
nuclei in an area of 0.2 mm? was counted in the central (CeA),
basolateral (BLA) and MeA, around Bregma —2.12 mm. A two
way analysis of variance (ANOVA) was used to evaluate if the
differences between the NaCl, AVP 1 ng and AVP 1 ng + Vla
antagonist groups were statistically significant.

Immunohistochemistry for Transmission
Electron Microscopy (TEM)

Immuno-electron microscopy procedures were performed as
reported previously (Zhang and Herndndez, 2013). Briefly,

TABLE 1 | Primary antibodies used in this study.

Molecule Host Dilution Source Source code

[Arg8]-vasopressin Rabbit 1:5000 Peninsula-Bachem Americas, Inc., CA, USA (www.bachem.com) T-4563

[Arg8]-vasopressin Rabbit 1:2000 Prof. R.M. Buijs, Instituto de Investigaciones Biomédicas, Universidad -
Nacional Autonoma de México, UNAM

c-Fos Rabbit 1:2000 Santa Cruz Biotechnology, Dallas, TX, USA (www.scbt.com) SC-52

Vesicular glutamate transporter 2 Guinea pig 1:1000 Frontier Institute Co., Ltd., Hokkaido, Japan (www.frontier-institute.com) GP-AF240-1

Gamma-aminobutyric Acid (GABA) Mouse 1:1000 Sigma-Aldrich Corporation, St. Louis, MO, USA A031
(www.sigmaaldrich.com)

Vasopressin V1A Receptor Rabbit 1:2000 Alomone Labs., Jerusalem, Israel (www.alomone.com/) AVR-010
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FIGURE 1 | Distribution of vasopressin-immunostained fibers through the rostrocaudal extent of amygdala in the rat. Low (A-K) and high power
(Aa—-Ka) photomicrographs and tracings of arginine-vasopressin (AVP) labeled fibers (Ap—Kp) in coronal sections, illustrating the heterogeneous distribution in the
density of AVP fibers among different amygdalar regions. The highest density was found in the MePD region at Bregma level —2.70 mm (panel I, and table). Each of
the panels from (A-K) corresponds to a representative example at the bregma level indicated in the table gray boxes. For the semiquantitative analysis in the table,
the summed length (calculated with ImageJ) of fibers in a 0.04 mm? area, inside this highest density region was assigned as 100%, regions with summed lengths

between 76-100% were assigned as ++++; between 51-75% : +++; between 26-50%: ++ and between 1-25%: +.
(Continued)
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FIGURE 1 | Continued

Anatomical maps and nuclei nomenclature are from the rat atlas of Swanson
(2003). CxA, cortico-amygdalar transition zone; AA, anterior amygdala area;
Aco, anterior-cortical amygdaloid nucleus; MeA, medial anterior amygdaloid
nucleus; BMA, basomedial anterior amygdaloid nucleus; CeA, central nucleus
of amygdala; BLA, basolateral amygdala; STIA, stria terminalis
intra-amygdaloid division; MePD, medial postero-dorsal amygdaloid nucleus;
MePV, medial postero-ventral amygdaloid nucleus; BMP, basomedial posterior
amygdaloid nucleus. Scale bars in (Aa=Ka, Ap-Kp) 50 um, Bregma levels are
indicated below each low power photomicrograph. Squared region indicates
the 200 wm area used for calculation of summed length for each amygdala
region.

two male rats were perfused with NaCl 0.9%, and fixed
with ice-cold 4% paraformaldehyde (Sigma P6148) + 15% v/v
saturated picric acid solution (Fermont) + 0.05% glutaraldehyde
(Sigma, G5882). Sections 70 pm-thick containing CeA were
processed with conventional THC for TEM (Zhang and
Hernédndez, 2013). Sections were then osmificated in 1%
OsO4 for 1 h and dehydrated in a graded series of ethanol
and embedded in synthetic resin (Epon). Ultrathin sections
were then cut, counterstained with lead citrate (Electron
Microscopy) and examined with a Philips CM 100 transmission
electron microscope and photographed with a digital micrograph
3.4 camera (Gatan Inc., Pleasanton, CA, USA).

Fluoro-Gold Tracing Experiments

Anesthesia was induced and maintained with xylazine (Procin,
Mexico; 20 mg/ml) and ketamine (Inoketam, Virbac, Mexico;
100 mg/ml) mixed in a 1:1 volume ratio and administered
intramuscularly with a dose of 1 ml/kg body weight. Rats
were fixed in a stereotaxic apparatus and were injected in the
CeA (Bregma —2.12 mm, medio-lateral 4.2 mm, dorsoventral
7.7 mm (Paxinos and Watson, 2006)) with the retrograde
tracer Fluoro-Gold (FG, Fluorochrome, LLC, Denver, CO, USA),
dissolved 1% in 0.2 M sodium cacodylate buffer (pH 7.5).
The FG was delivered iontophoretically using an iontophoresis
pump (Value Kation Sci VAB-500) through a stereotaxically
positioned glass micropipette with an inner tip diameter of
approximately 40 pwm, by applying current pulses of 0.1 pLA, at
0.2 Hz, with a 50% duty cycle, for 20 min. The micropipette
was left in place for an additional 10 min to prevent backflow
of the tracer up the injection track after each injection. After
completing the surgery, rats received 0.4 mg/kg i.p. Ketorolac
(Apotex, Mexico) and 50 mg/kg i.p ceftriaxone (Kendric,
Mexico) as analgesic/anti-inflammatory and antibiotic agents,
respectively. Three to four weeks after the FG injections,
the rats were perfused as previously described (Zhang and
Hernandez, 2013). Coronal and sagittal sections of 70 pm
were obtained, and AVP THC was performed to evaluate if
the SON and PVN AVP+ neurons were labeled with FG.
Observations were made under light (Nikon ECLIPSE 50i with
B-2A long-pass emission filter) and confocal microscopy (Leica
TCS-SP5).

ISH Assays With Radio-Probes

Rats were deeply anesthetized with sodium pentobarbital
(Sedalpharma, México, 63 mg/kg b.w., i.p.) and perfused via

ascending aorta with 0.9% saline followed by cold fixative
containing 4% paraformaldehyde in 0.1 M PB, pH 7.4. Brains
were post-fixed with 1% paraformaldehyde in PB and kept at
4°C until use. All solutions used had been diethyl pyrocarbonate
(DEPC)-treated (0.1% v/v with gentle stirring for at least 4 h at
room temperature) to inactivate any residual RNase, and then
autoclaved to inactivate the traces of DEPC.

Two days before the start of sectioning, the brains were
moved to 18% sucrose in RNase free PB + NaN3. Another
change was done 1 day before the sectioning and a third
change with a fresh sucrose solution was done 1 h before the
sectioning. Serial coronal sections between Bregma —0.36 mm
and Bregma —3.00 mm of 12 pm of thickness were made using
a Leica CM1950 cryostat (Leica Microsystem, Wetzlar, 35578,
Germany). Sections were collected on Leica glass insert and then
transferred to a 24-well tissue culture plate with PB.

In situ hybridization (ISH) was performed in one out of six
coronal sections as previously described (Morales and Bloom,
1997) using *>S- and *P-UTP-labeled ribonucleotide probes.
The pT7T3D-Pacl plasmid (accession number: A1072073, clone
ID: 1786383 Thermo Scientific) containing rat vasopressin
receptor V1a cDNA (Morel et al., 1992) was linearized with
EcoRI and then transcribed in vitro with T3 RNA polymerase
to yield antisense complementary RNA probe. The construct was
verified by sequencing. The radioactivity was adjusted to 10’ cpm
per ml hybridization buffer. Sections were mounted on coated
slides and air-dried. Slides were exposed to autoradiography
film and analyzed on a phosphorimager (Fuji BAS5000, Tokyo,
Japan).

RNAscope ISH Assays

Two rats were deeply anesthetized and perfused via the
ascending aorta with saline. Whole brain tissues were
removed and rapidly frozen on Dry Ice. The fresh-frozen
tissue sections (thickness: 20 um) were mounted on positively
charged microscopic glass slides (Fisher Scientific, Pittsburgh,
PA, USA). The Gadl, Gad2 and Vla specific RNA probes
(Rn-Gadl, 316401-Cl; Rn-Gad2, 435801-C2; Rn-Avpla,
402531-C3) were designed and provided by Advanced Cell
Diagnostics (Hayward, CA, USA). All staining steps were
performed following RNAscope protocols. Stained slides were
cover-slipped with fluorescent mounting medium (ProLong
Gold Antifade Reagent P36930; Life Technologies, Carlsbad,
CA, USA) and examined with a confocal microscope (Leica
TCS-SP5).

Intra-Amygdaloid Microinjection

For the implantation of permanent guide cannulas into the
amygdala, rats were anesthetized with ketamine hydrochloride
(170 mg/kg, i.p.) and placed in a stereotaxic frame (Kopf
Instruments, Tujunga, CA, USA) with the incisor bar set
at —3.3 mm. Body temperature was maintained at 37°C
using a CMA/150 temperature controller (CMA/Microdialysis,
Stockholm, Sweden). Bilateral stainless steel cannulae of 0.46 mm
outer diameter (C315G, Plastics One, Roanoke, VA, USA) were
aimed to CeA (Bregma —1.7 mm, mediolateral + 4.2 mm,
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FIGURE 2 | Anatomo-immunohistochemical features of vasopressin immuno-reactive (AVPir) somata and fibers in the amygdaloidal complex
suggest that AVP modulates distinct neuronal circuits. (A) Photomicrograph of AVPIr in a sagittal section of rat amygdala at lateral 3.40 mm (Aa, inset: sagittal
view of amygdaloid complex, squared region, from the Rat Brain Atlas). Note that the AVP immunopositive fibers (indicated by black arrows) are heterogeneously
distributed in the whole amygdala complex and numerous AVP+ cells were inside the bed nucleus of stria terminalis, intra-amygdaloid division (STIA; circumscribed
with white dashed line). (Ap) Amplification of a region inside the STIA. Note that there are two types of AVPir+ fibers, regarding their thickness and spatial frequency
of varicosities: the type | fibers have thick diameter and frequent varicosities (thick white arrows); the type Il fibers are thin and had less frequent varicosities (thin

white arrows). Both types are intermingled in the same region. The asterisk indicates the site where one thin-type axon (the axon initial segment was indicated with
(Continued)
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FIGURE 2 | Continued

a hollow arrow, white in both (Ap) and its inset) originated (asterisk) from one
proximal dendrite of the respective neuron. (B) A semi-horizontal section of rat
brain showing the vicinity of the hypothalamic AVP+ supraoptic (SON) and
paraventricular (PVN) nuclei and the massive projection of AVPIr fibers toward
amygdala and amygdala-hippocampal cortex (AHICtx; white arrowheads in
Ba,Bb). The red line of the atlas inset symbolizes the level and the inclination of
the section plan. (Ba) Amplification of the corresponding squared region
showing the SON is seen from the semi-horizontal view. (Bp) Amplification of
the corresponding squared region of amygdaloid complex. Note the
heterogeneous presence of the AVPIr fibers in the amygdaloid subdivisions.
MeApd, medial amygdala postero-dorsal; CeA, central amygdala; BLA,
basolateral amygdala. Scale bars: (A) 500 wm; (Ap) and Inset: 20 um;

(B) 500 m; (Ba) 100 wm; (Bp) 100 wm.

dorsoventral —7.7 mm from skull surface, according to the
atlas of Paxinos and Watson (2006). Guide cannulas were
fixed with stainless-steel screws and dental acrylic cement
(Laboratorios Arias, Mexico City, Mexico) and sealed with
dummy cannulae (C315DC, Plastics One). Benzylpenicillin
benzathine (Estrepto benzetacil V-Fortificado (Fort Dodge
Animal Health Laboratories, Mexico City, Mexico)) was given to
prevent infection. The animals were housed in individual cages
post-surgery. A total of 30 rats were employed for microinjection
experiments.

Beginning on the fourth day post-surgery, rats were handled
once a day for 5 min for three consecutive days, and
behavioral tests were performed the next day (seventh day post-
surgery).

On the day of the experiment, saline alone (250 nl per
side), AVP (Sigma V9879, 1 ng in 250 nl per side of NaCl
0.9%, (Appenrodt and Schwarzberg, 2000) or Vla antagonist
(d(CHy)s 1, Tyr(Me) 2, Arg®)-Vasopressin trifluoroacetate salt,
Manning compound; 10 ng in 250 nl per side), depending the
experimental groups, were injected bilaterally via an injection
cannula (0.20 mm outer diameter, C315I, Plastics One), which
protruded 1 mm beyond the end of the guide cannula,
over a period of 5 min (Pérez de la Mora et al, 2006),
using two CMA/Microdialysis pumps (CMA/Microdialysis,
Stockholm, Sweden). The cannulae were kept in place for
1 min after the injection to prevent backflow and to allow for
diffusion. Behavioral observations were started 15 min after
microinjections.

Elevated Plus Maze

The EPM was made locally (for details see Zhang et al., 2010,
2012). The test was performed during the early activity period
under dim red light and video recorded. Briefly, testing is
performed by placing the rat in the center of the maze facing
towards an open arm, and free exploratory activity is observed
for 5 min. An entry into an open arm was counted when the
four paws of the rat were placed within that arm. The time
spent in the open arms, as percentage of total time (300 s), was
analyzed off-line. For each treatment, the person administering
the drug was aware of the animal’s status (i.e., control-reared or
MS-reared). The persons who performed behavioral assessments
were unaware of either the rearing or treatment status of each
assessed animal.

Two sets of experiments (“Experiment 1” and
“Experiment 2”) were performed. Experiment 1: MS (n = 10)
and AFR (n = 10) rats underwent a 24 h water-deprivation
period (WD 24 h) previous to the EPM test. The rationale of
this set of experiments was that WD 24 h potently up-regulates
the metabolic activity of the hypothalamic VPMNNs but with
only a modest increase in plasma osmolarity (Dunn et al., 1973;
Zhang et al., 2012). Moreover, we have previously reported that
MS rats possess a potentiated VPMNN system in adulthood,
with enhanced anxiety state as measured by the Vogel conflict
test, after WD 24 h (Zhang et al, 2012). Experiment 2: three
experimental groups of AFR rats were assessed under EPM
paradigm. Group A: microinjection with saline; group B,
microinjection with AVP and group C, microinjection with AVP
and the V1a specific antagonist.

Statistical Analysis

Quantitative results were expressed as mean = SEM. Groups
were tested for normality with a D’Agostino and Pearson test.
Differences between means were evaluated by one-way ANOVA
followed by the Bonferroni test. All computations were done
using Prism (GraphPad Software, Version 6, San Diego, CA,
USA). Differences in all cases were considered statistically
significant when P < 0.05.

RESULTS

Anatomical Features of
Arginine-Vasopressin Containing Somata
and Fibers in the Amygdaloidal Complex

as Revealed by Immune-Reaction (AVPir)
We used an AVPir-optimized protocol previously designed by
us (Zhang and Hernandez, 2013) to reveal the AVP-containing
fibers and somata distribution. We observed, as shown in
Figure 1, a heterogeneous distribution of fibers in the whole
amygdaloid complex, with the medial MePD, the MeA (rostral
to MePD), the bed nucleus of STIA and the anterior amygdala
(AA, rostral to CeA) being the most densely innervated regions.

AVPir somata were observed in the STIA and surrounding
regions (Figure 2A dashed line circumscribed region). These
cells were sparsely distributed and had pale AVPir labeling.
AVPir + fibers all over amygdala showed either a strong-dark
labeling or a weak-pale labeling pattern. Two kinds of fibers
were observed. The first kind of fiber was varicose, and was
the most frequently observed fiber type (Figure 2Ay). The
second kind was rarer, and less varicose. We will refer to
these as Type I and Type II fibers, respectively, in accordance
with the previous nomenclature that we used for hippocampal
AVP innervation (Zhang and Hernandez, 2013). Some type
II axon proximal segments could be found leaving AVPir
somata (Figure 2Ay, inset). Using semi-horizontal sections, we
could clearly appreciate the limits between the hypothalamic
PVN, SON and amygdala. Figures 2Bs show the massive
projection and the heterogeneous distribution patterns
of AVPir fibers towards amygdala/amygdalo-hippocampal
cortex.
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FIGURE 3 | Continued
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FIGURE 3 | Anatomical charting of AVPir+ fiber distribution in amygdala in both control (A-J) and maternal separation (MS) male adult rat (MS, A'-J’).
Chartings of coronal sections at 10 rostro-caudal levels with line drawings referenced with microscopic observation, representing AVP fiber distribution through the
entire amygdaloidal complex. Note the remarkable increase in AVP innervation densities in all regions of the amygdala as a function of MS.
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TABLE 2 | Vasopressin fiber density distribution in animal facility reared
(AFR) and MS rats.

