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1.Resumen

La arginina-vasopresina (AVP) se sintetiza en el hipotdlamo y es principalmente secretada
por la neurohipdfisis hacia el torrente circulatorio. Sus funciones periféricas principales son
la regulacion de la homeostasis hidroelectrolitica corporal y la presion arterial. La AVP
pertenece al grupo de sefializadores Ilamados neuromoduladores peptidicos que, segun
nuestro entendimiento actual, coordinan las actividades neurales para optimizar el
procesamiento de informacion a través de modular funciones de diferentes areas cerebrales,
tales como comportamiento social, la cognicion y laemocionalidad. Por otro lado, los ultimos
afios han participado de un auge en las investigaciones que ligan eventos estresantes durante
la vida temprana con alteraciones en el neurodesarrollo normal. Muchos modelos de estrés
perinatal han evaluado la participacidn del clasico eje de respuesta al estrés (hipotalamo-
pituitaria-adrenal). Sin embargo, las evidencias recientes sugieren que el sistema
vasopresinérgico podria tener un papel preponderante en la respuesta al estrés durante el
periodo perinatal. Cabe sefialar que durante el desarrollo temprano, el sistema
vasopresinérgico tiene un papel importante en la morfogénesis de sus 6rganos diana. Durante
la transicion de la vida fetal a extrauterina, éste ayuda a mantener el equilibrio
hidroelectrolitico y un adecuado flujo sanguineo a érganos vitales. Al nacimiento el sistema
vasopresinérgico aun es inmaduro y continuara desarrollandose hasta la pubertad.

Dada la asociacion anatomofuncional y neuroquimica entre el sistema
vasopresinérgico hipotalamico y el enfrentamiento al estrés, tanto en la edad temprana como
en la edad adulta, la presente tesis pretende profundizar en el conocimiento de la
neuroanatomia funcional del sistema vasopresinérgico neurosecretor y sus cambios
dinamicos, cuando el organismo se somete a situaciones adversas durante el desarrollo y en
la adultez. El objetivo es aportar informacion sobre la influencia del estrés en la edad
temprana al sistema vasopresinérgico y una descripcién detallada enfocada sobre la
conectomica de este sistema y su consecuencia en el comportamiento. Para ello, empleamos
técnicas electrofisiologicas (registros in vivo e in vitro), marcajes Yyuxtacelulares,
reconstrucciones anatomicas, métodos inmunohistoquimicos y anatomicos, en combinacion
con modelos de estrés perinatal, hipertiroidismo prenatal y separacién materna neonatal, y
pruebas conductuales para evaluar la emocionalidad y cognicion.

Los resultados de esta tesis consisten en una serie de trabajos cientificos publicados
0 en via de ser publicados. Todos los trabajados fueron realizados por nuestro grupo de
investigacion con una importante participacion mia durante el periodo que comprende de mis
estudios doctorales.

Dentro de estos resultados, se resaltan los siguientes: 1) los sujetos sometidos a estrés
perinatal exhiben un alto nivel de ansiedad sdlo cuando los sujetos experimentales se
encuentran con el sistema vasopresinergico regulado a la alta ("ansiedad condicionada"); 2)
la separacion materna neonatal potencia el sistema vasopresinérgico incrementando el
MRNA de AVP en el hipotdlamo tanto en el periodo neonatal como en la adultez, resultando
un mayor volumen de los nucleos paraventricular y supradptico; la liberacion de ligando
durante un reto osmotico también se ve incrementado significativamente; 3) la hipertonicidad
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y la administracién de antagonista especifico del receptor V1b (SSR149415) modifica
diferencialmente el desempefio de los sujetos estresados y control, en el laberinto acuatico
de Morris; 4) las fibras vasopresinérgicas provenientes de los nucleos magnocelulares del
hipotdlamo inervan extensivamente la subregion CA2 del hipocampo tanto ventral como
dorsal estableciendo sinapsis con neuronas piramidales e interneuronas. Por Gltimo, el uso
de la técnica de registro extracelular y marcaje yuxtacelular con neurobiotina, en
combinacion con analisis anatdémico e inmunohistoquimico post hoc, nos han permitido
visualizar una gran porcién axonica de las neuronas vasopresinérgicas neurosecretoras
magnocelulares (MNN's, por sus siglas en inglés para homogeneizar la terminologia con las
publicaciones) que antes no se habian podido visualizar. La caracteristica de poseer
colaterales axdnicos que proyectan hacia una extensa area intracerebral ya no es un fenémeno
esporadico sino comun, dejando un desafiante tema de investigacion para el futuro cercano
que es el descubrir sus significados fisioldgicos.

La relacion entre estos resultados experimentales y sus implicaciones para nuestro
entendimiento sobre la modulacion de las regiones cerebrales sub-corticales a las funciones
corticales, sobre todo para los trastornos emocionales y sociales se discute al final de esta
tesis, asi como las virtudes y limitaciones de estos experimentos. La tesis concluye con
algunos comentarios sobre trabajos a futuro y sobre la relevancia del estudio de las
neurohormonas (vasopresina y oxitocina) para la salud y el bienestar del ser humano.