Control Maternal separation

Bregma BLA CeA MeA Bregma BLA CeA MeA
(mm) (mm)

—1.72 + ++ +++ —1.72 + ++ ++++
—1.86 + ++ +++ —1.86 + ++ ++++
-2 + ++ +++ -2 + ++ ++++
-2.14 - + +++ —-2.14 + ++ ++++
—2.28 + + +++ —2.28 + ++ 4+
—2.42 + + +++ —2.42 + ++ ++++
—2.56 - + +++ —2.56 ++ + ++++
—2.7 + +++ —2.7 ++ + ++++
—2.84 + + +++ —2.84 ++ ++ ++++
—2.98 + ++ +++ —2.98 ++ + ++++

Tracing was performed under camera lucida and calculation of axonal length in a
determined region was calculated using Imaged. Axon length value from Medial
Amygdala (MeA) at Bregma level —1.86 mm in maternal separation (MS), was
asigned to 100% (++++) = MAX value. For each region, ++++, +++, ++ and +
semi-quantitative values were assigned for fiber length values 76-100%, 51-75%,
26-50% and 1-25% of the MAX value.

Effect of Maternal Separation on Density

of AVP Innervation in Amygdala

The density of AVP innervation in amygdala was substantially
increased in adult rats who had experienced neonatal MS,
consistent with our previous observations that MS enhances
VPMNN number in the PVN and SON nuclei of the
hypothalamus. Using anatomical analysis with the help
of light microscope and a drawing tube, we produced a
coordinate-detailed anatomical chartings of AVP innervation
in adult male rat amygdala (Figures 3A-J). The density of AVP
innervation in amygdala was substantially increased in adult rats
that had experienced neonatal MS (Figures 3A’-J” and Table 2),
consistent with our previous observations that MS enhances
VPMNN number in the PVN of the hypothalamus.

Immuno-Electron Microscopical Evidence
of Synaptic Innervation by Thick and Thin
AVP-Containing Fibers onto Central
Amygdala (CeA) Neurons, Establishing
either Gray Type | (Asymmetric; Thick) or
Gray Type Il (Symmetric; Thin) Synapses
Ultrastructural analysis of the AVP innervation showed
that thin and thick AVP immunopositive fibers, with
dense core vesicles (dcv, AVPir+), made synapses onto
dendrites in the CeA. The axon terminals (AT) of the thin
fibers presented pleomorphic clear vesicles characteristic of
GABAergic AT and preferentially made presumptive inhibitory
(GABAergic) symmetric “Gray type II” synapses, while the
thick fibers made presumptive excitatory (glutamatergic)
asymmetric “Gray type I” synapses (Figures 4A-D). To
further confirm the excitatory nature of the thick fibers in
amygdala, double immunohistochemistry against AVP and
the vesicular glutamate transporter (VGLUT2) was performed.
Confocal microscopical analysis in the CeA showed that thick

varicose axonal fibers containing AVP co-expressed VGLUT2
(Figures 4E-H).

Anterograde and Retrograde Tracing
Revealed that PVN and SON Magnocellular
Vasopressinergic Neurons Innervate the
Central Amygdala

The presence of two AVP+ fiber populations, with distinct
diameters and synaptic profiles, suggested that the AVP
innervation in amygdala could have different origins. To assess
this, fluorogold (FG) was stereotaxically injected in the CeA.
Three to four weeks following the FG injection, rats were
perfused, brains were sectioned, immunohistochemistry against
vasopressin was performed, and areas of interest were evaluated
under a confocal microscope. Cases in which the injection area
was sufficiently focused (<500 pm in diameter), and localization
of the injection site to CeA was achieved, were evaluated. A
number of AVP+ neurons in the PVN and SON showed clear FG
labeling, mainly accumulated in the perikarya of lysosome-like
granules (Figures 5B-D), which is a prominent characteristic
reported for successful long-term FG labeling (Schmued and
Fallon, 1986; Wessendorf, 1991; Persson and Havton, 2009).
These results confirmed previous observations of our
group (Hernandez et al,, 2015), in which some axons of an
in vivo juxtacellularly labeled AVP+ magnocellular neuron
from hypothalamic PVN nucleus, reconstructed under a camera
lucida, were seen reaching the CeA and MeA (Figure 5A).

An Increase in Anxious Behavior Observed
After Water Deprivation of 24 h (WD 24 h)
and Further Significantly Increased in MS
Subjects

Anxiety was assessed using the EPM. To evaluate whether
up-regulation of the VPMNN system could influence anxiety
as measured in the EPM test, and if MS, which had resulted
in a hyper-innervation pattern of AVP in the amygdala, could
further influence anxiety in adults, we performed this behavior
test with the following four groups: AFR basal, MS basal,
AFR with 24 h of WD (AFR WD 24 h) and MS with
24 h of WD (MS WD 24 h; Figure 6). One-way ANOVA
showed that the differences between means were statistically
significant (p < 0.001, F(336) = 26.44). Post hoc Bonferroni’s
multiple comparisons test showed that under basal conditions no
significant difference was seen between the percentage of time
spent in the open arms by the AFR (29.75% =+ 3.51%) and MS
(29.13% =+ 2.65%) rats (p > 0.05). WD significantly decreased
the time spent in the open arms in both groups (p < 0.001,
when compared with the corresponding basal condition) with
WD 24 h reducing open arm time to 14.08% =+ 2.45% in the
AFR group, and to 4.67% £ 0.93% in the MS group. There
was a significantly greater reduction in time spent in open
arm following WD 24 h in the MS, than in the AFR group
(p < 0.001).
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FIGURE 4 | Immuno-electron microscopical evidence of synaptic innervation by thick and thin AVP-containing fibers onto central amygdala (CeA)
neurons, establishing either Gray type | (asymmetric; thick) or Gray type Il (symmetric; thin) synapses. Examples of thick axon terminals (AT) (A,B) making
Gray type | synapses (the presence of postsynaptic density, PSD, are indicated by single arrowheads) and thin AT (C,D) making Gray type Il synapses (the absence
of PSD are indicated by double arrowhead) onto CeA neurons’ dendrites (Den, pink shaded). Note that the yellow shaded presynaptic active zone of an axon
terminal of a thin fiber contained pleomorphic small clear vesicles, which is a remarkable feature of a GABAergic AT; it also contained AVPir+ dense core vesicle (dcv).
Thick AVPIr fibers in the CeA contain vesicular glutamate transporter (VGLUT2)-positive varicosities. Confocal microscopy analysis of CeA showed thick varicose
fibers immunopositive for AVP (E) and multiple VGLUT2-positive terminals (F) with co-expression of VGLUT2 and AVP in a representative thick fiber (G,H). For (G,H),
the x—y (center), x—z (box below) and y-z (right box) images are shown. Scale bars: (A-D) 500 nm; (E=H) 10 pum.
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FIGURE 5 | AVP-containing magnocellular neurons innervate the CeA. (A) Camera lucida reconstruction of the coronal projection and corresponding
photomicrographs (insets) showing the dendritic and axonal patterns of an anterogradely labeled AVP-containing magnocellular neurosecretory neuron sending axon
collaterals to the medial and CeA. This panel was modified from Hernandez et al. (2015), see the original publication for method descriptions. Red, blue and pink
arrows indicate the origins of three parent-axons. Red and blue arrowheads indicate the subsequent axonal branches. The green arrowheads indicate the beaded
processes originated from the dendritic processes, some of them entering the fornix (green arrowheads). Such processes were described in an early study and were

considered as axonal processes (Sofroniew and Glasmann, 1981). (A1a) AVP-containing nature was ascertained by AVP immunoreaction;
(Continued)
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FIGURE 5 | Continued

(A1b) neurobiotin-peroxidase-AB complex histochemical reaction showing the
morphology of the filled AVPir+ neuron’s soma and its three parental axons
emitted from proximal dendrites (pink, red and blue arrows indicate the sites
where the axons were originated). Note that two of those axons were emitted
from the same proximal dendritic point (red and blue arrows but coursed to
opposite directions). (A2) Photomicrograph of the section contiguous caudally
to the section of soma (A1b) showing the branching of the axon collaterals
(colors are aimed to encode each group of collaterals originated from the
same parental main axon). (A3,A4) show axonal processes found in
amygdala. Scale bars: 100 um for (A) 50 wm for all photomicrographs. MeA,
medial amygdala; CeA, central amygdala; opt, optical tract; fx, fornix.

Panel (B) Fluorogold (FG; retrograde neural tracer) was iontophoretically
injected into CeA. (Cs) panels correspond to the retrograde labeling images of
the PVN with FG, AVPir and overlapping of the two channels respectively.
(C’s) show an example of a magnocellular AVPir+ neuron in high
magnification. Note that the green dots, which correspond to FG, are
peri-nuclear which likely are intra-lisosomal. (D,D’) are the corresponding
images for supraoptic nuclear labeling. Scale bar: 50 wm.

FIGURE 6 | Elevated plus maze (EPM) performance after AVP
magnocellular system upregulation induced by 24-h water deprivation
(WD, 24 h). Under basal conditions, no differences in the time spent in the
open arms were observed between MS and control (animal facility reared,
AFR) rats. One way ANOVA with Bonferroni Post hoc test, showed that

WD 24 h induced a significant reduction in the time spent in the open arm in
both AFR and MS groups (***p < 0.001 for WD (24 h) compared to basal, for
each of the two groups AFR and MS). Reduction in time spent in open arms
following WD (24 h) was significantly greater in the MS compared to the AFR
group (***p < 0.001).

V1A Receptor mRNA Expression in

Anterior and Central Amygdala

Vla receptor mRNA is strongly expressed in AA and CeA
while VIb and V2 mRNA were not detectable using the
RNAscope method. The V1a mRNA expression had a complete
co-localization with Gadl and Gad2 mRNA in CeA. Based
on the foregoing findings, we hypothesized that the some or
all the currently identified GPCRs for vasopressin, namely the
Vla, V1b and V2 receptors, were involved in the anxiogenic
action of vasopressin during the WD 24 h. We first successfully
developed a Vla riboprobe based on the procedures of Morel

etal. (1992) and we used the traditional ISH method to examine
the V1a mRNA in the whole amygdaloidal complex (including
rostro-caudal span). Phospho-imager detection showed strong
and localized expression of Vla mRNA in the AA and
CeA from Bregma —0.36 mm to -2.52 mm (Figures 7As).
To confirm this finding, we used another highly-sensitive
RNAscope ISH method, which allowed us to simultaneously
detect Vla mRNA together with Gadl and Gad2 mRNA in
CeA. Figures 7B-D’s shows representative confocal images
under low and high magnification, illustrating the complete
co-localization of V1a mRNA with the Gadl and Gad2 mRNA.
V1b and V2 probes for RNAscope, which gave positive signals
in anterior pituitary gland and renal tissues, did not yield
any positive labeling in the amygdaloidal complex (data not
shown).

Using immunohistochemistry, we observed AVPir+ fibers
surrounding the GABAir+ soma in the CeA (Figure 8A).
Figure 8Bs shows an example taken from CeA of a rat perfused
90 min after the EPM test from the group of MS/WD 24 h,
where all the GABAir+ neurons exhibited nuclear Fos expression,
a marker for neuronal activation, and also had membrane Vla
labeling.

AVP Infusion into CeA Induced

Anxiogenesis via a V1aR Pathway

To further evaluate the effect on anxiety of increased vasopressin
levels in amygdala, vasopressin (1 ng), vasopressin ((1 ng) +
the vasopressin Vla receptor antagonist Manning compound
(10 ng)) or vehicle (NaCl 0.9%) was infused at each of two
sites 15 min before the EPM test, via cannulas stereotaxically
placed in the CeA (Figure 9A). One-way ANOVA showed
that the differences between means were statistically significant
(p < 0.0001, F232 = 15). Post hoc Bonferroni’s multiple
comparisons test showed that vasopressin infusion significantly
(p < 0.001) diminished the percentage of time spent in the
open arms (12.38% =+ 1.48%) with respect to the vehicle group
(24.33% = 1.16%). The AVP + Vla antagonist group showed a
significant increase in this value (29.75% = 3.51%) with respect
to the AVP group (p < 0.01) and was no different than the vehicle
treated group (Figure 9B).

Vasopressin Infusion Enhanced the
Neuronal Activation in CeA and BLA After
the EPM

To evaluate the effect of the infusion of vasopressin, vasopressin
+ the Vla receptor antagonist (Manning compound) or vehicle
in the number of neurons activated by the EPM in the CeA, BLA
and MeA, we perfused the rats 90 min after finishing the EPM
test, sliced the brains, and performed immunohistochemistry
against c-Fos. Five brains, in which correct cannula placement
in CeA was confirmed, were selected to count the number
of Fos+ nuclei in an area of 0.2 mm?, inside the CeA, BLA
and MeA in 5-6 slices around the injection site (Figure 9C).
Panels (D-F) and inserts of Figure 9 show examples of these
immunoreactions in the vehicle, AVP and AVP + V1a antagonist
treated rats.
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FIGURE 7 | AVP receptor Via mRNA expression in GABAergic neurons in the CeA. Panel (A’s) sequential coronal sections were hybridized with antisense
radioactive AVP V1a riboprobe. Autoradiographs with overnight-exposure were read by phosphorimager. Rostro-caudal coordinates were indicated according to Rat
Brain Atlas (Paxinos and Watson, 2006). AA, Anterior amygdala; CeA, central amygdala. (B-D) /In situ hybridization using RNAscope-multiplex method targeting the
Gad-1, Gad-2 and V1a mRNAs in CeA. V1a mRNA is particularly expressed by Gad-1 and Gad-2 positive neurons. (B) Low magnification showing the selective
location of Gad1 + Gad2 expressing cell population in the CeA (dash-line circumscribed region). (C) Further magnifications showing the exclusive expression of V1a
mRNA in Gad1 and Gad2 positive cells (100%, n = 98 neurons analyzed). Optical section thickness 1 um. (D’s) Confocal 1 um optical slice of two cells in CeA
expressing Gad1 (red), Gad2 (green) and V1a receptor (white) mRNA. Using the same method for V1b mRNA, we did not find any positive labeling. This data is not
shown. The positive control for this latter experiment was done using adenohypophysis tissue. Scale bars: (B) 100 mm; (C) 20 pwm; (D) 10 pm.
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FIGURE 8 | AVP containing fibers in CeA synapse upon V1a receptor-positive GABAergic neurons activated after EPM. (A) Immunohistochemistry
against AVP (arrowheads) and GABA (arrow) showing punctate AVP fibers terminals in close apposition with the GABA-labeled soma. (B) Confocal image of CeA
immunoreacted against FOS (red nuclei indicated by arrows); V1a receptor (red punctuated label, indicated by arrowheads) and GABA (green cells). The
immunohistochemistry was performed 90 min after the EPM in an animal infused with vasopressin in the CeA. (Ba) A different optical section of the same region
showing two GABA+ neurons, one of them negative for VV1a receptor showing no expression of Fos, the other one expressing the V1a receptor being Fos+. Scale

bars: 10 pm.

Using a two-way ANOVA analysis (factors: region and
treatment), we observed a significant effect for region:
Foos = 289, p < 0.0001; treatment: Fp25 = 285.5,
p < 0.001 and their interaction: F4225 = 67.2, p < 0.001.
Tukey’s multiple comparisons test showed significant differences
in the CeA between the vehicle and AVP infused groups:
F(2225 =27.95, p < 0.001 and between the AVP and AVP + Vla
antagonist: F(2225) = 24.68, p < 0.001; no difference between
vehicle and AVP + Vla antagonist was found: F(;2,5) = 0.035,
p > 0.05. In the BLA region a similar pattern was found, with
significant differences between the vehicle and AVP infused
groups: F05 = 21.26, p < 0.001 and between the AVP
and AVP + Vla antagonist: Fy75 = 18.07, p < 0.001; no
difference between vehicle and AVP + Vla antagonist was
found: F(3225) = 0.75, p > 0.05. With respect to the MeA, no
significant differences were found between any of the treatment
groups.

DISCUSSION

In this study, we investigated vasopressinergic innervation of
the rat amygdaloid complex, and its functional implications.
We quantified the density of AVP innervation in the subnuclei
of the amygdaloid complex and demonstrated that in parallel
to the AVP containing neurons in the STIA, previously
described (Caffé and van Leeuwen, 1983; Plumari et al,
2002; Rood and De Vries, 2011), which are likely to be
GABAergic neurons (Dabrowska et al., 2013), there exist a

Frontiers in Neural Circuits | www.frontiersin.org

direct AVP-containing glutamatergic pathway, from VPMNN
axon collaterals, synaptically targeting the CeA. We report that
early life stress (MS) increased the density, and altered the
pattern, of AVP innervation to amygdala in agreement with
the enlarged PVN and SON previously reported (Zhang et al.,
2012). In CeA, mRNA encoding the V1a receptor was detected
as highly expressed and, using the newly developed RNAscope
method, we could demonstrate that all the cells expressing V1a
mRNA in CeA were Gadl- and Gad2-expressing cells. Using
immunohistochemistry, we observed that GABAergic neurons
inside the CeA expressed Vla receptor protein on their plasma
membrane. Physiological up-regulation of the VPMNN system
by WD 24 was associated with higher expression of anxiety-like
behavior, and increased Fos expression in the CeA, mainly within
GABA-positive neurons. The effects of WD 24 were mimicked
by AVP local micro-infusion into the CeA, and these effects,
and those of WD 24 itself, were attenuated by local infusion of
Manning compound a Vla receptor specific antagonist-into the
CeA.

A significant body of literature implicates AVP as a
transmitter subserving stress responses in adult rodents without
a history of stressor exposure, and in adult rodents with a
history of stressor exposure during early post-natal life (Veenema
and Neumann, 2008; Zhang et al, 2010, 2012, 2016; Zhang
and Hernandez, 2013; Hernandez et al., 2015). A potential
linkage between these two AVP-related types of stress response
is found in the observations that early-life stress, in rats, leads to
reorganization of vasopressinergic neurons of the PVN (Zhang

November 2016 | Volume 10 | Article 92
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FIGURE 9 | Altered anxious behavior and Fos expression after AVP infusion into CeA in AFR rats and reversal by co-infusion of V1a antagonist
(Manning compound). (A) Upper panel depicts positioning of cannulae in CeA for infusion of vehicle, AVP, or AVP plus V1a antagonist (Manning compound); lower
panel is a representative photomicrograph showing the trajectory of the cannula toward the CeA. (B) Bar graph showing the time spent in the open arms of the EPM
in animals infused bilaterally with vehicle (NaCl 0.9%), AVP or AVP + V1a antagonist (Manning compound). Infusion of AVP into CeA produced anxiety-like behavior
shown as a reduction of the time spent in the open arms (**p < 0.01, ***p < 0.001) compared with vehicle-treated rats. Infusion of AVP + V1a antagonist reversed
anxious behavior (decreased time spent in open arms) to control levels (i.e., indistinguishable from vehicle-treated rats). (C) Bar graph showing the quantification of
neurons activated (measured by Fos expression) after EPM in the CeA, BLA and MeA in vehicle, AVP, or AVP plus V1a antagonist infused groups. AVP produced a
significant increase in the Fos expression in the central (CeA, p < 0.001) and basolateral nuclei (BLA, p < 0.001) that was blunted in the AVP + V1a antagonist
group. No effect of the treatments was observed in the MeA. (D-F) Photomicrographs showing the Fos expression patterns seen in the three infusion groups after
the EPM, (Da=F,) are magnifications of the squared regions in (D-F). BLA, basolateral amygdala; CeA, central amygdala; MeA, medial amygdala. Scale Bars:

(D-F) 1 mm; (Da-Fa) 0.1 mm.
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et al., 2012). However, an anatomical connection between effects
of AVP on behavioral responses to stress, mainly associated
with AVP receptors resident in the amygdala, and specific
projections from paraventricular VPMNNSs, has not yet been
made. As we have previously identified axonal projections
from VPMNNSs to various extrahypothalamic brain regions
(Hernandez et al., 2015), including those putatively involved
in stress responding (Zhang and Herndndez, 2013; Zhang
et al., 2016), we hypothesized that VPMNN projections to the
amygdala might modulate both adult stress/anxiogenic circuits,
and provide an anatomical substrate for adult stress response
conditioning occurring during the neonatal period. Accordingly,
we designed and carried out a functional neuroanatomical
study of AVP VPMNNSs projections to amygdala, their putative
neurons of origin, and the potential role of these AVP
neurons in stress response modulation in both acute adult, and
developmentally determined, behavior contexts.

In brief (vida supra), our data suggest that vasopressinergic
projections, originating from magnocellular soma of the PVN
(VPMNNSs), synapse upon GABAergic neurons of the CeA which
contain Vla receptors; that the CeA projections of these neurons
are increased by early-life stress (MS); that activation of these
neurons via WD in adulthood is anxiogenic; that the degree of
anxiogenesis is correlated with the number and AVP content
of these projections; and that anxiogenesis correlated with the
dynamic changes of VPMNN system projecting to the CeA can
be mimicked by CeA infusion of AVP, and blocked by CeA
infusion of a V1a antagonist. What are the implications of these
findings?

First, the localization of AVP-dependent stress responding
to VPMNNs of the PVN, in both adult stress responding
and in developmental shaping of the stress response, allows
the testing of further important hypotheses about the
amygdalar microcircuitry of stress, and the extent of AVP
involvement in this circuitry. Thus, we may now hypothesize
that the locus of action, or at least one anatomical target,
of psychogenic stressors such as MS in early life, that affect
long-term neuroplasticity of the VPMNN population, is at
synapses on GABAergic neurons of the CeA. It is noteworthy
that MS does not cause increased adult anxious behavior
on its own, but rather increases the penetrance of other
stressors (thirst, this study; electrical shock in previous
studies—see Zhang et al., 2012) in a way that requires AVP
transmission within the CeA. Examination of the corresponding
dependence on AVP release within the CeA, as probed
with local infusion of V1A antagonist, of other adult and
anxiogenic stressors, including restraint, social defeat, and
social subordination, appears highly warranted by the results
presented here.

Second, the localization to GABAergic neurons of CeA
of these vasopressinergic effects on stress responding
raises the important question of where these circuits
ultimately find expression in altered exploratory and other
anxiety-associated behaviors in the rodent. The recent expansion
of detailed knowledge about GABAergic neurons in CeA
involved in mediating the salience of negative (fear- and
anxiety-inducing) environmental stimuli now allows more

anatomically detailed inquiry into the precise role of VPMNN
projections in this circuitry (for example see Haubensak et al.,
2010).

Finally, this work exposes a new opportunity to test the
relative specificities of various neuropeptides in modulation of
the stress response. The metabolic activation of VPMNNs
following 24 h of thirst is itself a stressor, but a very
specific paraphysiological one, that has allowed a clear
linkage between VPMNN activation and anxiogenesis to
be revealed (vide supra). However this work also allows
the testing of AVP and VPMNN dependence of behavioral
responses to other stressors, as well as exploring whether
or not AVP release onto GABAergic synapses in CeA is
a general feature of amygdala-mediated modulation of
emotional responses to stress, or is reserved to specific
subtypes of stress responding, with other neuropeptides
mediating different and equally specific modes of stress response
modulation.
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ABSTRACT

The intercalated paracapsular (IPC) islands are clusters of dopamine-D1-and p-opioid 1-
receptor rich GABAergic neurons which surround the rostral half of the basolateral complex
of the amygdala (BLA) giving rise to several subgroups which can be further subdivided. IPC
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each other. They project into both the central (CeA) and medial (MeA) amygdaloid nuclei.
Their main effect at the network level seems to control the trafficking of nerve impulses
to the main input (BLA) and output (CeA) stations of the amygdala. Such a task seems to
be accomplished by providing feedforward inhibition to BLA neurons from putative inputs
of the medial prefrontal cortex (mPFC) and to CeA from both mPFC and BLA projections.
Current experimental evidence will be discussed suggesting that through feedforward
inhibitory effects on specific amygdaloid nuclei IPC neurons participate in the maintenance
of basal anxiety as well as in the modulation of unconditioned and conditioned fear, and in
the process of fear extinction.
This article is part of a Special Issue entitled: Brain Integration.

© 2012 Elsevier B.V. All rights reserved.

* Corresponding author at: Division of Neurosciences, Instituto de Fisiologia Celular, Universidad Nacional Auténoma de México, Apartado
Postal 70-253, 04510, Mexico City, Mexico. Fax: +52 55225607.
E-mail addresses: epalomar@email.ifc.unam.mx (E. Palomares-Castillo), oscarhp@email.ifc.unam.mx (O.R. Herndndez-Pérez),
dperez@email.ifc.unam.mx (D. Pérez-Carrera), mcrespo@ifc.unam.mx (M. Crespo-Ramirez), kjell.fuxe@ki.se (K. Fuxe),

mperez@ifc.unam.mx (M. Pérez de la Mora).

Abbreviations: BA, basal nucleus; BL, basolateral nucleus; BLA, amygdaloid basolateral complex; BM, basomedial nucleus; CCK, chole-
cystokinin; CeA, amygdaloid central nucleus; CeL, centrolateral nucleus; CeM, centromedial nucleus; CS, conditioned stimuli; EPSPs, ex-
citatory postsynaptic potencials; GAD, glutamic acid decarboxylase; GIRK channels, G-protein-mediated activation of inwardly rectifying
K* channels; lap, anterior paracapsular cluster; IL, infralimbic cortex; IM, main intercalated island; Imp, medial paracapsular cluster;
IPAC, interstitial nucleus of the posterior limb of the anterior commisure; IPC, intercalated paracapsular; IPSCs, Inhibitory postsynaptic
currents; LA, lateral nucleus; MeA, amygdaloid medial nucleus; mPFC, medial prefrontal cortex; PL, prelimbic cortex; US, unconditioned
stimuli; VT, volume transmission; VTA, ventral tegmental area

0006-8993/$ — see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.brainres.2012.03.047


http://dx.doi.org/10.1016/j.brainres.2012.03.047
mailto:epalomar@email.ifc.unam.mx
mailto:oscarhp@email.ifc.unam.mx
mailto:dperez@email.ifc.unam.mx
mailto:mcrespo@ifc.unam.mx
mailto:kjell.fuxe@ki.se
mailto:mperez@ifc.unam.mx
http://dx.doi.org/10.1016/j.brainres.2012.03.047

212 BRAIN RESEARCH 1476 (2012) 211-234

Contents
1. Introduction . . . . . . . . . 212
2. Anatomicalstudies . . . . . . . L e 213
2.1, Braindistribution . . . . ..o 213
2.1.1. Medial IPCislands subdivision . . . . . . . . .. ... 213
2.1.2. LateralIPCislands subdivision . . . . . . . . . . . . .. e 213
2.2. Cytological features . . . . . . . . . . L e 213
2.3.  Axonal and dendritic patterns . . . . . . . . ... e e 214
24, ConnectiVity . . . . . . . L e e 215
2.4.1. AfferentstoIPCislands . . . . . . . . . . . 215
2.4.2. Efferents from medial IPCislands . . . . . . . . . . . . .. 215
2.4.3. Efferents from lateral and anterior IPCislands . . . . . . . . .. ... ... ... ... ... ... 216
2.4.4. Efferents from the main intercalatedisland . . . . . . . . . ... ... ... 0oL, 216
245, LargeIPCNEUIONS . . . . . . . . . v ittt e e e e e e e e e 217
3. Electrophysiological properties of IPC NEUIONS. . . . . . . . v v vt vt e e e e e e e e e 217
3.1. Intrinsic electrophysiological properties . . . . . . . . . . L 217
3.2. Slowly deactivating voltage-dependent K* conductance . . . . . . . . . . . . ..o 217
4. Chemical neuroanatomy of IPC NEUIONS. . . . . . . . v vt v v i it e e et e e e e e 217
4.1, GABAergiCsystem . . . . . . . . . .. 217
4.2, GlutamatergiC System . . . . . . . . . .. e e e e e e e 218
4.3. Catecholaminergicsystem . . . . . . . . . . . . . e e e 218
4.4.  SerotonergiC SYStemM. . . . . . . . ... e 218
4.5. Cholinergicsystem . . . . . . . . . . L 219
4.6. Neuropeptides . . . . . . . . . L e 219
4.6.1. Opioid peptides . . . . . . . . . o e 219
4.6.2. Cholecystokinin (CCK). . . . . . . . o v it it e e 219
4.6.3. Other neuropeptides. . . . . . . . . o v it e e e e e 219
4.7. Transcription factors . . . . . . . . L e e e 219
4.8. Neurotransmitter-receptor mismatches withinIPCneurons . . . . . . . . . . ... ... ... ......... 219
5. Heterogeneity of IPC cell groups . . . . . . . . . . . oL e e 221
Role of intercalated paracapsular islands in the oscillatory activity of the amygdala. . . . . . .. .. ... ... ... 221
7.  Role of IPC neurons in the amygdaloid modulation of fear and anxiety . . . . . . . . .. . ... ... ... .. .. 222
7.1. Role of IPCislands in conditioned fear. . . . . . . . . . . . L 222
7.2. RoleofIPCislandsin fearextinction. . . . . . . . . . . . . L 224
7.3.  Role of medial IPC islands in unconditioned fear/anxiety. . . . . . . .. . . ... ... ... ... .. 225
7.4. Role of other IPC insular groups in the modulation of anxiety . . . . . . . . .. . ... ... ... ..... 226
8. Neurotransmitter interactions with IPCislands. . . . . . . . . . . .. . . L e 226
8.1. Electrophysiological studies. . . . . . . . . ... 226
8.2. Behavioralstudies. . . . . . . . . . 227
9. Concludingremarks. . . . . . . . . L e e e 227
Acknowledgments . . . . . ... e e e 228
References. . . . . . . . . . 229
1. Introduction from the environment reach the amygdaloid basolateral com-

Anxiety is an adaptive response which detects and protects an
individual against danger. Although many brain regions have
been found to participate in its regulation it is commonly
accepted that among them the amygdala plays a prominent
role (Canteras et al.,, 2010; Davis and Whalen, 2001; Ehrlich et
al., 2009; Engin and Treit, 2008; Everitt et al., 2003; Herry et al.,
2010; LeDoux, 2000, 2007; McNally et al., 2011; Pape and Paré,
2010; Paré et al., 2004; Pérez de la Mora et al., 2008, 2010;
Roozendaal et al., 2009). Thus, according to the most prevalent
theory (LeDoux, 2000, 2007) emotionally significant stimuli

plex (BLA) via thalamic and cortical afferents and, after local
processing, the new information is conveyed to the amygdaloid
central nucleus (CeA) and particularly to its medial subdivision
(CeM) where a proper anxiogenic response is implemented. In
support of this view, it has been demonstrated, using condi-
tioned models of fear/anxiety, that afferent information on
conditioned (CS) and unconditioned (US) stimuli gathers within
BLA (LeDoux et al., 1990; McDonald, 1998; Romanski and
LeDoux, 1993) and that efferent fibers from CeM reach impor-
tant hypothalamic and brain stem targets (Cassell et al., 1986;
Gray, 1989; Hopkins and Holstege, 1978; Krettek and Price,
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1978; Sun et al., 1994; Veeinig et al., 1984) involved in the hor-
monal and autonomic anxiogenic response. Furthermore,
important experimental evidence points out BLA and particu-
larly its lateral nucleus (LA) as an important plasticity center
involved in fear conditioning (Blair et al., 2001; Gewirtz and
Davis, 1997; Goosens and Maren, 2003; Miserendino et al,,
1990; Quirk et al., 1995; Rodrigues et al., 2004). Besides this linear
information processing, recent work has demonstrated that
a horizontal information processing may also operate where-
by information reaching either CeA or BLA alone may elicit
anxiogenic responses (Ciocchi et al., 2010; Corbit and Balleine,
2005; Holland et al., 2001; Killcross et al., 1997). See also Pérez
de la Mora et al., 2010, 2012.

In spite of the importance of BLA and CeA in the amygda-
loid modulation of fear/anxiety accumulating evidence has
indicated that clusters of GABAergic neurons forming the
main intercalated island (IM) and the intercalated paracapsular
(IPC) islands which in the rat are either located ventral to CeA
or surrounding the BLA respectively also have a paramount
importance in the amygdaloid modulation of fear/anxiety. As
it will be discussed below, as a consequence of the scarceness
of connections between BLA and CeM, IPC neurons seem to
form a link between them providing an inhibitory interface
which will control the trafficking of nerve impulses between
both nuclei (Royer et al., 1999) thereby contributing to modulate
the output of the amygdala. On the other hand, IPC neurons by
providing feedforward inhibition to BLA, the main input station
of the amygdala (Marowsky et al.,, 2005), will also be able to
modulate the strong inhibitory brake imposed to this structure
by the activity of cortical neurons (Lang and Paré, 1998; Quirk
et al., 2003; Rosenkranz and Grace, 2001, 2002). The aim of this
paper will be to review the structural and functional character-
istics of IPC neurons and to discuss their functional impact on
the amygdaloid modulation of fear/anxiety.