Resumen en Ingles:
Abstract

Vasopressin (AVP) is synthesized in the hypothalamus and is mainly secreted by the posterior
pituitary into the bloodstream. Its main peripheral functions are the regulation of body fluid
and electrolyte homeostasis and blood pressure. The AVP is in a group of signaling peptides
called neuromodulators that, according to our current understanding, coordinate activities
to optimize neural information processing and modulate behaviors, such as social behavior,
cognition and emotionality. On the other hand, in recent years there has been a boom in
research linking stressful events during early life with alterations in the normal neural
development. Many models have been developed to assess the impact of perinatal stress on
the classic stress response axis (hypothalamic-pituitary-adrenal). However, recent evidence
suggests that the vasopressinergic system could have a major role in the stress response
during the perinatal period. It is worth mentioning that during early development, the
vasopressinergic system has an important role in morphogenesis of its target organs. During
the transition from fetal to extra uterine life, it helps maintain fluid balance and adequate
blood flow to vital organs. At birth, the vasopressinergic system is still immature and
continues to develop until puberty.

Given the anatomical and neurochemical association between the hypothalamic
vasopressinergic system and stress coping mechanisms, both during early life and adulthood,
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this thesis aims to broaden the knowledge of the functional vasopressinergic neuroanatomy
of the neurosecretory system and its dynamic changes when the body is subjected to adverse
conditions, during development and in adulthood. The goal is to provide information on the
influence of early life stress on the vasopressinergic system and a detailed description
focused on this system's connectomics and its consequences on behavior. To do this, we
applied electrophysiological techniques (in vivo and in vitro recordings), juxtacellular
labeling, anatomical reconstruction, immunohistochemical and anatomical methods,
combined with perinatal stress models, prenatal hyperthyroidism, neonatal maternal
separation and behavioral tests to assess emotionality and cognition.

The results of this thesis consist of a number of scientific papers published or in the
process of being published. All articles were conducted by our research group, in which |
contributed importantly, during the period covered by my doctoral studies.

Within these results, the following results may be highlighted: 1) the experimental
subjects that underwent perinatal stress exhibit a high level of anxiety, only when their
vasopressinergic system was up-regulated (“conditioned anxiety"); 2) neonatal maternal
separation enhanced AVP mRNA expression in the hypothalamus in both the neonatal period
and during adulthood, resulting in a greater volume of the paraventricular and supraoptic
nuclei; the release of ligand after an osmotic challenge also increased significantly; 3)
hypertonicity and management of specific V1b receptor antagonist (SSR149415) modified
the performances of stressed and control subjects in the Morris water maze differentially; 4)
vasopressinergic fibers from the magnocellular nuclei of the hypothalamus extensively
innervate the CA2 subregion of both ventral and dorsal hippocampus establishing synapses
with both interneurons and pyramidal neurons. Finally, extracellular recording techniques
and juxtacellular neurobiotin labelling, combined with post hoc anatomical and
immunohistochemical analysis has allowed us to visualize a greater portion of
vasopressinergic magnocellular neurosecretory neurons (MNN’s) axon collaterals that
previously were not visible had not been able to be seen. Possessing axon collaterals
projecting to extensive intracerebral areas is no longer a sporadic but common phenomenon.
This opens a new challenging research topic, i.e., to discover the functional implications of
these MNNSs intracerebral collaterals.

The relationship between the experimental results and their implications for our
understanding of sub-cortical modulation to cortical functions, especially for emotional and
social disorders is discussed at the end of this thesis, as well as the strengths and limitations
of these experiments. The thesis concludes with some comments on the future works and the
relevance of neurohormones (vasopressin and oxytocin) on health and welfare of human
beings.



M.C. Vito Salvador Rogelio Hernandez Melchor. Tesis doctoral (Ciencias Biomédicas)

2.Introduccion
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2.1 El sistema vasopresinérgico

La arginina-vasopresina (AVP) también llamada hormona antidiurética (ADH), fue
caracterizada desde 1895 por Oliver y Shaefer, quienes demostraron que extractos de
hipofisis alteraban la presion arterial (Oliver and Schafer, 1895). En 1925 a través de los
trabajos pioneros de Starling y Verney se describi6 el principal efecto de la vasopresina, su
efecto antidiurético, (Starling and Verney, 1925). Para 1951, el grupo de du Vigneaud logro
su purificacion (Selye, 1936) y la caracteriz6 como un nona-péptido (Cys-Tyr-Phe-GIn-Asn-
Cys-Pro-Arg-GlyNH2) que consiste de un anillo de 6 aminoacidos con un puente disulfuro
uniendo la cisteina 1 y 6, y una cola de 3 aminoéacidos (Figura 2-1) (Vigneaud et al., 1953).
Los estudios de Gottschalk y Mylle mostraron que el efecto antidiurético de la vasopresina
se ejercia principalmente aumentando la permeabilidad de los tubulos colectores distales del
rifidn (Gottschalk and Mylle, 1959).

Figura 2-1 Estructura quimica de la arginina
Cys vasopresina véase la arginina presente en la octava
HQNJ)L posicion  (imagen tomada de  Wikipedia:
HzNYNHz N http://en.wikipedia.orq/wiki/Vasopressin).
N Cys/
\H/\N Gln
HZN)K/N\K\ /\ b/ I;H\F
Gly Arg

El sistema vasopresinérgico participa en numerosas funciones e.g. regulacion del
equilibrio hidro-electrolitico (Ludwig et al., 1994, Robertson et al., 1976); regulacion de la
presion arterial (Dunn et al., 1973); coagulacién sanguinea (Haslam and Rosson, 1972);
metabolismo energético (Hems et al., 1975); liberacion de corticotropina (Scott and Dinan,
1998); procesos de memoria (Dietrich and Allen, 1997), emocionalidad (Landgraf et al.,
1995) comportamiento social (Bielsky and Young, 2004) y ritmos circadianos (Castel et al.,
1990). La importancia de éste sistema es enfatizada por su filogenia, se han caracterizado
especies de invertebrados que poseen péptidos pertenecientes a la superfamilia de
vasopresina/oxitocina, sugiriendo su origen hace aproximadamente 700 millones de afios
(Acher et al., 1995).