2. Anatomical studies
2.1. Brain distribution

A common feature of mammalian amygdala is the presence of
numerous dense Golgi stained cell clusters forming a distinct
pattern of cell masses or islands within a landscape of fiber
tracts and major amygdaloid nuclei. Thin cell strands seem to
connect individual islands forming a complex insular system
(Millhouse, 1986). Such islands have been described in a variety
of mammal species (Berkelbach van der Sprengel, 1926; Fox,
1940; Humphrey, 1936; Paré and Smith, 1993a, 1994) including
rodents (Brodal, 1947; Fuxe et al., 2003; Geracitano et al., 2007;
Gurdijan, 1928; Millhouse, 1986; Nitecka and Ben-Ari, 1987;
Spiegel, 1919) non human primates (Lauer, 1945; McDonald
and Augustine, 1993; Pitkdnen and Amaral, 1994; Volsch, 1910)
and humans (Braak et al., 1994; Crosby and Humphrey, 1941;
Sims and Williams, 1990). It is interesting that although these
islands were recognized long ago their neuronal nature was
not accepted until recently (Hall, 1972; Kamal and Témbdl,
1975; Tombol and Szafrafska-Kosmal, 1972).

The IPC islands seem to represent the ventral extension of
the striatum (Busti et al., 2011a; Millhouse, 1986) since as we
will see below they are populated by GABAergic medium

spiny neurons which receive cortical glutamatergic afferents
and project to large pallidal like neurons enriched in mGluR1
a receptors (Ferraguti et al., 2008). In support of this, develop-
mental studies have indicated that although both the IPC
islands and CeA have a subpallial origen the IPC islands and at
least a part of the CeA derive from progenitors located in the
dorsolateral and ventrolateral ganglionic eminence respectively
(Waclaw et al., 2010).

IPC islands surround the rostral half of BLA and stretch
across the anterior amygdala in the direction to the amygdaloid
medial nucleus (MeA) and rostrally they reach the interstitial
nucleus of the posterior limb of the anterior commisura (IPAC)
(Fuxe et al., 2003; Millhouse, 1986) (Fig. 1). According to their
situation within the amygdala it is possible to distinguish a
medial IPC insular group interposed within the BLA and CeA
(Fuxe et al., 2003; Geracitano et al., 2007; Millhouse, 1986; Paré
and Smith, 1993a, 1993b) and a lateral IPC insular group situated
laterally to the BLA along the fiber bundles of the external
capsule (Marowsky et al., 2005; Millhouse, 1986). In addition, a
large cell cluster located ventral to BLA and CeA has been desig-
nated IM. Finally, a group of large islands lying around the
rostral pole of BLA within the striato-pallidal area (Millhouse,
1986; Paré and Smith, 1994) gives rise to the anterior IPC insular

group.

2.1.1. Medial IPC islands subdivision

On the basis of their relative situation within the intermediate
capsule and their connectivity medial IPC islands in the cat
and guinea pig have been further subdivided into groups of
lateral and medial islands (Royer et al., 1999, 2000a, 2000b).
These cell groups owing to the different orientation of the
main nuclei of the amygdala in the rat in which BLA is located
in a lateral position with respect to CeA instead to lie ventrally
to this nucleus as in cat or guinea pig correspond to the dorsal
and ventral IPC clusters described by Amir et al. (2011) within
the intermediate capsule of the rat. In turn, Busti et al. (2011a)
have recognized in their 3D reconstruction of the mouse insu-
lar system the presence of two cell clusters, medial (Imp) and
anterior (Iap) paracapsular clusters which may correspond to
the dorsal and ventral clusters described by Amir et al. (2011)
in the rat.

2.1.2. Lateral IPC islands subdivision

Although less studied than the medial IPC island subdivision
the studies of Amir et al. (2011) in the rat indicate the presence
of a wide dorsal cluster and several thinner and elongated
clusters surrounding the BLA (see Fig. 1a in this paper taken
from Fuxe et al., 2003 and Pérez de la Mora et al., 2006, 2007).
Interestingly, reconstruction studies in mice by Busti et al.
(2011a) and Marowsky et al. (2005, supplementary material)
indicate that lateral IPC cells in the mouse may form a single
large island.

2.2. Cytological features

Since the detailed and pioneer Golgi studies of Millhouse (1986)
it was clear that although cells within the IPC islands shared
many cytological features they were not forming a homoge-
neous population of neurons since many of them were found
to differ in either size, shape or in their dendritic and axonal
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Fig. 1 - Anatomical distribution of intercalated paracapsular
(IPC) islands. a. Digital photo-montage showing the
distribution of D1 receptor immunoreactivity within the
amygdala. The region depicted is shown in the inset from the
atlas of Paxinos and Watson (1986) at Br level -2.56. Note that
whereas the IPC islands (arrows) are distributed along the
lateral and medial IPC group of islands BLA borders the main
intercalated island (asterisk) located ventrally to both BLA, and
central nuclei. b. Position of the IPC cell groups in relation to
the BLA and CeM and CeL nuclei in a schematic horizontal
representation based in part on the atlas of Paxinos and
Watson (1986) at level Br —7.80. Note the close relationship
between the anterior IPC islands and the main intercalated
island. The orientation of the scheme is indicated by the cross
(A, anterior; P, posterior; L, lateral; M, medial). Abreviattions:
BLA, amygdaloid basolateral complex; CeL, centrolateral
nucleus; CeM, centro medial nucleus; CPu, caudate putamen;
Gp, globus pallidus; Hip, hippocampus; IM, main intercalated
island of the amygdala; LA, lateral nucleus.

Panel a. Taken from Fuxe et al. (2003) with permission from
Elsevier.

patterns. However, as demonstrated by Millhouse (1986) the
vast majority of IPC neurons, irrespective of the identity of
their group represent medium-spiny neurons. They are round
or fusiform and have a size from 7 to 12 um. However, in addi-
tion to these cells, large fusiform or oval neurons (15-30 pm)
comprising no more than 5% of the total neuronal population

were also found along the edges of the islands (see also Busti
et al,, 2011b). Medium-sized neurons as also described by
Millhouse (1986) bear thick (3-5 pm) and short (5-15 um) den-
drites containing on their surface numerous spines which
extend no more than 100-300 um from the soma. Although
the complexity of the dendritic tree of these neurons varies con-
siderably among them it is relatively simple. Neurons originate
2 to 4 primary dendrites that divide into a couple of secondary
dendrites which in turn divide only once. The direction of the
axons seems instead to be dependent on the location of the
neuron. In any case, irrespective of their location axons from
medial and lateral IPC cells send collaterals which make
bouteaux en passant with dendrites of neighboring IPC neurons
and enter CeA and BLA. Axons from IM cells send instead collat-
erals which enter the internal capsule (Millhouse, 1986) or reach
either the BLA, all CeA subdivisions or both the lateral and
medial IPC islands (Manko et al., 2011). Albeit not so frequently
found, a very large spiny or aspiny cell type interspersed with
medium spiny cells was also found by Millhouse (1986) in all
insular locations. The cell bodies of these large cells are bigger
than 15 um wide and 40-60 pm long. They are round within IM
whereas in the medial and lateral IPC islands they adopt a fusi-
form shape. Their dendrites give branches that remain locally
or enter short distances into the BLA or the CeA whereas their
axons give collaterals which contact nearby medium spiny
cells (see Section 2.4.5: Large IPC neurons).

2.3.  Axonal and dendritic patterns

IPC neurons display a considerable variability in their dendritic
and axonal patterns. Such variability seems to depend among
other factors on the subset of IPC neurons to which they belong
their intended functional task in amygdala function and their
topographical position in relation with the BLA and CeA nuclei.
Medial IPC neurons seem to be endowed with the most
complex dendritic tree of all IPC cell groups in terms of size,
branching and number of spines. Its dendritic tree stretches
along the intermediate capsule, it is plane and adopts a bipolar
disposition around the soma (Geracitano et al., 2007; Millhouse,
1986; Royer et al., 1999, 2000a). In contrast, IM neurons display
poorly branched dendrites which fan out in all directions but
remain confined to the limits of the island (Manko et al., 2011).
The dendritic pattern of the lateral IPC cell group albeit much
less complex that of the medial IPC cell group shares with this
group many of its features including its general shape and its
disposition along fiber bundles i.e. external capsule (Marowsky
etal., 2005). IM neurons have in turn a poorly branched dendritic
tree which remains confined within the IM and possesses a long
axon which interacts with cells of all other insular systems and
provides innervation to many amygdaloid nuclei including CeA
and BLA and the extended amygdala (Manko et al., 2011).
Elegant and well conducted electrophysiological studies by
Paré and colaborators (Royer et al., 1999, 2000a, 2000b) have
shown that in guinea pig interactions between medially lo-
cated IPC islands are topographically polarized occurring in
a lateromedial direction and such groups of islands seem to
form an inhibitory interphase which controls the trafficking of
impulses from BLA to CeA. In keeping with these functional fea-
tures morphological studies carried out by the same group
(Royer et al., 2000a) have shown that medial IPC neurons have
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an asymmetric axonal and dendritic pattern. Thus, whereas
their laterally-oriented dendrites are longer than those directed
medially their axonal arborization tends to distribute predomi-
nantly in a lateromedial direction. Medially directed axons
are long, extremely varicose and give rise to dorsal collaterals
which ramify extensively within the CeA. Laterally directed
axons are short and innervate predominantly neurons within
the same island (Paré and Smith, 1993a; Royer et al., 1999,
2000a).

In spite that detailed morphometric studies similar to
those made in the guinea pig (Royer et al., 2000a) for the
length and complexity of the dendritic tree and axonal arbor-
ization of medial IPC neurons are lacking in other species it
seems that at least for the rat the same general topographic
principle can be applied (Amir et al., 2011). One has; however,
to be aware that owing to the different orientation of the main
amygdaloid nuclei in the rat as compared to the guinea pig or
the cat the flow of information in the rat between islands of
the medial IPC group follows a dorso-medial direction (Amir
et al,, 2011).

2.4. Connectivity

Consistent with the role of IPC islands as inhibitory interfaces
gating the flow of impulses to and between some of the major
amygdaloid nuclei, afferents to the IPC neurons come from
both extra and intra-amygdaloid regions and their efferents
reach mostly intra-amygdaloid targets. In addition, in keeping
with their role as integrative interfaces a thorough informa-
tion exchange among IPC neurons from the same or different
clusters or groups will be needed. For a summary on IPC islands
connectivity see Fig. 2.

2.4.1. Afferents to IPC islands

In view that the origin and termination of most fibers belonging
to the internal and external capsules are not known, the list of
afferents to the IPC groups of islands remains largely incom-
plete. Since IPC neurons are critically involved in information
transfer between medial prefrontal cortex (mPFC) and most
probably all major amygdaloid nuclei as well as from BLA to
CeA it is not surprising that inputs from these regions will
reach IPC neurons. BLA afferents were the first to be identified
(Millhouse, 1986). These afferents are glutamatergic (Royer
et al, 1999; 2000a) and reach mainly medial IPC islands
(Millhouse, 1986; Royer et al., 1999) although the IM and
anterior IPC islands are also reached (Manko et al, 2011;
Millhouse, 1986). In addition, studies from several laboratories
(Ghashghaei and Barbas, 2002; Marowsky et al., 2005) have
shown that glutamatergic fibers from the mPFC and particularly
from the infralimbic cortex (IL) (Berretta et al., 2005; Manko et
al.,, 2011; Pinto and Sesack, 2008; Quirk et al., 2003) and insular
cortices (McDonald et al., 1996) provide a strong innervation
most probably to all IPC cell groups. Hippocampal afferents
have also been found to innervate IPC islands (Canteras and
Swanson, 1992; Kishi et al., 2006). Especially important for IPC
island function is its dopaminergic innervation. Consequently,
a dense dopaminergic innervation (reviewed in Pérez de la
Mora et al., 2010) to IPC islands comes from the ventral tegmen-
tal area (VTA). It is interesting to this regard that though all
IPC cell groups are innervated by the VTA the degree of its

innervation varies according to its actual target. Thus, it has
been found both in rat (Fuxe et al., 2003) and mice (Busti et al.,
2011a, 2011b) that whereas the rostrolateral portion of the IM
receives a substantial dopaminergic innervation, its medial
and caudal portions are barely innervated by dopaminergic
terminals. Likewise, caudally located medial IPC clusters
receive less dopaminergic terminals than rostrally located IPC
islands (Fuxe et al., 2003). Similarly, IPC islands are also reached
by noradrenergic (Fuxe et al., 2003) and serotonergic (Bauman
and Amaral, 2005) afferents though in considerably less density.

2.4.2. Efferents from medial IPC islands

Consistent with its role as an interface which controls the flow
of impulses from both the mPFC and the BLA to the CeA, the
medial IPC neurons receive BLA afferents and project to neigh-
boring IPC neurons for information processing. Once the infor-
mation has been locally processed it is relayed to CeA and
perhaps in some cases to extra-amygdaloid targets. Accordingly,
numerous efferent fibers from the medial IPC islands (Amir
et al., 2011; Busti et al,, 2011a; Geracitano et al., 2007; Royer et
al., 1999, 2000a) innervate this nucleus.

The innervation provided by medial IPC islands is particu-
larly interesting since it is topographically organized in such a
way that not all the islands from this group project into the
same target. In agreement studies by Busti et al. (2011a) in
mice have found that particular cells located dorsally within
the intermediate capsule belonging to Imp, which may corre-
spond to the dorsal cluster described by Amir et al. (2011) in
the rat, mainly project into centrolateral nucleus (Cel) and
only occasionally to CeM. Furthermore, according to Paré and
collaborators (Amir et al., 2011; Royer et al., 1999, 2000a) dorsal
islands from this group (lateral islands in guinea pig) receive
information from LA to be sent to CeM whereas the ventrally
located islands (medial IPC islands in the guinea pig) receive
information from basolateral nucleus (BL) and basomedial
nucleus (BM) to be sent to CeM (Amir et al., 2011; Royer et al,,
1999, 2000a).

In addition, axons from medial IPC neurons ramify exten-
sively within the intermediate capsule (Amir et al., 2011; Busti
et al,, 2011a; Millhouse, 1986; Royer et al., 2000a) establishing
contacts and functional monosynaptic synapses with dendrites
of different IPC neurons and with cells from the IM (Busti et al.,
2011a; Royer et al., 2000a). Most importantly evidence obtained
in the guinea pig by Royer et al. (2000a) suggests that medial
IPC islands are polarized in such a way that cells from dorsally
located islands inhibit neurons from clusters lying in a more
ventral position. Under these conditions, a complex inhibitory—
disinhibitory-inhibitory interaction between IPC cells, reminis-
cent of a binary system, (0,1,0,1...) is created allowing a precise
temporo-spatial processing of different inputs on their way to
CeA.

Finally, medial IPC neurons besides to providing innervation
to intra-amygdaloid regions also project into extra-amygdaloid
targets. Specifically, it has been shown both in the rat (Amir
et al, 2011) and the mouse (Busti et al., 2011a; Geracitano et
al., 2007) that a distinct population of medial IPC neurons emit
axons that without innervating the CeA ramify extensively
within the intermediate capsule and reach extra-amygdaloid
regions such as the amygdalostriatal transition area (Amir et
al.,, 2011), the interstitial nucleus of the ansa lenticularis (Busti
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Fig. 2 - Connectivity of intercalated paracapsular (IPC) islands. As it is shown in the figure there is a thorough interaction
between neurons of all IPC groups. Note that all insular groups are innervated by dopaminergic (less at caudal level) and
possibly by serotonergic fibers from the ventral tegmental area and the dorsal raphe, respectively. They are also targeted, with
the likely exception of the lateral IPC group of islands by glutamatergic inputs arriving from the basolateral complex. It is also
supposed but not proven, with the exception of neurons from the medial group, that all intercalated cells are reached by
afferents from the medial prefrontal cortex. In turn, all IPC groups of islands project to the medial and basolateral amygdala
although the projection to the latter nucleus is rather scarce. It is not clear whether the central amygdaloid nucleus is
innervated by the lateral IPC group of islands. Efferents from the anterior IPC group of islands and the main intercalated island
to extra-amygdaloid targets are indicated at the respective places in the figure.

et al.,, 2011a) and parts of the extended amygdala (Geracitano
et al., 2007).

2.4.3. Efferents from lateral and anterior IPC islands
Although there does not exist a systematic study indicating
how lateral IPC neurons interact among each other and with
cells from other IPC groups of islands the available evidence
(Marowsky et al., 2005) suggests that they may keep the same
dorso-ventral polarity that exists between medial IPC clusters.
On the other hand, lateral IPC neurons project to and receive
afferents from the IM (Manko et al, 2011) and may interact
with medial IPC clusters through strands of interneurons
which seem to link both groups of islands (Marowsky et al.,
2005).

Convincing electrophysiological evidence from Marowsky
et al. (2005) has shown that BLA projection neurons receive
monosynaptic GABAergic innervation from lateral IPC neu-
rons providing feedforward inhibition into this nucleus. On
the other hand, in a series of experiments by Smith and Paré
(1994) using retrograde and anterograde tracers combined
with post-embedding GABA and glutamate immunocytochem-
istry, GABAergic projections from the anterior IPC islands were
demonstrated in the basal forebrain. Likewise, studies using
iontophoretic injections of cholera toxin B subunit within the

MeA showed that the anterior IPC group contributes with the
majority of fibers that reach this nucleus from all IPC cell groups
(Paré and Smith, 1993a).

2.4.4. Efferents from the main intercalated island

Neurons from the IM keep also important interactions with
other IPC cell groups (Fig. 2). Thus, it has been shown in the
rat that medial IPC neurons belonging to the ventral clusters
project to IM (Amir et al., 2011). In agreement with this finding,
Busti et al. (2011a) showed that in the mouse a specific subset
of neurons from their Imp sends fibers which form symmetric
synapses with dendrites of the IM. Moreover, electrophysiolog-
ical experiments from the same group also show that these
synaptic contacts were monosynaptic and that the evoked
inhibitory postsynaptic currents (IPSCs) were mediated by
GABA, receptors (Busti et al., 2011a). In reciprocity, IM neurons
project back to medial and lateral IPC cells from which they
also receive GABAergic afferents (Manko et al.,, 2011). In addi-
tion, IM neurons provide GABAergic innervation to BLA, MeA,
and all CeA divisions (Manko et al., 2011).

It is however rather interesting that IM neurons in spite of
interacting extensively with cells of the lateral and medial IPC
groups whose efferents are essentially intra-amygdaloid also
behave as projection neurons. Consistent with this putative
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role IM neurons are multipolar and exhibit long axons (Manko
et al, 2011) which leave the amygdala to reach extra-
amygdaloid targets such as the ventromedial hypothalamic
(Luiten et al., 1983) and the parabrachial (Moga and Gray,
1985) nuclei. Finally, since both the anterior IPC clusters and
the IM are located very close to each other, share a great
deal of cytological features (Manko et al., 2011; Millhouse,
1986) and have projections to extra-amygdaloid targets it is
tempting to suggest that these nuclei may in fact belong to
the same group of IPC islands.

2.4.5. Large IPC neurons

In association with spiny-medium neurons, a population of
large cells which differs widely in the number of dendritic
spines, has been found in all IPC insular groups (Kamal and
Tombol, 1975; Millhouse, 1986; Tombol and Szafranska-
Kosmal, 1972) and particularly within the medial IPC cluster
(Millhouse, 1986). These cells tend to be located at the edges of
the IPC islands (Busti et al., 2011b) and typically, as described
by Millhouse (1986) display somata about 15um wide and
40-60 pm long. Their primary dendrites are rather thick
(5-7 pm) and give rise to secondary branches which extend for
200-300 pm or more before they further divide. Terminal den-
drites are thin and have numerous varicosities.

These cells have been found to interact with neighboring IPC
neurons (Millhouse, 1986) through the formation of putative
inhibitory synapses as shown by the presence of symmetric
contacts between dendrites of these large cells and terminals
(varicosities) arising from axons of the lateral IPC neurons
(Busti et al., 2011b). Dendrites of these cells along with fibers
from medium-spiny neurons follow either a ventral or a dorsal
course squeezed between CeA and BLA or along the fibers of
the external capsule giving rise to many collaterals during
their course. Interestingly, it has been observed that in some
cases dendrites of these large neurons distribute between the
dorsal border of the CeA and the overlying striatum suggesting
the possibility of synaptic interactions between them and stria-
tal neurons (Millhouse, 1986). Rostrally, a population of large
neurons extends beneath the anterior commisure and inter-
mixes with large putative cholinergic neurons characteristic of
the basal forebrain (Millhouse, 1986).

These large cells in spite of sharing their lodging with
medium spiny neurons within the IPC islands belong to a
different class of neuron since unlike the latter cells they are
not GABAergic. Accordingly, they do not display GABA-
immunoreactivity (Busti et al., 2011b; McDonald and Augustine,
1993; Nitecka and Ben-Ari, 1987; Paré and Smith, 1994) and no
green fluorescence protein is expressed within them in trans-
genic mice (Busti et al., 2011a) expressing this protein under
the control of the glutamic acid decarboxylase 65 (GADgs) pro-
moter. Synaptic targets for this particular set of neurons remain
elusive yet a full tridimensional reconstruction of one of these
neurons has shown that they innervate profusely the BLA and
send efferents to both the endopeduncular nucleus and the
enthorhinal cortex (Busti et al.,, 2011b). From a neurochemical
point of view, recent studies by the same group (Busti et al,,
2011a, 2011b) have shown that large neurons express parvalbu-
min, have receptors for neurokinin 1 and show an array of post
(mGluR1le) and pre (mGlu7 and mGlu8) metabotropic glutamate
receptors.

3. Electrophysiological properties of IPC neurons
3.1. Intrinsic electrophysiological properties

As shown in Table 1 mouse and rat IPC neurons display, irre-
spectively of the group they belong to, similar values for active
and passive membrane electrophysiological parameters. How-
ever, a lower membrane capacitance and a higher firing fre-
quency were observed in IM cells in comparison with medial
and lateral IPC islands. Interestingly, similar values for most of
these parameters have been reported in the guinea pig (Royer
and Paré 2002, 2003; Royer et al., 1999; 2000a, 2000b). Consistent
with its role as a specialized group of GABAergic cells IPC
neurons also differ from typical BLA GABAergic interneurons
and GABAergic capsular CeA neurons (Table 1). Acordingly, IPC
cells display higher input resistance, lower membrane capaci-
tance and wider action potentials. They also show lower firing
frequency than BLA interneurons and capsular CeA cells.

3.2 Slowly deactivating voltage-dependent K* conductance

Work from Paré’s group in the guinea pig (Royer et al., 2000b)
has convincingly shown that IPC neurons are endowed with
a voltage-dependent K* conductance which inactivates in
response to suprathreshold depolarizations rendering these
cells hyperexcitable. Thus, episodes of suprathreshold activity
will keep IPC neurons in a state of high excitability associated
with an increase in input resistance and membrane depolari-
zation. Under these conditions ongoing synaptic activity will be
able to trigger orthodromic action potentials or even generate
sustained depolarizing plateau potentials capable of supporting
long lasting tonic firing (Royer and Paré, 2003; Royer et al,
2000D). See also, Jahnsen and Llinds (1984). Such a K* conductance
as we shall see below will be central for fear extinction as they
may allow IPC neurons to overcome their mutual inhibitory inter-
actions (see above) and elicit a sustained inhibitory activity on the
amygdaloid output in response to CS-related inputs.

4. Chemical neuroanatomy of IPC neurons
4.1. GABAergic system

The distribution of chemical markers among the different
groups of IPC islands is shown in Table 2. There is a common
agreement that in all species studied so far IPC cells with the ex-
ception of the large IPC neurons discussed above are GABAergic
since they are heavily stained with GABA antibodies (McDonald
and Augustine, 1993; Nitecka and Ben-Ari, 1987; Paré and Smith,
1993a, 1994; Pitkdnen and Amaral, 1994; Poulin et al., 2008;
Smith and Paré, 1994) and seem to express the isoform 67 of
the enzyme that synthesizes GABA, the GAD.

In view of the fact that IPC cells are GABAergic and interact
among each other within and between IPC clusters it is not
surprising that GABA receptors are expressed in the IPC insular
system. Thus the presence of a-1 (McDonald and Mascagni,
2004), a-3 (Busti et al., 2011a; Marowsky et al., 2004) and p-2/3
(McDonald and Mascagni, 1996) GABA, receptor subunits
has been demonstrated within the IPC islands by means of
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Table 1 - Electrophysiological properties of intercalated paracapsular neurons.

Parameter Medial Medial Medial Medial Lateral IM BLA Capsular
IPC IPC IPC IPC IPC Interneurons ® CeA®
Passive membrane properties
RMP (mV) -86.7+1.2 - -87.8+15 -78+16 -78x13 -71.2x11 -77+2.8 -
Rin (M() 552+36 600+52 527+35 657 +49 865+31 641+20 341+37 270+19
Membrane 7 (ms) - 27.2+1.8 32.4+2.3 - - 20.3+0.8 - 22+2.4
Gim ([@12) - 62+1.3 70+0.10 59+3.1 57.1+1.2 30+2 93+7.2 83+7.1
Active membrane properties
AP amplitude (mV) - 78+1.6 79+2 68+1.4 67+1.4 7571 70£1.9 82+33
AP width (ms) 1.1+0.05 0.84+0.039 0.78+0.04 1.2+0.03 1.7+0.032 0.8+0.05 1.2+0.09 0.60+0.097
Adaptation index 0.74+0.028  0.56+0.045 0.86+0.04 0.78+0.05 0.75+0.03 0.6+0.04 0.8+0.02 0.52+0.050
Max. firing (Hz) - 28+2.7 29.3+19 248+19 199x1.2 37.3%x2 45.4+4 25+4.4
Reference Amir et al. Busti et al. Geracitano Marowsky Manko Marowsky Busti et al.
(2011) (2011a, 2011b) et al. (2007) et al. (2005) etal. (2011) et al. (2005) (2011a, 2011b)

Mice were used in all studies excluding that of Amir et al. (2011) which was done in rats. Abbreviations: RMP, Resting membrane potential; Rip,

input resistance; C,,, membrane capacitance; AP, action potential.
& Added for the sake of comparison.

immunohistochemical methods (Table 2). In agreement with
these results, in-situ hybridization studies showed p-3 subunit
mRNA expression within the IM (Zhang et al., 2004). Consistent
with the presence of GABA, receptors, [*H]flunitrazepam
binding (Table 2) was observed to occur within the IPC islands
(Zezula et al., 1988) suggesting the existence of benzodiazepine
binding sites on at least a population of the GABA4 receptors
present in these locations.

In addition, Charles et al. (2001) have disclosed the existence
of GABAg receptors in the IPC islands. Moreover, since IPC neu-
rons might be involved in the anxiogenic effects resulting from
the blockade of GABAAC receptors within the amygdala (Flores-
Gracia et al., 2010), and IPSCs were found within CeL following
medial IPC neurons stimulation (Delaney and Pankaj, 2001) it
might be possible that GABAAC receptors may indeed exist
within at least some IPC cell groups.

4.2. Glutamatergic system

A wealth of electrophysiological evidence indicates that IPC
neurons are driven by glutamatergic afferents from thalamic
(Bissiére et al., 2003; Manko et al,, 2011; Samson and Paré,
2005), cortical (Berretta et al., 2005; Ghashghaei and Barbas,
2002; Manko et al, 2011; Marowsky et al., 2005; Pinto and
Sesack, 2008; Quirk et al., 2003) and perhaps from other un-
known sources which activate both alpha-amino-3-hydroxy-5-
methyl-4-isoxazilepropionate (AMPA), N-methyl -aspartate
(NMDA) (Bissiére et al., 2003; Manko et al., 2011; Royer and
Paré, 2002, 2003) and metabotropic glutamate receptors (see
Table 2).

It is rather interesting that, unlike AMPA and NMDA recep-
tors which seem to be ubiquitously distributed among IPC
cells, metabotropic glutamate receptors display a differential
distribution (Table 2) indicating that this insular system is
not homogeneous and suggesting that each insular group
may subserve a distinct functional role within the amygdala.
Thus, immunohistochemical work carried out within our
group (Pérez de la Mora et al., 2007) has shown that mGluR5
receptors are restricted to the medial IPC islands. Likewise,
Ohishi et al. (1995) have shown, using in situ hybridization
methods that whereas there is a caudo-rostral gradient for

the distribution of mGluR7 receptors in the IPC islands the
mGluR4 receptors are mainly restricted to the rostral IPC cell
groups.
4.3. Catecholaminergic system

IPC islands and IM (Table 2) contain within the amygdala the
highest density of dopamine D1 receptors as shown by both
immunocytochemistry (Fuxe et al., 2003; Pérez de la Mora et
al., 2006, 2007) and receptor autoradiography (Dawson et al.,
1988; Scibilia et al., 1992; Weiner et al.,, 1991), suggesting an
important modulatory role of these receptors upon the activi-
ty of the whole insular system. Consistent with this role IPC
islands are heavily innervated by dopaminergic fibers (Asan,
1993; Fallon and Ciofi, 1992; Fuxe, 1965a, 1965b; Fuxe et al.,
2003; Pinard et al., 2008). Interestingly, although IPC islands
contain a uniform density of D1 receptors their dopaminergic
innervation is not uniform in all the components of the IPC in-
sular system. Thus whereas it is very dense within the rostral
and lateral portion of IM it is remarkably poor within its medi-
al and caudal parts (Busti et al., 2011a; Fuxe et al., 2003). Addi-
tionally, rostrally located IPC islands are preferentially
innervated by dopaminergic terminals (Fuxe et al., 2003). In
contrast to the richness of the dopaminergic innervation,
only few noradrenergic fibers have been observed targeting
the IPC insular system. They seem restricted to the IM
(Table 2) where they overlay this structure without forming
real synaptic contacts (Fuxe et al., 2003).

4.4. Serotonergic system

In spite of the absence of 5HT,, receptor immunoreactivity
reported by Bombardi (2011) within IPC islands a moderate
density of serotonergic axons (Bauman and Amaral, 2005) pre-
sumably bearing SHT transporters (O’Rourke and Fudge, 2006)
has been observed targeting all IPC clusters (Table 2). In view
of the prominent role that IPC islands and serotonergic neu-
rons (Akimova et al., 2009; Cools et al., 2008) play in the mod-
ulation of anxiety a thorough intra-amygdaloid mapping of
SHT receptor types paying attention to their distribution on
IPC islands is warranted.
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4.5. Cholinergic system

Choline acetyl transferase immunoreactive dendrites have
been reported by Nitecka and Frotscher (1989) entering into
IPC clusters. Furthermore, their electron microscopic studies
have shown that these cholinergic-like dendrites make syn-
aptic contacts with GAD-imunoreactive terminals of presum-
ably IPC neurons (Nitecka and Frotscher, 1989). This finding,
although still awaiting confirmation is of considerable physio-
logical interest since it suggests that by this way IPC neurons
may influence cognitive cortical activity. In line with this find-
ing is the discovery by Paré and Smith (1994) that IPC neurons
from the anterior group contribute fibers into the basal fore-
brain where they may interact with native cholinergic
neurons.

4.6. Neuropeptides

Since considerable experimental evidence supports the no-
tion that CeA and IPC islands represent the ventral extension
of the dorsal striatum (Busti et al., 2011a; Kaoru et al., 2010;
Millhouse, 1986; Swanson and Petrovich, 1998) it is not sur-
prising that both IPC and CeA neurons will also express a
complex neuropeptide array (see Cassell et al., 1999).

4.6.1. Opioid peptides

As in the case of GABA and dopamine D1 receptors, a high
density of pu-opioid receptors has been demonstrated by both
immunohistochemistry and in situ hybridization within all
groups of IPC cells (Jacobsen et al., 2006; Poulin et al., 2006).
In contrast, methionine and leucine- enkephalin immunore-
activities were found mainly restricted to the IM and to lateral
IPC islands. p-endorphin was practically absent from IPC neu-
rons (Jacobsen et al., 2006). Interestingly, a mismatch between
enkephalin- and p-opioid receptor-imunoreactivity was
observed by Jacobsen et al. (2006) within the IM and the lateral
IPC islands. Thus, whereas a strong n opioid-1 receptor immu-
noreactivity was present throughout all the IPC insular
system enkephalin-imunoreactive terminals were preferen-
tially innervating the medial IPC islands and targeting the
rostromedial portion of the IM.