http://en.wikipedia.org/wiki/Vasopressin
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El gen de la vasopresina al igual que el de la oxitocina, de la cual difiere tan solo en
dos aminoacidos (lle por Phe en la posicidn 3 y Leu por Arg en la posicion 8), esta localizado
en el cromosoma 20 en el humano y en el cromosoma 3 en la rata (Khegay, 1996). La
vasopresina es sintetizada como parte de un pre-pro-péptido que contiene ademas neurofisina
I1, y un glicopéptido asociado a vasopresina (Schmale et al., 1983, Land et al., 1982). Para el
caso del sistema hipotalamo neurohipofiseal, la vasopresina se sintetiza en los somas de
neuronas magnocelulares neurosecretoras (MNNs) de los nucleos paraventricular (PVN) y
supradptico (SON) hipotalamicos (Figura 2-2). Posteriormente, este peptido es transportado
anterégradamente por los axones de las células MNN’s hasta el l6bulo posterior de la
hipofisis o neurohipofisis donde es liberado de las terminales axdnicas ante un aumento de
la osmolaridad plasmatica o por pérdida de volumen sanguineo (Dunn et al., 1973)
contribuyendo al control periférico del equilibrio hidroelectrolitico, del metabolismo
hepatico de glucosa y del sistema cardiovascular (Hatton, 1990). Es de notar que la hormona
es sintetizada inicialmente como un precursor inactivo y es durante el transporte axonal que
se forma la molécula biol6gicamente activa (Zimmerman and Robinson, 1976, Sachs and
Takabatake, 1964), ademas, se desconocen las funciones del glicopéptido asociado a

vasopresina y de la neurofisina Il, que son co-liberados con la vasopresina en la

neurohipdfisis.

Figura 2-2 El ndcleo paraventricular y supradptico del
hipotalamo son los principales sitios de produccién de
vasopresina y forman el inicio del sistema hipotdlamo
neurohipofiseal. Panel superior: Esquema que muestra
la localizacion de los nacleos PVN y SON asi como el
tracto hipotadlamo neurohipofiseal dirigiendose a la
eminencia media - tallo hipofisiario y terminando en la
_ neurohipdfisis. En el esquema estdn representados

SR EELl axones que terminan en la eminencia media, donde
' liberan su contenido hacia la circulacion porta-
hipofisiaria. Paneles inferiores: Fotomicrografias de
reacciones contra AVP en nucleo paraventricular
(izquierda) y supradptico (derecha). Barras de escala:
200 pm.
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La hipdfisis fue descrita desde los tiempos de galeno (AD 129-216), quien proponia que su
principal papel era el de drenar la flema del cerebro hacia la nasofaringe (Kaplan, 2007), la
palabra pituitaria deriva del latin pituita que significa flema. Para 1838, Rathke, describi¢ el
desarrollo de la hipdfisis, como formada a partir de la fusién de una invaginacion de la
cavidad bucal primitiva y una evaginacion de la base del cerebro, la estructura interna de la
hipofisis refleja este origen, la parte anterior que deriva de la bolsa de Rathke estd compuesta
de células secretoras, mientras que la parte posterior de la hipéfisis (neurohipofisis) se

compone de axones que provienen del hipotdlamo (Laycock, 2010) (Figura 2-3).

Nucleo
Faraventricula
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£,

Figura 2-3 El sistema hipotaldmico | 4
neurohipofiseal: Neuronas vasopresinérgicas del 1 s

nGcleo paraventricular y ndGcleo supradptico | i

envian axones a la parte posterior de la hipofisis, P |
donde liberan su contenido a la circulacién para .. 1) !J
ejercer sus efectos antidiuréticos y vasopresores. . 3
Modificado  de WWW.Vetbook.org/wiki/ | ssenonipsrifie
cat/index.php/Diabetes_insipidus. :
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La primera observacion de fibras nerviosas en el 16bulo posterior de la hipofisis fue
hecha por Ecker en 1853 y posteriormente fue confirmada por otros investigadores, entre
ellos Santiago Ramoén y Cajal, que en 1894, describid un nicleo situado detras del quiasma
optico como fuente de estas fibras (Harris and Donovan, 1966). Una caracteristica importante
de estos axones es que son de gran diametro y que presentan varicosidades o
ensanchamientos llamados cuerpos de Herring, en honor a quien en 1908 los describié como
gotas de coloide en el l6bulo neural (Herring, 1908). Ademas de las neuronas
magnocelulares, las neuronas parvocelulares cuyos somas se ubican principalmente en la
parte medial del ndcleo paraventricular, envian terminales axonicas a la eminencia media,
donde la vasopresina liberada entra al sistema porta hipofisario y es transportada a la hipofisis
anterior (adenohipdfisis), donde puede modular la actividad de los corticotropos (Figura 2-
2).
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Ademas de las proyecciones de las neuronas vasopresinérgicas hipotalamicas hacia
la hipdfisis, proyecciones axonales vasopresinérgicas con origen en el nicleo paraventricular
y supraoptico se dirigen al cerebro posterior y a la médula espinal, donde probablemente
controlan funciones autonomicas tales como tension arterial y frecuencia cardiaca
(Sawchenko and Swanson, 1982). El nucleo supraquiasmatico, que también tiene una
poblacion de pequefias células vasopresinérgicas, envia axones hacia areas alrededor del
tercer ventriculo, probablemente regulando funciones circadianas (Hoorneman and Buijs,
1982). El nicleo del lecho de la estria terminalis (BNST) y la amigdala medial también
contienen células que sintetizan vasopresina y se ha mostrado que proyectan a estructuras del
cerebro anterior, tales como el septum lateral y nacleo de la habénula lateral y a estructuras
del cerebro medio tales como nucleo rafe dorsal y locus coeruleus (De Vries and Buijs, 1983,
Caffe etal., 1987, Caffe and van Leeuwen, 1983). Es de notar que aunque se han identificado
con relativa claridad las regiones intracerebrales que expresan receptores de vasopresina o

fibras que contienen vasopresina, ha sido muy discutido el origen de éstas.