4.6.2. Cholecystokinin (CCK)

As in other regions of the amygdala, CCK-8 is widely repre-
sented within the IPC neurons. In line with the presence of
CCK-8-immunoreactive somata within the GABAergic IPC
islands (Micevych et al.,, 1988) and the expression of CCK
mRNA (Pu et al., 1994) in practically all IPC cell groups work
from our group (Pérez de la Mora et al., 2007) has disclosed
CCK/gastrin immunoreactive terminals targeting most, if not
all, IPC islands. It is however not known whether dopamine
and CCK/gastrin may coexist within the same dopamine
terminals as described by Hokfelt et al. (1980, 1988) in CeA
and nucleus accumbens.

4.6.3.  Other neuropeptides

Evidence for the presence of enkephalin, neurotensin,
somatostatin and corticotrophin releasing factor in IPC cells
is now available suggesting the coexistence within these neu-
rons of neuropeptides with GABA (Table 2). Particularly

interesting in this regard are the studies of Moga and Gray
(1985) who by using a combined retrograde transport-
immunofluorescence method uncover the existence of peptider-
gic efferents from the anterior IPC neurons to the parabrachial
neurons containing neurotensin, corticotrophin-releasing factor
and somatostatin.

4.7. Transcription factors

Recent studies by Kaoru et al. (2010) have shown that IPC
neurons are endowed with a specific set of transcription
factors which support the idea that IPC islands represent a
ventral extension of the dorsal striatum. In addition, they
have also provided evidence which shows that IPC islands
are heterogeneous demonstrating that one of those factors,
Pax®6, is only present within IM.

4.8. Neurotransmitter-receptor mismatches within IPC
neurons

Mismatches between the anatomical distribution of a particu-
lar neurotransmitter and its receptor are very well established
phenomena which have been analyzed in a number of cases
(see Agnati and Fuxe, 2000; Elde et al., 1995; Fuxe and Agnati,
1991 for a review of this topic) and in particular for mono-
amine and peptide systems (Jansson et al., 2002). As indicated
above, a mismatch between dopamine terminals and dopa-
mine D1 receptor has been uncovered at the level of the IM
where although dopamine D1 receptors are distributed
throughout the IPC islands the dopaminergic innervation is
mainly restricted to its rostrolateral part (Fuxe et al., 2003).
In addition, it was also discovered that whereas the p-opioid
receptor-1 is present in all IPC cell groups enkephalin-
immunoreactive terminals were only detected in the rostro-
medial portion of the IM, and the rostrolateral IPC masses.
Under these conditions it is feasible that both the amygdaloid
D1 mediated dopaminergic and the enkephalinergic effects on
IPC islands function will occur through a concerted volume
transmission (VT) including an extrasynaptic subtype and
conventional synaptic transmission. In VT dopamine as a
result of convective forces and concentration gradients can
reach and activate extrasynaptic high-affinity DA receptors
(Barbour and Hausser, 1997; Marcellino et al., 2011; Rice and
Cragg, 2008; Zoli et al.,, 1999). In support of these results,
microdialysis studies have shown that nmolar extracellular
dopamine concentrations exist within the amygdala under
basal conditions (Hori et al., 1993; Young and Rees, 1998) and
its extracellular concentration is considerably increased
under stress exposure (Yokoyama et al., 2005). Moreover, it
would be conceivable that owing to the differential properties
of both neurotransmitter modes (see Agnati et al., 2010; Fuxe
et al.,, 2010), and in particular to their time effects and to
their different type of connectivity that each mode of trans-
mission would have a particular role in the modulation of
fear and anxiety (Pérez de la Mora et al., 2008). Thus, whereas
synaptic transmission would be responsible of immediate
behavioral responses VT would be ideally suited to mediate
long-term events like the maintenance of basal anxiety and
the modulation of plasticity in the fear circuits. However,
the extrasynaptic subtype of VT is more rapid and develops
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Table 2 - Chemical neuroanatomy of IPC neurons .

Marker Species Cell group Reference

Medial Lateral Main island Anterior

GABA

GABA-ir (somata and fibers) Rat + + + + Nitecka and Ben-Ari, 1987
Cat + + + + Paré and Smith, 1993a, 1993b, 1994
Monkey + + + + McDonald and Augustine, 1993

GABA, receptor subunit a4-ir Rat - + - McDonald and Mascagni, 2004

GABA, receptor subunit as-ir Mice + + + - Busti et al., 2011a; Marowsky et al., 2004

GABA, receptor subunit po/ps-ir Rat® - - - - McDonald and Mascagni, 1996
Monkey® - - - -

GABA,4 receptor subunit B3 Rat - - + - Zhang et al., 2004

(in situ hybridization)

Benzodiazepine receptor Human® - - - - Zezula et al., 1988

[*H]flunitrazepam binding

GABAg receptor-ir Rat® = = = = Charles et al., 2001

Glutamate

mGluR5-ir Rat + - - - Pérez de la Mora et al., 2006

MGIuR4 mRNA Rat - - - + Ohishi et al., 1995

(in situ hybridization)

MGIuR7 mRNA Rat + + + + Ohishi et al., 1995

(in situ hybridization)

Dopamine

DA TH(+) DBH(-) ir Rat + + + + Asan, 1993; Fallon and Ciofi, 1992;

(fibers and terminals) Fuxe, 1965a, 1965b; Fuxe et al., 2003;

Pinard et al., 2008

D1 receptor binding Rat + + + + Dawson et al., 1988; Scibilia et al., 1992

D1 receptor-ir Rat + + + + Fuxe et al., 2003

(fibers and terminals)

D1 mRNA (in situ hybridization) Rat + + + + Mansour and Watson, 1995; Weiner et al., 1991

D2 receptor binding Rat - - + - Scibilia et al., 1992

Noradrenaline

DBH-ir (fibers and terminals) Rat - - + - Fuxe et al., 2003

Serotonin

5-HT-ir (fibers and terminals) Monkey - - - + Bauman and Amaral, 2005

5-HT transporter-ir Monkey + + + + O’Rourke and Fudge, 2006

(fibers and terminals)

5 HT,4-ir (fibers and terminals) Rat - - - - Bombardi, 2011

Acetylcholine

ChAT-ir (dendrites) Rat + + + + Nitecka and Frotscher, 1989

Cholecystokinin

CCK/gastrin-ir Rat + + + ? Pérez de la Mora et al., 2007

(fibers and terminals)

CCK-ir (somata) Rat + + + + Micevych et al., 1988

CCK mRNA Rat - - - + Pu et al., 1994

Opioids

Opioid receptor-ir Rat + + + + Jacobsen et al., 2006; Mansour and Watson, 1995

p-Opioid mRNA Rat + + + + Poulin et al., 2006

(in situ hibridization)

Enkephaline-ir Rat - + + - Jacobsen et al., 2006

B-Endorphin-ir Rat - - - - Jacobsen et al., 2006

Other neuropeptides

[***|Neurotensin Human® - - - +? Lantos et al., 1996

Neurotensin (retrograde Rat - - - + Moga and Gray, 1985

transport-immunofluorescence)

CRF (retrograde Rat = = = + Moga and Gray, 1985

transport-immunofluorescence)

Somatostatin (retrograde Rat - - - + Moga and Gray, 1985

transport-immunofluorescence)
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Table 2 (continued)

Marker Species Cell group Reference
Medial Lateral Main island Anterior
NPY Monkey - - - McDonald et al., 1995
Calbindin 28K Human - - - Sorvari et al., 1996
Transcription factors
Dix 5; Foxp2; Pbx3; Meis2 mRNA Monkey + + + Kaoru et al., 2010
(in situ hybridization)
Pax6 mRNA Monkey - - - Kaoru et al., 2010
(in situ hybridization)
Ebfl; Nkx2; Foxpl mRNA Monkey - - - Kaoru et al., 2010

(in situ hybridization)

¢ Based on information specifically stated by the authors or gathered from figures in the respective paper. A minus sign means non-detectable

or very low density marker.
® No information available on differential distribution.

close to the synapses as a result of synaptic spillover and/or
extrasynaptic release.

5. Heterogeneity of IPC cell groups

It is clear from the foregoing discussion that even though at
the first glance, the IPC insular system seems rather homoge-
neous owing to the cytological features of their component
neurons, their intrinsic electrophysiological properties, their
common GABAergic nature and high density of dopamine D1
and p-opioid receptors there exists a considerable heterogeneity
among the different IPC insular groups and even between
neurons from the same cluster.

Thus, from a structural point of view, although the vast
majority of IPC cells within the medial and lateral groups are
small-sized and have bipolar shape neurons within the IM
and the anterior group display a multipolar appearance
(Manko et al., 2011; Millhouse, 1986; Paré and Smith, 1994).
Furthermore, within all IPC clusters, as discussed before,
there exist intriguing large (Millhouse, 1986) non GABAergic
neurons having a phenotype which differs markedly from
that of all other IPC cells (Busti et al., 2011a, 2011b).

In addition, IPC neurons, apart from the large cells consid-
ered above, display some different biochemical markers
(Table 2) and seem to differ from each other in their connectivity
since whereas some of them remain immersed within the
amygdala limits, interconnecting IPC cells and serving as inhib-
itory interfaces; others project into extra-amygdaloid targets
(Busti et al., 2011a; Geracitano et al.,, 2007; Millhouse, 1986;
Paré and Smith, 1994; Royer et al., 2000a).

Finally, from a functional point of view IPC neurons seem
to differ also in displaying a different short-term plasticity.
Paired recordings between visually identified neighboring
IPC neurons within a single IPC cluster disclosed the presence
of activity-dependent short-term plasticity within medial IPC
islands (Geracitano et al., 2007). Thus, upon repeated stimula-
tion within a frequency range similar to that found in vivo the
probability of neurotransmitter release was either increased,
decreased or remained constant as a consequence of a differ-
ential presynaptic activity. In the connectivity context it is
rather interesting that a presynaptic neuron responsible of a

given synaptic strength forms synaptic connections with
different neurons and, conversely that the same postsynaptic
neuron was contacted by different types of synaptic connec-
tions formed by different presynaptic cells. Furthermore, this
functional heterogeneity is further supported by the finding
that presynaptic neurons forming synapses having a different
synaptic weights display a different axonal pattern. Thus, it
was observed that axons from presynaptic neurons forming
depressing synapses travel through or around the CeA toward
the internal capsule or the stria terminalis. Axonal collaterals
of these neurons seem to reach the IPAC and the striatum.
CeA is instead innervated only by neurons forming facilitating
and constant synapses. Axons forming all types of contacts
send numerous collaterals in ventral and caudal directions,
which interact with other IPC neurons located within the in-
termediate capsule. Axonal collaterals from neurons forming
all three types of synapses reach the MeA but not the BLA,
which was practically devoid of axonal collaterals. In addition,
as we shall discuss below Busti et al. (2011a) taking advantage
of the use of the early gene zif268 expression to signal activity
in neurons have given evidence that whereas medial IPC
neurons are activated during fear expression neurons from
the IM enhance their activity upon extinction training.

6. Role of intercalated paracapsular islands in
the oscillatory activity of the amygdala

Fear learning and extinction are strongly dependent upon a
heavy depolarization capable to induce NMDA-dependent
potentiation or depression of selected inputs within the
amygdala including BLA inputs to IPC neurons (Royer and
Paré, 2002).

However, as pointed out by Pape and Paré (2010), it is
unlikely that such depolarizing conditions will be met in
vivo during fear conditioning since the high depolarizing
responses attained in LA during CS presentation (Quirk et al.,
1995) become progressively attenuated reaching precondi-
tioning levels at the moment of the US presentation. Never-
theless, as also suggested by these authors (Pape and Paré,
2010), the depolarization level required to induce this kind of
long-term plasticity may arise as a consequence of the
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induction of oscillatory activity within the BLA. Under these
conditions the generation of short recurring periods of depolar-
ization may allow the induction of NMDA-dependent plasticity
without the need of sustained firing rates.

In support of this, it has been observed that BLA neurons
have the intrinsic potential to generate rhythmic activity
both in the theta and gamma frequency ranges (Pape et al,,
1998) and that their discharges become synchronized in the
theta frequency under anxiogenic conditions which involves
the anticipation of noxious stimuli (Paré and Collins, 2000).
Additionally synchronization of amygdalo-hippocampal
activity at theta frequency has also been observed during
conditioned fear responses (Narayanan et al., 2007; Pape et
al., 2005; Seidenbecher et al., 2003).

IPC neurons might influence fear conditioning and fear
extinction by affecting the induction of theta rhythm in the
amygdala and its synchronization with other cortical path-
ways through a feedforward inhibition-dependent modula-
tion of the time window within which the summation of
excitatory stimuli elicits firing (Pouille and Scanziani, 2001).
IPC neurons may also through the same mechanism con-
tribute to the generation of faster rhythmic activity within
the gamma frequency range in BLA neurons which may be
instrumental for their own and their synchronization with
intra- and extra-amygdaloid target neurons (Pape and Paré,
2010).

7. Role of IPC neurons in the amygdaloid
modulation of fear and anxiety

7.1. Role of IPC islands in conditioned fear

The amygdala plays a role of paramount importance in the
modulation of conditioned and unconditioned fear/anxiety.
Conditioned fear is an experimental model developed by
Pavlov whereby organisms learn to predict danger (Maren
and Quirk, 2004). In this paradigm a previously neutral stimu-
lus (CS) like a sound or a light acquires aversive properties
when it is paired to a noxious stimulus (US), usually a foot-
shock. Conditioned Freezing (Fanselow, 1980) and Fear Poten-
tiated Startle (Davis, 1990) have been thoroughly used to study
fear conditioning. In a related paradigm termed Fear Extinc-
tion the CS is presented repeatedly but without being coupled
to the US. As a result, the animal stops associating CS to US
and fear vanishes. It is worth mentioning that extinction
training does not erase fear memories but creates a new ex-
tinction memory, which competes with fear memory for the
control of behavior (for a review, see Herry et al., 2010).

As indicated before according to the prevalent theory on
fear/anxiety (LeDoux, 2000, 2007) information on emotionally
significant stimuli reaches BLA and particularly LA where
the CS-US association takes place. The new information is
subsequently conveyed into the CeM for the implementation
of a proper anxiogenic response.

At the heart of this theory is the postulate that LA is the pri-
mary site of plasticity for fear conditioning since it is there
where the CS and US meet and NMDA-dependent associative
learning takes place (Goosens and Maren, 2004; LeDoux, 2000;
Maren and Quirk, 2004; Paré and Collins, 2000). However, since

anatomical studies have indicated that connections from LA
to CeM are sparse (Krettek and Price, 1978; Pitkdnen and
Amaral, 1998; Pitkdnen et al., 1995; Smith and Paré, 1994) and
in all probability incapable of supporting direct information
transfer from LA to CeM the communication between both
nuclei should be indirect (Fig. 3).

To save this gap, IPC islands and specifically the medial
group which is interposed between LA and CeA have been
proposed as an interface between both nuclei (Ehrlich et al,,
2009; LeDoux, 2007; Pape and Paré, 2010; Paré et al., 2004;
Pérez de la Mora et al., 2008). As discussed above the connec-
tivity of this group of islands is topographically organized in
such a way that in the rat and mouse dorsally-located IPC
islands receive glutamatergic afferents from LA and project
to Cel eliciting feedforward inhibition upon local GABAergic
neurons (Amir et al.,, 2011; Royer et al., 1999, 2000a). In con-
trast, ventrally-located islands are reached by BL afferents
and evoke a tonic feedforward inhibition upon CeM output
neurons (Amir et al., 2011; Royer et al., 1999, 2000a). Moreover,
in guinea pig (Royer et al., 2000a) but also likely in the rat
(Amir et al., 2011) and mouse (Busti et al., 2011a) IPC neurons
are polarized in a dorso-ventral direction in such a way that
dorsally located clusters (Fig. 3) would inhibit those islands
located more ventrally (Amir et al., 2011) including the IM
(Busti et al., 2011a; Manko et al., 2011). As a consequence of
this arrangement (Fig. 3) dorsally located IPC islands will be
able to set free CeM output neurons by releasing them of the
inhibitory tonic constraint imposed to them by ventral IPC
islands (Paré et al., 2004).