Las neuronas vasopresinérgicas se originan en el neuroepitelio del tercer ventriculo
entre el dia embrionario 13 (E13) y E15 y migran al ndcleo supradptico y paraventricular
(E17-19); durante la migracion y una vez establecidas en estos nucleos, las neuronas
empiezan a producir vasopresina ante estimulos osmoticos. A finales de la etapa fetal y los
primeros dias de vida extrauterina, el niUmero de neuronas que expresan vasopresina y la

concentracion de vasopresina contindia aumentando hasta la pubertad (Figura 2-4).

| | g S
Figura ~ 2-4 El contenido cerebral de 3
vasopresina  aumenta  considerablemente & /
después del nacimiento. Modificado de = /”“”
Ugrumov, 2002 (Ugrumov 2002) S
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1516 1718192021 O 7 14 21
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Durante el desarrollo temprano, la vasopresina contribuye a la regulaciéon de la
proliferacion y la morfogénesis de las células y 6rganos diana (cerebro, hipofisis, rifiones e
higado), alrededor del nacimiento contribuye al establecimiento de un nuevo equilibrio en
los fluidos corporales y la adaptacion del feto en el periodo de parto. Después del nacimiento,
la vasopresina, induce una redistribucion del flujo sanguineo a través del sistema
cardiovascular con el fin de aumentar el volumen de sangre en los drganos vitales y en los
responsables de la reaccion al estrés (el cerebro, la glandula pituitaria, el corazén, las
glandulas suprarrenales), mientras que reduce el flujo sanguineo en otros 6rganos periféricos.
Después del nacimiento el papel fisiologico de la vasopresina se extiende a la regulacion del
sistema cardiovascular, la reabsorcion del agua en los rifiones y la glucogendlisis en el higado
(Ugrumov, 2002). Las fibras extra-hipotalamicas vasopresinérgicas aparecen por vez primera
el dia fetal 17 (Buijs et al., 1980). Una via ventral directa hacia el bulbo olfatorio comienza
a desarrollarse el dia 18 del feto, fibras AVP-positivas son también demostrables en otras
areas extra-hipotalamicas, por ejemplo en laamigdala y en el cuerpo calloso, y con frecuencia
se ven procesos penetrando en la capa de células ependimarias del tercer ventriculo. Para el
dia postnatal 2 se pueden observar fibras en el hipocampo ventral y en la parte ventral del
tallo cerebral, para el dia postnatal 10 fibras provenientes del nicleo supraquiasmatico

alcanzan el nacleo habenular y el septum lateral (Ugrumov, 2002).

Los efectos de la vasopresina dependen de la union con sus receptores, de los cuales
se han caracterizado tres tipos. Periféricamente, el receptor V1a se distribuye principalmente
en los vasos sanguineos, corazén, higado, rifiones y plaquetas, el receptor V1b se expresa
principalmente en los corticotropos de la hipofisis anterior (Laycock, 2010), ambos
receptores estan acoplados a proteinas Gg/11 que se asocian a la activacion de la cascada de
inositol trifosfato (IP3) y la movilizacién de calcio intracelular. El receptor V2 se ubica
principalmente en las células principales de los tubulos renales distales y se halla acoplado a
la activacion de la fosfolipasa C (PLC) y a la produccién de AMP ciclico (CAMP) (Barberis
et al., 1998). A nivel del sistema nervioso central, la vasopresina ejerce sus efectos a través
de la activacion de receptores V1a y V1b, los receptores V1a se distribuyen ampliamente en
todo el cerebro (Szot et al., 1994) mientras que la expresion de los receptores V1b se ha

demostrado en el hipotalamo, la amigdala, el cerebelo, los 6rganos circunventriculares, el
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hipocampo, el cuerpo estriado, la corteza, el tdlamo, el bulbo olfatorio, y el cerebelo
(Hernando et al., 2001, Young et al., 2006).

La vasopresina puede ser considerada una hormona de estrés i.e. es liberada en
respuesta a situaciones que comprometen la homeostasis del organismo y sus principales
efectos son aumentar la reabsorcion renal de agua y aumentar el tono del masculo liso
vascular para aumentar la tensién arterial, principalmente en respuesta a pérdidas de

volumen sanguineo o a un aumento de osmolaridad plasmatica (Figura 2-5).

50- | @ Disminucion isotonica de volumen
Aumento isovolémico de osmolarida
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Figura 2-5 Efecto del cambio de osmolaridad plasmatica
y de volumen sanguineo sobre la  concentracion
plasmatica de vasopresina. Modificado de Dunn, F.L. et
al. 1973
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Ademas de los efectos clasicos sobre la homeostasis hidroelectrolitica y la funcién
cardiovascular, se han demostrado otros efectos de esta hormona ante situaciones de estrés
fisico o emocional, tales como aumentar la glucemia estimulando la glucdlisis (Hems et al.,
1975) y estimulando la actividad del ciclo de Krebs (Patel, 1986); induce hemostasia
favoreciendo la agregacion plaquetaria (Haslam and Rosson, 1972) y estimulando la
liberacion del factor de von Willebrand (Nussey et al., 1986) y la sintesis de factor VIII
(Mannucci et al., 1977); ademas sinergiza con el factor liberador de corticotropina (CRF)
para la estimulacion de los corticotropos. En condiciones normales el efecto de CRF es
predominante, en respuesta ante la mayoria de los estimulos estresantes, sin embargo, en
algunas situaciones tales como estrés cronico (Chowdrey et al., 1995) o en el periodo
perinatal (Zelena et al., 2008, Ducsay et al., 2009), es el sistema vasopresinérgico quien juega

el papel primordial de control sobre el eje hipotdlamo-pituitaria-adrenal (HPA).