Since from an anatomical point of view the BM is the main
LA target and BL is also receiving large number of afferents
from this nucleus (Krettek and Price, 1978; Pitkdnen et al,,
1997; Smith and Paré, 1994) and both project into CeM
(Amano et al., 2010; Paré et al., 1995; Pitkdnen et al., 1997;
Royer et al., 1999) their concurrent participation to fill up the
gap between LA and CeM is a concurrent possibility. In sup-
port of this, BM and BL are activated during fear conditioning
(Amano et al., 2011; Herry et al., 2008) and importantly BM
responding outlasts for a significant period of time both the
duration of the CS-evoked response in LA neurons which
only last for 15ms from the onset of the tone (Maren and
Quirk, 2004) and the end of CS presentation which mirrors
the time-course of the freezing response (Amano et al,
2011). This suggests that BM firing is sustained by a different
intra- or extra-amygdaloid input. Experimental evidence sug-
gests that a likely candidate for this response may be the pre-
limbic cortex (PL) of the mPFC since it keeps connections with
BM (McDonald, 1998) and displays a CS-induced activation
which also parallels in time the CS-induced freezing
response (Burgos-Robles et al., 2009). A closer examination of
the results from experiments in which fear conditioning was
followed by its subsequent extinction disclosed a neural
switch which allows changes between low and high states of
anxiety within the basal nucleus (BA) (Herry et al., 2008).
Thus, it was found that a subset of neurons (“fear neurons”)
which respond to CS with an increased firing during and
after fear conditioning became inhibited following extinction
training. In contrast, a separate cell population (“extinction
neurons”) remained silent during and after fear conditioning
but was activated following extinction retrieval. Similar



BRAIN RESEARCH 1476 (2012) 211-234 223

Fig. 3 - Schematic representation of the flow of information within the amygdala during fear conditioning and extinction.
Although there are differences in the effects of BL and BM in both phenomena their contribution is depicted as resulting from the
combined action of these nuclei. Either activation or dishinibition of CeM output neurons is considered to elicit axiogenic
responses. GABAergic and glutamatergic pathways are depicted in blue and red respectively. Cells with a suggested particular
function on fear/extinction are indicated as circles having different colors. Paths carrying information on fear conditioning and
extinction are indicated by full and broken lines respectively. For facility the sequence of events during the description of the figure
is indicated by small letters. The orientation of the scheme is indicated by the cross (A, anterior; P, posterior; L, lateral; M, medial).
Putative thalamic glutamatergic afferents carrying information about the properties of CS and US reach LA (a) where their
association will result in the formation of NMDA-dependent plasticity. Since afferents from LA to CeM are scarce the information
resulting from the local plasticity will reach CeM output neurons via medial IPC cells distributed within the intermediate capsule in
a dorsal and a ventral subgroup. As a result of this, dorsally located (dIPC) IPC islands receiving LA inputs will project to CeL
inhibiting local GABAergic neurons and releasing in this way CeM output neurons. In addition, dorsal IPC islands may inhibit
neurons from the ventral group thereby releasing also CeM output neurons. Thus, the net effect of LA-induced activation of
dorsally located IPC neuron will be the production of anxiogenic responses. Alternatively, or in concert with these effects
glutamatergic inputs from putative BA “fear neurons” which may have direct excitatory connections with CeM output cells (c) will
also result in the production of anxiety. Finally, since NMDA-dependent plasticity has also been demonstrated in CeA, it is likely
that information on CS and US association may reach CeL via thalamic afferents (d). Thus, following local CS-US associations, “on
cell “activation will be followed by “off cell” inhibition and the ensuing release of CeM output neurons. After extinction training the
concurrent interaction of infralimbic and BLA inputs on ventrally located medial IPC cells (d) will elicit feedforward inhibition of
CeM output neurons with the subsequent suppression of anxiogenic responses. Activity in IM has been observed following
extinction training. For the sake of clarity the anxiogenic PL-BA interactions (e) have only been indicated. Abbreviations: BA, basal
nucleus; BL, basolateral nucleus; BM, basomedial nucleus; CeL, centrolatera nucleus; CeM, centromedial nucleus; CS, conditioned
stimuli; US, unconditioned stimuli; dIPC, dorsal intercalated paracapsular islands; IL, infralimbic cortex, IM, main intercalated
island; mPFC, medial prefrontal cortex; PL, prelimbic cortex; Tha, thalamus; vIPC, ventral intercalated paracapsular islands.

neuronal populations were also found in the rat BM albeit the
number of “extinction neurons” was found to be lower
(Amano et al., 2011). On these grounds, “fear neurons” might
be responsible to activate CeM output neurons following asso-
ciative learning within the BLA or after PL stimulation. How-
ever, evidence for an anatomical link between both LA and
PL inputs to these neurons is still lacking.

Finally and interestingly, convincing studies from Ciocchi et
al. (2010) have shown that 24 h after fear conditioning a subset
of CelL GABA neurons (CEL,y,) acquired excitatory responses
to CS presentation whereas another pool of neurons (CELog)
within the same subnucleus displayed inhibitory responses.
Reciprocal inhibitory interactions between both pools of
neurons were also reported. In addition, CeA (Wilensky et al.,
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2006) and more specifically its capsulateral portion (Ciocchi et
al., 2010) seem to represent a parallel or complementary site
for fear plasticity (see also Killcross et al., 1997) and CeM was
found to be under the control of inhibitory CeL neurons (i.e.
CELo¢ neurons) (Cassell et al., 1999; Ciocchi et al., 2010; Huber
et al., 2005; Sun et al., 1994; Veinante et al.,, 2003). In view of
the above, it was suggested (Ciocchi et al., 2010) that glutama-
tergic thalamic inputs to CEL,, neurons carrying information
on CS would inhibit CEL.¢ cells with the consequent increase
in the anxiogenic output of the amygdala. Consistent with
these results CEL.¢ neurons were found to fully overlap with
a population of CeL neurons that express PKC-6 and most
importantly with an enhancement of freezing behavior after
its genetic silencing (Haubensak et al.,, 2010). These results
were confirmed by Duvarci et al. (2011). However, since in
their work the proportion of CEL.¢ cells 24 h after fear condi-
tioning tripled with no change in the number of CEL,y, cells the
potentiation of an extrinsic inhibitory input, such as the dorsal
cluster of the medial IPC cell group capable of inhibiting CEL
cells was suggested as responsible for the inhibition of CELqg
neurons after CS presentation. An overview of the events
leading to fear conditioning is depicted in Fig. 3.

7.2 Role of IPC islands in fear extinction

In view of the fact that fear extinction does not erase fearful CS-
US associations but instead creates a new inhibitory association
which competes with the original CS-US association its mecha-
nism is not just the reversal of fear conditioning. On the other
hand, given that increased activity in CeM neurons is responsible
for conditioned freezing (Ciocchi et al., 2010) and other manifesta-
tions of anxiety (Davis and Whalen, 2001) the ultimate goal in fear
extinction will be the long-lasting suppression of CeM activity.

Converging evidence points out to IL, a subregion of mPFC,
and IPC islands as important substrates for fear extinction (for
a review see: Herry et al,, 2010; Paré et al., 2004; Quirk and
Mueller, 2008; Sotres-Bayon and Quirk, 2010). Accordingly, IL
lesions (Morgan et al., 1993; Quirk et al., 2000) or temporary
inactivation of IL but not of the adjacent PL by local applica-
tion of muscimol (Laurent and Westbrook, 2009) interferes
with the expression of extinction. In line with this, the electri-
cal stimulation of IL reduces freezing (Milad and Quirk, 2002).
Particularly interesting in this regard is the finding that
whereas microstimulation of IL favors the consolidation of
extinction memory the microstimulation of the PL results in
fear underlying the specificity of IL in the consolidation and
expression of the extinction memory (Vidal-Gonzalez et al.,
2006).

The association of IL activity and fear extinction is further
supported by the findings that the presentation of a tone to
fear conditioned rats induces high frequency bursting in IL
neurons after extinction training (Burgos-Robles et al., 2009)
and that animals which have not been trained for extinction
when receive conditioned tones paired with a brief electrical
shock applied to IL experience less freezing than non electri-
cally stimulated rats (Milad and Quirk, 2002). Furthermore, in
rats subjected to auditory fear conditioning and extinction,
IL neurons fire to the tone upon extinction retrieval 24 h
after extinction training but not before indicating that IL
neurons participate in extinction consolidation and retrieval

rather than its acquisition (Milad and Quirk, 2002). It is worth
mentioning to this respect that the degree of IL neuronal activ-
ity has been positively correlated with extinction retrieval
(Herry and Garcia, 2002; Milad and Quirk, 2002) indicating as
suggested by Paré et al. (2004) that there exists a causal relation-
ship between IL activation and extinction retrieval.

Electrophysiological studies by Quirk et al. (2003) recording
extracellularly from brainstem-projecting-CeA neurons showed
that stimulation of the mPFC, at the border of the IL and PL
cortices, reduced the responsiveness of CeM output neurons to
BLA outputs giving evidence that IL is functionally related
with CeA and exerts a control on the activity of its output neu-
rons. However, since the anatomical link between IL and CeM
is rather poor the connection between both nuclei seems to be
indirect and occurs through the intermediation of the medial
IPC islands (Quirk et al., 2003) with which IL keeps strong con-
nections (Freedman et al., 2000; McDonald et al., 1996; Vertes,
2004). In agreement with this, early gene expression studies
carried out in normal rats (Knapska and Maren, 2009) and
mice which had been rescued from impaired extinction with a
7Zn?* deficient diet, show that the expression of both c-Fos and
Zif268 in LA and BLA upon extinction retrieval is elevated
(Hefner et al., 2008; Whittle et al., 2010). This change was
found to correlate positively with increases in early gene ex-
pression within both IL and presumably medial (Hefner et al.,
2008; Knapska and Maren, 2009; Whittle et al., 2010) but not
lateral IPC islands (Hefner et al., 2008), and negatively with the
expression of these genes in CeM.

Given that the above changes correlate with the degree of
freezing behavior expressed by the animals upon extinction
retrieval (Hefner et al, 2008; Knapska and Maren, 2009;
Whittle et al., 2010) they agree with the notion (Quirk et al,,
2003; see also Amano et al., 2010; Pape and Paré, 2010; Paré
et al.,, 2004) that combined glutamatergic BLA (Royer et al,,
1999) and IL inputs on ventral IPC neurons elicit feedforward
inhibition on CeM output neurons thereby reducing the anxio-
genic output of the amygdala (Fig. 3). In support of this view it
has been shown that IL stimulation is followed by orthodro-
mic responses in IPC neurons (Amir et al., 2011) and in line
with the finding that dishinibition of IL neurons by the local
injection of picrotoxin induces a large increase on c-fos
expression within medial IPC neurons (Berretta et al., 2005)
indicating a functional link between IL and medial IPC clusters.
In addition it has been demonstrated that extinction training
causes a potentiation of BLA inputs to medial IPC islands
which is dependent of higher transmitter release probability
and changes in postsynaptic GABA, receptors at IPC synapses
(Amano et al., 2010). Interestingly, in the same study it was
shown that this potentiation requires IL activity since it was
blocked by inactivation of IL neurons with muscimol prior
extinction training. Thus, since BLA inputs to medial IPC islands
exhibit LTP (Royer and Paré, 2002) it may be possible that con-
verging BLA and IL inputs on IPC neurons will produce enough
depolarization to allow in this way the induction of extinction-
related plasticity in medial IPC neurons. The role of IPC neurons
in extinction has been elegantly studied by Likhtik et al. (2008)
which taking advantage of the u-opioid richness of these neu-
rons have been able to selectively destroy them by the use of a
complex formed by a p-opioid ligand (dermorphin) coupled to
a toxin (saporin) capable to be taken up by a receptor mediated
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endocytosis process. The results of these experiments conclu-
sively showed that IPC neurons are required for extinction
retrieval and that the degree of freezing displayed by lesioned
animals is correlated negatively with the number of surviving
IPC neurons but not with the number of living CeA cells. In
line with these results, the bilateral infusion of the neuropep-
tide S which increases glutamatergic transmission to IPC neu-
rons facilitates extinction retrieval (Jiingling et al., 2008).

IPC islands, with the exception of a small population of large
neurons located at their edges, are populated by GABAergic cells
that keep inhibitory interactions among each other both within
individual clusters and with IPC cells belonging to other islands
giving rise to a “binary” system in which an active inhibitory
neuron (1) by inhibiting an adjacent neuron (0) allows activity
in the next neuron (1) of a chain of inhibitory neurons. Then,
the question of how excitatory inputs in the presence of the
inter-IPC inhibiton can sustain either fear conditioning or fear
extinction becomes a difficult question to solve. However, ex-
periments by Li et al. (2011) in a model which takes into account
the short term plasticity described by Geracitano et al. (2007)
and discussed above (see Section 5) and the bistable properties
of IPC neurons (Royer et al., 2000b) discussed within the electro-
physiological properties of IPC neurons (Section 3) showed that
concurrent CS-related BLA and brief IL inputs can overcome the
inter-IPC inhibition and elicit sustained activity in IPC neurons
which according to their own connectivity may as discussed
above induce fear conditioning or fear extinction.

In spite of the fact that the pharmacological inactivation of
BL alone (Herry et al., 2008), BL and BM (Amano et al., 2011),
and LA or BL (Sierra-Mercado et al.,, 2011) interferes with
extinction the role of the BA nuclei in extinction and its inter-
actions with IPC neurons in this phenomenon are still poorly
understood. As indicated above and depicted in Fig. 3 BA nu-
clei receive a massive projection from LA (Krettek and Price,
1978; Pitkdnen et al., 1997; Smith and Paré, 1994) and seem
to participate in extinction consolidation and retrieval by eli-
citing feedforward inhibition on CeM output neurons (Royer
et al.,, 1999) via activation of ventrally located medial IPC
islands (Amir et al., 2011). A recent discovery of discrete popu-
lations of “fear” and “extinction” neurons has been made by
Herry et al. (2008) in BM and confirmed by Amano et al.
(2011) within BL which seems to work as a neural switch
which allows to transit from a high to a low fear state and
viceversa. This indicates that BA is not just a relay station
for relaying CS related information to CeM output neurons
but an integrative station which will provide us with a
number of surprises in the years to come.

From the foregoing discussion, it is clear that fear extinction
is also a complex phenomenon the mechanism of which
involves, as suggested by Amano et al. (2011), not only LA- and
IL-dependent feedforward inhibition of CeM output neurons
mediated by medial IPC cells but also another phenomenon.
Thus, rapid shifts in synaptic weight take place modulated by
“fear” and “extinction” cells within the BA and perhaps also in
other amygdaloid regions. Under these grounds it will be possi-
ble that behavioral treatments (i.e. Cognitive Behavioral Thera-
py) based on Wolpe’s (1958) systematic desensitization therapy
for the behavioral treatment of anxiety disorders in which the
gradual exposure to the feared object or situation relives
patients from their symptoms may involve the formation of

new memories and take advantage of the extinction phenome-
non discussed above.

7.3. Role of medial IPC islands in unconditioned
fear/anxiety

Unconditioned fear/anxiety is a defensive response toward
phylogenetically determined stimuli or environmental situa-
tions which put in risk an individual’s integrity such as the
exposure to open spaces devoid of thigmotactic cues, strongly
illuminated places or the presence in their vicinity of specific
depredators (for a review see, Rodgers, 1997). Information
about innate fear/anxiety is wired within the brain and can
be experimentally expressed in a number of unconditioned
paradigms such as the Elevated Plus-Maze (Pellow et al., 1985),
which exploits the natural tendency of rodents to avoid open
spaces (Treit et al., 1993), the White and Dark Box test in
which animals are exposed to highly environmental lit condi-
tions (Bourin and Hascoét, 2003), the Shock-Probe Burying test
that takes advantage of the innate drive of rodents to bury any
potentially harmful object in its environment (De Boer and
Koolhaas, 2003) or the cat’s smell test (Zangrossi and File,
1992) which elicits defensive responses to the potential pres-
ence of a predator among other models.