10
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Maés aun, tambien se han descrito acciones sobre el sistema nervioso central. Los
trabajos pioneros que mostraban un efecto de la vasopresina sobre la conducta fueron
realizados por el grupo de De Wied, el cual demostré que la remocién del 1ébulo posterior
de la hipofisis evitaba que las ratas pudieran ser condicionadas en una prueba de evitacion, y
que los extractos de pituitaria o la vasopresina restauraban la conducta de evitacion (De
Wied, 1965, De Wied, 1971). A partir de entonces una plétora de estudios han evaluado los
efectos de la vasopresina en la modulacién de conductas de agresion, sexuales (Hari Dass
and Vyas, 2014), afiliativas (Caldwell et al., 2008), de memoria (Hernandez et al., 2012),
reconocimiento social (Wacker and Ludwig, 2012), ritmos circadianos, emocionalidad y
respuesta al estrés cronico (Albeck et al., 1997) y agudo (Landgraf et al., 1988, Ueta et al.,
2011).

El papel de la vasopresina como promotor de un estado de ansiedad no es
ampliamente aceptado, aunque existen evidencias funcionales para asignar un papel a la
vasopresina en la modulacion de los estados de ansiedad, entre las cuales encontramos que
con la exposicion al estrés hay un aumento en la sintesis y la liberacion de vasopresina en el
hipotdlamo, nucleo central de la amigdala y el septum entre otros (Aguilera and Rabadan-
Diehl, 2000, Albeck et al., 1997, Chen and Herbert, 1995, Ebner et al., 2002, Makino et al.,
2002, Wotjak et al., 1998, Zhang et al., 2008). Mas aun, las ratas Brattleboro, que
genéticamente no expresan vasopresina, tienen niveles bajos de ansiedad (Williams et al.,
1985), farmacoldgicamente, antagonistas no selectivos V1a/\VV1b han mostrado propiedades
ansioliticas (Liebsch et al., 1996), y el nuevo antagonista selectivo del receptor V1b,
SR149415, provocd un aumento selectivo y significativo de respuestas castigadas en la
prueba de ansiedad de Vogel (VCT) indicando un efecto ansiolitico (Griebel et al., 2002).
Por altimo, la aplicacion en septum del oligonucleotido anti sentido del receptor VV1a suprime

el comportamiento ansioso en ratas (Landgraf et al., 1995).

En relacién a los efectos de la vasopresina sobre el aprendizaje y la memoria, los
trabajos iniciales de De Wied mostraban que la inyeccion de vasopresina sistémicamente
mejoraba el desempefio de las ratas en un protocolo de evitacion pasiva (De Wied, 1965),
efecto confirmado con la inyeccién de vasopresina directamente al hipocampo ventral

(Ibragimov et al., 1989), multiples lineas de investigacion indican que la vasopresina y sus

11
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metabolitos pueden modular procesos de memoria y aprendizaje dependientes del
hipocampo. Por ejemplo, Egashira y colaboradores demuestran que ratones KO para el
receptor V1a muestran déficit en una prueba de aprendizaje espacial dependiente de
hipocampo (Egashira et al., 2009), Engelmann demuestra que la inyeccion de vasopresina
por microdialisis en el septum interfiere con la adquisicion de aprendizaje en la prueba de
aprendizaje espacial del laberinto acuético de Morris (MWM) (Engelmann et al., 1992), otros
estudios electrofisioldgicos han mostrado la facilitaciébn de potenciales postsinapticos
excitatorios en el giro dentado (Chen et al., 1993) asi como un aumento prolongado de la
excitabilidad de neuronas en el hipocampo ventral ((Chen et al., 1993, Chepkova et al., 2001,
Urban, 1998). EI sistema septo-hipocampal recibe una importante inervacion
vasopresinérgica (Alescio-Lautier et al., 2000, Buijs, 1978) y se considera que en esta
estructura las acciones de la vasopresina estan mediadas por receptores V1a acoplados a
proteinas Gq Yy a la activacion de PLC, que se expresan ampliamente en CAl1, CA2 , CA3y
giro dentado (Barberis and Tribollet, 1996, Bielsky et al., 2005, Raggenbass, 2001, Szot et
al., 1994).

Los receptores V1b también estan acoplados a la activacion de PLC, pero su
distribucion es mas especifica (Hernando et al., 2001, Lolait et al., 1995a, Stemmelin et al.,

2005).Young realizo un estudio de hibridacion in-situ utilizando ribosondas marcadas, con

alta sensibilidad contra el receptor V1b y encontrd que en ratones, los receptores V1b sélo
se expresan prominentemente en neuronas piramidales de CA2 de hipocampo (Young et al.,
2006), la funcién de dichos receptores V1b ain no ha sido esclarecida. En contraste con la
gran cantidad de estudios sobre los efectos conductuales y electrofisiologicos de la
administracion de vasopresina en el hipocampo, o los detallados estudios sobre la expresion
de subtipos de receptores en hipocampo, poco se conoce sobre el origen de las fibras que
inervan el hipocampo, la distribucion de esta inervacion dentro de las regiones hipocampales

o el tipo de sinapsis que forman.