In contrast to conditioned fear little is known about the
mechanisms involved in the modulation of unconditioned
(innate) fear/anxiety. However, since it has been reported
that the intra-amygdaloid administration of a wide variety of
neurotransmitter selective drugs modifies the behavior of
animals in number of unconditioned tests of anxiety (reviewed
in, Engin and Treit, 2008; Pérez de la Mora et al., 2010) and the
activity of CeM output neurons is the common final pathway
for the expression of fear/anxiety in both types of models,
despite of differences in the processing and expression of
conditioned vs unconditioned fear/anxiety (Blanchard and
Blanchard, 1972; Corcoran and Quirk, 2007), there is agreement
upon the participation of the amygdala in the modulation of
unconditioned fear/anxiety (LeDoux, 2000). In agreement with
this, it is known, since the seminal work of Kluver and Bucy
(1939) that innate fear responses such as the aversion of mon-
keys for snakes, or the fear that these animals experience for in-
dividuals of upper hierarchical position within the colony that
they belong is disturbed following bilateral lesions of the amyg-
dala. Likewise, deficits in passive avoidance to an electrified
probe have been found in rats having large electrolytic amygda-
la lesions when they were exposed to the Shock-Probe Burying
test (Treit and Menard, 1997). In addition, more recently, in
line with these early studies it was shown that lesions of specif-
ic amygdaloid nuclei also affect unconditioned fear behavior in
rats. Specifically, it was found that lesions, which included CeA,
MeA and cortical nuclei but spared BLA, blocked both flight be-
havior in an oval runaway task and defensive responses in a
barrel test (Kemble et al., 1990). Interestingly, similar type of le-
sions impaired fear responses to a predator but had no effects
on the responses to conditioned fear (Blanchard and
Blanchard, 1972). In line with these results, the functional inac-
tivation of CeA but not BLA by local injections of muscimol was
found to impair the avoidance of rats to the open arms of the EI-
evated Plus-Maze (Moreira et al., 2007). Conversely, BLA excito-
toxic lesions (Wallace and Rosen, 2001) or functional BLA
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inactivation with muscimol (Ribeiro et al., 2011) impairs condi-
tioned but not unconditioned fear responses. The results of all
these studies tend to minimize the role of BLA activity in uncon-
ditioned fear/anxiety and underline the participation of the CeA
and MeaA in its modulation. However, results by Vazdarjanova
et al. (2001) suggest that BLA may also have a role in uncondi-
tioned fear since local application of lidocain to BLA or its exci-
totoxic lesion impaired unconditioned freezing and avoidance
behaviors in response to a ball of cat hair. On the other hand, re-
sults from our group (Pérez de la Mora et al., 2012) have shown
that following the blockade of CeA dopamine D2 receptors
anxiogenic effects were elicited in the Shock-Probe Burying
test but not in the Elevated Plus-Maze which were interpreted
as being produced as a consequence of a differential involve-
ment of BLA and CeA in the behavior of animals in both para-
digms. Interestingly, as suggested by the work of Blanchard
and Blanchard (1972) and that of Kemble et al. (1990) the MeA
seems to play an important role in the modulation of uncondi-
tioned fear/anxiety. In support of this, the exposure of rats to
pieces of a collar previously worn by a cat was found to elicit
an increased expression of c-fos within the MeA (Dielenberg et
al., 2001). It was also reported by these authors that the func-
tional inactivation of either MeA or BLA interferes with the
freezing response to the predator odor trimethylthiazoline. In
contrast, whereas the effects of MeA inactivation were found
to occur immediately the interference attributable to BLA inac-
tivation showed a 6 min delay suggesting that MeA is directly
involved in freezing but that BLA has only a modulatory role
on this response.

Like in conditioned fear IPC neurons seem also to play an
important role in the modulation of unconditioned fear/anxiety
as suggested by its connectivity (Fig. 2) which links them with
both CeA- and MeA-mediated responses. This is also indicated,
as will be discussed below, by the behavioral effects of intra-
amygdaloid infusions of dopamine D1 receptor drugs in uncon-
ditioned tests of fear/anxiety.

7.4. Role of other IPC insular groups in the modulation of
anxiety

In contrast to the medial IPC islands, the role of other IPC cell
groups in the integration of fear/anxiety is less understood.
Detailed and careful studies by Marowsky et al. (2005) have
however paved the road to unveil the relationship of lateral
IPC islands with other IPC insular groups and to understand
their role in the amygdaloid modulation of anxiety. In this
study, by recording from lateral IPC-BLA cell pairs and stimulat-
ing lateral IPC afferents within the external capsule Marowsky
et al. (2005) found that IPC neurons receive excitatory inputs
from putative glutamatergic mPFC afferents and convey
feedforward inhibition into BLA projection neurons. Thus, stim-
ulation of capsular fibers elicited excitatory postsynaptic poten-
tials (EPSPs) and resulted in cell firing within lateral IPC islands.
In turn, lateral IPC stimulation was found to elicit monosynaptic
IPSCs in BLA projection neurons. Furthermore, since the amyg-
dala is kept under a powerful cortical-related inhibitory control
(Lang and Paré, 1998; Quirk et al., 2003; Rosenkranz and Grace,
2001, 2002) experiments were designed to assess the contribu-
tion of the lateral IPC islands to the total cortical inhibition.
The results of such experiments showed that lateral IPC

neurons contribute with 70% of the total cortical inhibition
underlying the importance of the insular IPC system in the
modulation of the output of the amygdala and its consequent
participation in the brain integration of fear/anxiety. Further-
more, these results also suggest that lateral IPC neurons may
play an important role in the maintenance of the basal levels
of anxiety and that changes in their inhibitory tone upon BLA
projection neurons will contribute to the intensity and duration
of anxiety responses.

On the other hand, particularly interesting to the role of IPC
islands in fear-conditioning and extinction is the discovery of
Busti et al. (2011a) showing that whereas medial IPC islands
are activated during fear expression the IM is selectively turned
on during extinction training and retrieval. The mechanism un-
derlying these effects is unknown. However, since the activity of
IM neurons can be either enhanced by direct glutamatergic
inputs from the MeA or decreased by inhibition from
ventrally-located medial IPC islands (Busti et al., 2011a; Manko
etal, 2011) their effects on either fear conditioning or extinction
will depend on the balance between both types of inputs which
in turn will be dependent on the nature of their respective
afferents.

Less is even known about the role of the anterior IPC group
of islands in the amygdaloid integration of fear and anxiety.
However based on the dendritic and axonal patterns of their
neurons as well as in their connectivity it can be surmised
that they may influence the activity of extra-amygdaloid
regions including widespread cortical regions through projec-
tions to the basal forebrain (Paré and Smith, 1994).

8. Neurotransmitter interactions with
IPC islands

IPC islands differ in their chemical neuroanatomy (Table 2) but
are homogeneously rich in dopamine D1 and p-opioid-1 recep-
tors. Thus, although in principle several neurotransmitter sys-
tems may influence their activity only the effects of the
dopaminergic system and particularly those mediated by D1
receptors have been studied (see Pérez de la Mora et al., 2010
for a review).

8.1. Electrophysiological studies

Work from Marowsky et al. (2005) has shown that unlike local
BLA interneurons which are stimulated by dopamine (see
Kroner et al., 2005; Rosenkranz and Grace, 2002) IPC cells are
inhibited by this neurotransmitter. It was disclosed by these
authors that such inhibitory effects take place via a G-protein-
mediated activation of inwardly rectifying K* channels (GIRK
channels) which leads to a hyperpolarization of the IPC neurons
associated with a decrease in its input resistance and an inhibi-
tion of its firing. Since dopamine is released within the amygdala
under stressful conditions (Abercrombie et al., 1989; Inglis and
Moghaddam, 1999) and following fear conditioning (Ribeiro
de Oliveira et al., 2011; Yokoyama et al., 2005) these results
arerelevant since as pointed out by Pape (2005) an increase in
D1 receptor activity will shift the synaptic balance from inhi-
bition to excitation within the amygdala. In this way, dopa-
mine by allowing activity at the level of BLA and CeA, which
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represent the main input and output stations of the amygdala,
will enable IPC islands to participate in the modulation of fear
and anxiety.

8.2. Behavioral studies

A common approach to study the role of any particular brain
region in behavior involves the microinfusion of drugs with
selected properties within its anatomical limits and look at
their behavioral outcome. The anatomical specificity of treat-
ment is however strongly influenced by the diffusion rate of
the drug from its site of injection and its relative distribution
between its target and adjacent regions having similar types
of receptors. Although the small size of IPC islands precludes
its injection within the limits of any particular island, the
anatomical specificity of the treatment takes advantage of
the overwhelming D1 receptor richness of these islands in
relation to adjacent amygdaloid regions. As a consequence
of this, behavioral experiments aimed to study the participa-
tion of the dopaminergic system on the role of IPC islands in
anxiety have relied on the diffusion of drugs to IPC islands
from adjacent injection sites. Thus, since IPC islands surround
BLA and in the case of medial IPC islands these cell clusters
are also in vicinity to CeA dopamine drugs infused into BLA
or CeA may reach by diffusion the medial IPC insular group
or even the IM and exert their behavioral effects by binding
to their dopamine D1 receptors. By the same reason, any D1
receptor agonist or antagonist infused into BLA may have
effects on lateral IPC islands.

In support of the DIl-receptor-mediated disinhibitory
effects of dopamine on BLA and CeA activities and the ensuing
increase in the anxiogenic output of the amygdala suggested
in the experiments of Marowsky et al. (2005) the intra-
amygdaloid D1 receptor activation or its blockade resulted in
either anxiogenic or anxiolytic effects in conditioned tests
of anxiety. Thus, the intra-amygdaloid administration of
SCH23390 a selective D1 receptor antagonist (Hyttel, 1983)
blocked the acquisition and expression of the fear-potentiated
startle (Greba and Kokkinidis, 2000; Lamont and Kokkinidis,
1998). In agreement with these results Guarraci et al. (1999a,
1999b) reported that intra-amygdaloid administration of the
same antagonist attenuated conditioned freezing during the
retention testing. Finally, SCH23390 decreased second-order
conditioning following its intra-amygdaloid infusion (Nader
and LeDoux, 1999). In contrast, but consistent with the effects
of the antagonists, the intra-amygdaloid administration of se-
lective D1-receptor agonists (SKF82958 and 38393) facilitated
freezing responses in the Conditioned Freezing test (Guarraci
etal., 19993, 1999b). Since these results suggest that D1 receptor
activity has an anxiogenic role, and as discussed above, activity
in IPC neurons is required for both fear conditioning and extinc-
tion it is rather intriguing why D1 receptor blockade by
SCH23390 infused in the proximity of medial IPC islands was
found to impair fear extinction (Hikind and Maroun, 2008).

Itis worth mentioning, thatin all the experiments discussed
above cannulae were not aimed to any IPC insular group but
instead either to BLA (Greba and Kokkinidis, 2000; Lamont and
Kokkinidis, 1998) or CeA (Guarraci et al., 1999a,1999b). However,
since D1 receptor density is by far higher in the IPC islands in
comparison to CeA and BLA (Fig. 1) (Fuxe et al.,, 2003; Scibilia

et al., 1992) we assume that the effects of these compounds on
anxiety were mainly mediated by the blockade of D1 receptors
located on IPC neurons.

The role of IPC islands on the modulation of unconditioned
fear/anxiety has also been studied following the same experi-
mental approach but using the White and Black Box test and
the Elevated Plus-Maze for the evaluation of behavior. The
results obtained so far support the role of IPC neurons in the
modulation of unconditioned fear/anxiety. However, unlike
the uniformity of effects observed in the conditioned models
the effects of dopamine drugs on unconditioned fear/anxiety
seem to differ between models and even within the same
paradigm.

In agreement with the anxiogenic role of dopamine D1
receptor activity in conditioned fear, our studies (Pérez de la
Mora et al., 2005) indicate that the administration of SCH23390
through cannulae aimed to the rostrolateral part of the IM,
which contains a high density of dopamine D1 receptors, and
to the medial IPC cell group elicited anxiolytic effects in the
White and Black Box test. Thus, SCH23390 treatment reduced
the natural fear of rats for the illuminated compartment of the
White and Black Box and increased the latency to enter into
its “safe” dark compartment (Fig. 4). Subsequent studies using
the Elevated Plus-Maze showed that the intra-amygdaloid infu-
sion of similar doses of SCH23390 through cannulae aimed
mostly to BLA, but that may have allowed diffusion of the dopa-
mine receptor antagonist into medial IPC clusters and elicited
anxiolytic (Bananej et al., 2011), anxiogenic (Zarrindast et al,,
2011) or no effects (Rezayoff et al., 2009). The reason for these
discrepancies is at the present unknown but differences in the
neural pathways activated by the anxiogenic stimuli evoked
by each test within the amygdala and in the contribution of
dopamine D1 receptors to their modulation in different amyg-
daloid nuclei (for a discussion on that see Pérez de la Mora et
al,, 2010, 2012) may be involved in the differential effects
observed between paradigms. Differences within the same
test are more difficult to explain. However, since as discussed
above there exists a considerable heterogeneity among the
medial IPC islands (Busti et al., 2011a; Geracitano et al., 2007)
and medial IPC neurons seem to process stimuli in a spatial-
temporal differentiated way (see Royer et al., 2000a) it may
be possible that slight differences in the location of the cannu-
lae from one experiment to another may have influenced differ-
ent IPC clusters (dorsal vs ventral) and hence given different
results.

o. Concluding remarks

The evidence reviewed here allows us to conclude that the IPC
insular system is a distributed collection of small GABAergic
neurons that in spite of its cumulative small size have a signif-
icantrole on brain function, and particularly, on the amygdaloid
modulation of fear/anxiety. IPC neurons are endowed with a
unique set of properties which make them especially well suited
to fulfill its role as members of an integrative neural system.
Such properties, aside of their basic active and passive electro-
physiological features include the presence of both a slowly
deactivating voltage-dependent K" conductance which lets
them to fire tonically upon suprathreshold stimulation, and a
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Fig. 4 - Effects of the bilateral intra-amygdaloid administration
of SCH23390 on the behavior of rats in the White and Dark Box
test. Blockade of dopamine D1 receptors with SCH23390
infused into a region populated by neurons belonging to the
main intercalated island and the medial intercalated
paracapsular islands (a) resulted in anxiolytic effects as both
the latency (b) to enter into the dark compartment of the box
and the time spent in its illuminated compartment (c) were
increased. Results are expressed (in seconds) as medians with
the respective interquartile range (boxes). The whiskers
indicate the highest and lowest values within the sample.
*P<0.05; ** P<0.01 against the control. Kruskal-Wallis test
followed by Dunn’s test comparing SCH23390-treated groups
against the control. Control: n=12; SCH23390; 30 ng/side,
n=16; SCH23390; 120 ng/side, n=10.

Reproduced from Pérez de la Mora et al. (2005) with permission
from Elsevier.

special kind of short-term plasticity that allows the mainte-
nance of total synaptic weight and reliable firing patterns within
the IPC islands network. In addition, IPC neurons display a
particular type of GIRK channel which allows them to be
differentially modulated by certain neurotransmitters, i.e.
dopamine, in relation to other types of interneurons within

the amygdala. On the other hand, whereas the specific lesion
of IPC islands was found to disrupt fear extinction the neuro-
peptide S-induced glutamate stimulation of these islands
results in anxiogenic activity and facilitates the extinction of
conditioned fear responses.

It can also be concluded that in spite of the apparent
homogeneity of the IPC network there is a considerable
heterogeneity among the different IPC groups of islands and
even between neurons from the same cluster in terms of axo-
nal and dendritic patterns, connectivity, plasticity and chem-
ical neuroanatomy in such a way that different facets of the
same phenomenon such as fear conditioning and extinction
engage distinct IPC cell groups. In addition, given that intra-
and extra-amygdaloid inputs have been found to reach differ-
ent IPC islands, the existence of either reciprocal, or polarized
inhibitory interactions between islands of the same or differ-
ent IPC groups is particularly interesting since it provides the
insular system with special computational capabilities.

Thus, the above properties combined with the strategical
anatomical relationship of IPC islands with the main input
(BLA) and output (CeA) stations of the amygdala make this
system ideally suited to participate in the amygdaloid
modulation of fear and anxiety.

It remains for the future by combining traditional tracing
and conventional electrophysiological recording methods
with the newly developed optogenetic and calcium imaging
techniques to unveil the precise connectivity between IPC
neurons. Particularly important in this regard will be to
know whether the information flow between the IPC islands
from a particular cell group (i.e. medial or lateral IPC islands)
or between different IPC islands groups is in fact polarized or
not. It will be interesting to know what is the relationship
that a particular IPC insular system bears with the different
inputs to the IPC insular system. It will be also important by
combining this methodology with behavioral methods to
further study whether separate IPC subsystems are involved
in fear conditioning vs extinction, and whether the IPC insular
system is involved in unconditioned fear/anxiety.

It will be equally important as a prelude to the design of
novel pharmacological treatments to study by means of condi-
tional and region specific knock-out/knock-in mice the role of
locally important neurotransmitter receptors on different
aspects of the anxiogenic behavior. Also it is important to
gather information on the possible existence of separate IPC
systems possessing a distinct chemical and wiring neuroanato-
my, as well as to study the nature of the local neurotransmitter
receptor-receptor interactions in the IPC islands and their
associated plasticity.
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