12



M.C. Vito Salvador Rogelio Hernandez Melchor. Tesis doctoral (Ciencias Biomédicas)

2.2 El sistema de respuesta al estres

La habilidad que tenga un organismo de responder a amenazas internas o externas es critica
para su sobrevivencia. A la serie de respuestas fisioldgicas que se ponen en marcha para
restaurar el equilibrio cuando el organismo es expuesto a estimulos que lo alejan de la
homeostasis se le define como estrés (Selye, 1936). El término estresor se refiere a cualquier
estimulo, real o percibido que induce una respuesta de estres. Generalmente un aumento
significativo en la concentracion de “hormonas de estrés” (i.e. adrenalina, noradrenalina,
glucocorticoides) es un indicador de una respuesta al estrés. Es importante notar que hay
maultiples sistemas que estan encargados de orquestar dicha respuesta al estrés y que éstos
tendran una mayor o menor participacion dependiendo del tipo, severidad y temporalidad del

estresor.

El sistema autobnomo esta encargado de la regulacion de muchas funciones a través
de sus conexiones reciprocas con practicamente todos los 6rganos del cuerpo. La parte central
de este sistema se ubica principalmente a nivel de la médula espinal y tallo cerebral y se
divide en sistema simpatico y parasimpatico, los cuales preparan al cuerpo para un estado de
escape/lucha o de reposo/sintesis respectivamente. Por ejemplo, ante una amenaza la rama
simpatica promovera el incremento en la frecuencia y fuerza de contraccion del corazon,
aumento de flujo sanguineo a musculos esqueléticos, disminucion del peristaltismo intestinal,
y aumento de la glucemia. El sistema nervioso simpatico inerva la porcion medular de las
glandulas suprarrenales, y la activacion de este sistema simpato-adrenal lleva a la liberacion
de catecolaminas (adrenalina y noradrenalina), lo que induce una respuesta adaptativa rapida
ante el estresor (Figura 2-6), al mismo tiempo que se ponen en marcha otros sistemas que

sostendran esta respuesta por mas tiempo si es necesario (Boron and Boulpaep, 2009).

El eje HPA es clave en la respuesta sostenida al estrés. Los componentes clave de éste
sistema se encuentran en el hipotalamo, una region filogenéticamente antigua del cerebro en
la que neuronas localizadas en el nucleo paraventricular del hipotdlamo (PVN) integran
informacion recibida de diferentes partes del cerebro sobre la naturaleza de diversos

estresores y liberan el factor liberador de corticotropina (CRF). El CRF es transportado
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hacia la pituitaria anterior donde activa células que secretan hormona adrenocorticotropa
(ACTH) a la circulacion periférica, la ACTH tiene receptores en células que se hallan en la
corteza de las glandulas adrenales, las cuales son capaces de sintetizar glucocorticoides
(principalmente cortisol en humanos y corticosterona en ratas) (Figura 2-6). Los
glucocorticoides secretados tienen efectos pleiotrépicos, con un curso temporal diferido y
méas duradero. Entre sus efectos destacan la alteracion del metabolismo energético, la
degradacion proteica, efectos cardiovasculares y efectos sobre la conducta (Boron and
Boulpaep, 2009). Se considera clasicamente que ante practicamente cualquier estresor
respondemos con una activacion estereotipica del eje HPA, con liberacion de CRF -> ACTH

—> glucocorticoides.

ESTRES
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Se ha demostrado que en algunos casos el sistema vasopresinérgico neurohipofiseal
también participa en la respuesta al estrés. En condiciones normales la vasopresina,
sintetizada por neuronas vasopresinérgicas MNN's, sinergiza con el CRF para activar a los
corticotropos de la hipofisis (Aguilera and Rabadan-Diehl, 2000, Antoni, 1993). En casos de
pérdida de volumen sanguineo o de aumento de la osmolaridad plasmatica, se recluta
preferentemente al sistema vasopresinérgico (Dunn et al., 1973). Otros casos en que se ha
sugerido que la vasopresina tiene un papel preponderante son en la etapa neonatal (Dent et
al., 2000, Makara et al., 2008), y en casos de estrés cronico (Zelena et al., 2008, Ducsay et
al., 2009, Chowdrey et al., 1995).

La respuesta individual al estrés esta determinada por la configuracion genética del
individuo v la influencia del ambiente a las que ha estado sujeto. Cada vez es mas claro que
el estrés durante el desarrollo temprano es un factor importante en la programacion de
distintos aspectos de la fisiologia del individuo. Durante la vida fetal estresores tales como
carencias nutricionales (Creasy, 1991), ingesta de alcohol (Faden et al., 1997) y tabaquismo
(Tuthill et al., 1999) pueden alterar el desarrollo normal del feto y tener como consecuencia
nacimientos pre término, bajo peso al nacer o abortos. Por otro lado, condiciones adversas
durante la etapa fetal se han asociado a enfermedades durante la vida adulta, por ejemplo, la
privacion de comida durante la gestacion incrementa el riesgo de padecer diabetes, obesidad
y enfermedades cardiovasculares durante la vida adulta (Barker and Osmond, 1986, Ravelli
et al., 1998) y el uso de farmacos (talidomida) se ha asociado a defectos en la formacion de
las extremidades (McCredie and Willert, 1999). Por ultimo, la alteracion del ambiente fetal
puede tener efectos sobre el desarrollo del cerebro y dichos efectos pueden perdurar hasta la

vida adulta, en forma de alteraciones morfo-funcionales.

Experiencias negativas durante la vida temprana como abuso, abandono, o trauma
severo han sido iterativamente asociadas a una mayor propension a sufrir trastornos
emocionales como depresién y ansiedad (Heim et al., 2004, Zhang et al., 2008, Zhang et al.,
2010), esquizofrenia, (Howes et al., 2004, van Os and Selten, 1998) deterioro cognitivo
(Hernandez et al., 2012, LeWinn et al., 2009, Richards and Wadsworth, 2004) y abuso de
substancias adictivas (Faden et al., 1997, Kalinichev et al., 2003). Sin embargo, no todos los

individuos que experimentan situaciones adversas durante las primeras etapas de la vida
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desarrollan psicopatologias. Cada vez es mas claro que la interaccion entre el ambiente y el
genoma determinara en qué punto en el continuum del espectro resiliencia-vulnerabilidad se

ubicard el individuo (Figura 2-7).

prenatal Figura 2-7. La respuesta al estés durante la vida adulta
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Durante todo el desarrollo, pero en mayor grado durante el desarrollo prenatal,
infancia y adolescencia, el sistema nervioso se remodela a través de distintos procesos
especificos de tipos celulares, regiones cerebrales y ventanas temporales (diferenciacion
celular, proliferacion y migracion neuronal, formacion de sinapsis, mielinizacién, apoptosis)
(Rice and Barone, 2000). Es durante estos procesos que la experiencia puede modelar el
neurodesarrollo, a este fenomeno se le llama neuro-plasticidad. Los pronunciados efectos
organizacionales del estrés perinatal pueden deberse a la aumentada plasticidad durante estas
etapas. La teoria del origen de la enfermedad y salud en el desarrollo, propuesta por Barker
en 1986 plantea que la adaptacion temprana del organismo a las condiciones ambientales
prevalentes modela la estructura y funcién de los 6rganos (Barker and Osmond, 1986). Es de
esperarse que los circuitos neuronales inmaduros que procesan la respuesta ante un estresor
funcionen de forma diferente durante estas etapas tempranas, los estresores coincidentes con
el desarrollo ontogénico de dichos circuitos tendran mayor posibilidad de alterar su desarrollo
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normal (Fumagalli et al., 2007). La identificacion de los sustratos neurobioldgicos que son
afectados por los estresores perinatales puede ayudar a esclarecer cdmo es que la experiencia
puede “programar” nuestra personalidad y conducta y contribuir a identificar blancos para

el tratamiento de trastornos psiquiatricos.

Con el fin de poder investigar bajo un ambiente controlado el efecto de distintos tipos
de estresores durante ventanas particulares del desarrollo, se han desarrollado numerosos
modelos animales. En la mayoria de los modelos de estrés prenatal hembras gestantes se
exponen a diversos estresores fisicos, psicologicos u hormonales y se estudian los cambios
estructurales y conductuales a corto y largo plazo. Diversos paradigmas han sido usados
tales como inmovilizacion (Maccari et al., 1995), estrés crénico variable (Koenig et al.,
2005), exposicion a privacion de suefio, choques eléctricos, inmersion en agua fria, entre
otros. (Weinstock, 2001).

En el caso del estrés durante la etapa fetal, se considera que la informacion ambiental
es traducida por la madre al feto a través de mensajes hormonales. Se han realizado estudios
donde se modifica el ambiente hormonal del feto y se observa que ain pequefias variaciones
en las concentraciones hormonales ejercen poderosos efectos sobre el neurodesarrollo, en
particular las hormonas gonadales, los corticosteroides y las hormonas tiroideas han sido
ampliamente estudiadas y han mostrado tener una gran influencia sobre el desarrollo del
sistema nervioso (Collaer and Hines, 1995, Sikich and Todd, 1988, Weinstock, 2001,
Abduljabbar and Afifi, 2012, Burrow, 1993, Zhang et al., 2008)

En relacion a los estresores post-natales, en roedores durante las dos primeras
semanas de vida extrauterina, las concentraciones basales de glucocorticoides son bajas y
estimulos nociceptivos o la administracion de ACTH inducen s6lo una tenue respuesta del
eje HPA, a este periodo se le ha llamado periodo hipo-responsivo al estrés (Sapolsky and
Meaney, 1986, Levine, 1994, Lupien et al., 2009, Schapiro et al., 1962). Algunos de los
estimulos que han sido exitosos en activar la respuesta al estrés durante este periodo y

propiciar cambios perdurables se mencionan a continuacion.

Manipulacion temprana: es uno de los primeros paradigmas descritos que manipulan

la interaccion entre la madre y las crias (Levine, 1957). Este modelo consiste en separar y
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manipular a las crias durante periodos de aproximadamente 15 minutos diarios durante las
primeras dos semanas de vida. Esta breve manipulacion induce una respuesta neuroendocrina
en las crias y una mayor atencion por parte de las madres al ser reincorporadas a su camada.
Generalmente se observa que al llegar a la edad adulta, estas ratas muestran menos conductas
tipo ansiedad (Durand 1998).

Separacion materna repetida: este protocolo consiste en separar a las crias de sus
madres por periodos que oscilan entre una y ocho horas al dia y entre una y tres semanas.
Dentro de este paradigma hay variaciones en relacion al tiempo de separacion, el periodo
durante el cual son separadas las crias, si las crias se separan individualmente o la camada
entera, la temperatura y la humedad durante la separacion (Heinrichs and Koob, 2006). Las
consecuencias en conductas emocionales y cognitivas durante la vida adulta son aun materia
de debate.

Separacion materna por 24 horas: este paradigma consiste en un tnico episodio de 24
horas de separacion de la madre. Este modelo ha sido usado ampliamente en el estudio de la
funcion neuroendocrina durante el desarrollo temprano (Dent et al., 2000, Dent et al., 2001,
Ladd et al., 1996, Liebl et al., 2009, Sutanto et al., 1996), aunque ha sido poco usado para

estudiar los efectos a largo plazo sobre las conductas emocionales y cognitivas.

Variaciones naturales en el cuidado materno: este modelo se basa en la seleccion de
madres que expresan pocas conductas maternas y madres que expresan conductas maternas
exesivas, en general se ha visto que las crias de madres con pocas conductas maternas
expresan un fenotipo méas ansioso que las que fueron criadas por madres protectoras (Caldji
etal., 1998, Landgraf and Wigger, 2002, Liu et al., 1997).

Empobrecimiento del material para nido: este modelo ha sido recientemente
establecido por el grupo de Baram (Brunson et al., 2005, Ivy et al., 2008, Rice et al., 2008).
Las madres son provistas de poco material para hacer su nido, lo que ocasiona cambios en
las conductas maternas y un cuidado maternal fragmentado. Este modelo propicia un fenotipo
de ansiedad y déficits cognitivos.
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Glucocorticoides postnatales: este modelo se basa en la aplicacion postnatal de dosis
grandes de glucocorticoides y se ha observado que modela muchos de los efectos que se
observan a largo plazo en nifios prematuros tratados con glucocorticoides, tales como:
déficits cognitivos, motores y alteraciones neuroendocrinas (Felszeghy et al., 1993, Feng et
al., 2015).La aplicacion exdgena de glucocorticoides durante la etapa neonatal induce

aumento en conductas de ansiedad y depresion en ratas adultas.

Siendo el hipotdlamo una region particularmente vulnerable a diversos estresores
perinatales (Zhang et al., 2008, Aisa et al., 2007, Anisman et al., 1998, Tsuda et al., 2011,
Oreland et al., 2010, Veenema and Neumann, 2009, Murgatroyd et al., 2009, Korosi and
Baram, 2009), numerosos estudios han evaluado el sistema HPA (CRF>ACTH->CORT),
sin embargo son pocos los estudios que han evaluado las consecuencias de estresores
perinatales sobre el desarrollo del sistema vasopresinérgico (Desbonnet et al., 2008,
Murgatroyd et al., 2009, Oreland et al., 2010, Tsuda et al., 2011, Veenema and Neumann,
2009, Aisa et al., 2007, Zhang et al., 2012, Zhang et al., 2010).

Tradicionalmente se considera que en el eje HPA la liberacion de CRF y AVP del
PVN estimula la secrecion de ACTH desde la pituitaria y esto a su vez provoca la liberacion
de glucocorticoides adrenales. Ademas de la gran cantidad de reportes que describen la
secrecion de CRF-ACTH-glucocorticoides y las anormalidades en sus receptores observadas
en roedores sometidos a separacién materna (Fumagalli et al., 2007, Kalinichev et al., 2002,
Korosi and Baram, 2009, Kuhn and Schanberg, 1998), se ha reportado que Ila maduracion
normal del sistema de AVP desde el periodo perinatal hasta la etapa adulta puede verse
afectada por la separacion materna. Sin embargo no existe un acuerdo respecto al efecto que
ésta tiene sobre los niveles de AVP, ya que en el hipotdlamo se han reportado como
incrementados (Murgatroyd et al., 2009, Veenema and Neumann, 2009), reducidos
(Desbonnet et al., 2008) o sin cambios (Oreland et al., 2010). Actualmente no existe
informacion acerca de los posibles mecanismos fisiologicos detras de estas modificaciones

del sistema vasopresinérgico.
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3. Planteamiento del Problema
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Se ha reportado abundante evidencia indicando que estresores durante la vida temprana
pueden ejercer efectos de re-organizacion en el sistema nervioso central de los organismos.
La mayoria de estos trabajos coinciden en afirmar que la reactividad al estrés durante la vida
adulta aumenta a través de modificar el eje de respuesta al estres (eje hipotalamo-pituitaria-
adrenal, HPA). Durante el periodo perinatal, el sistema vasopresinérgico participa
importantemente en las adaptaciones homeostéticas para la transicion desde la vida fetal
hasta la vida extrauterina, por lo que es posible suponer que este sistema también modula el

desarrollo del eje HPA.

Aunqgue existen en la literatura algunos reportes sobre los efectos epigenéticos del
estrés perinatal sobre el sistema vasopresinérgico, no es claro si los estresores perinatales
pueden alterar la organizacion anatomo-funcional del sistema vasopresinérgico
neurohipofiseal (i.e. el sistema que incluyen las neuronas vasopresinérgicas neurosecretoras
magnocelulares, MNN’s). Si lo hacen, seria importante identificar las conexiones funcionales
alteradas, y los efectos de la activacion de dichas conecciones sobre la actividad neural de

regiones innervadas por neuronas MNN’s y sobre las conductas asociadas a dichas regiones.
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4. Hipotesis
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La activacion temprana del sistema vasopresinérgico hipotalamo -
neurohipofiseal por estresores durante el periodo perinatal genera

modificaciones perdurables en su estructura y funcion.

Las neuronas hipotalamicas vasopresinérgicas magnocelulares
neurosecretoras (MNN’s) proyectan a diversas estructuras corticales

involucradas en conductas emocionales y cognitivas.

La modulacion a la alta del sistema vasopresinergico neurohipofiseal de
los individuos que se han sometido a estrés temprano, con el sistema
vasopresinérgico re-organizado, generara cambios en los patrones de
activacion de las regiones inervadas por MNN’s y modificarg el

comportamiento en que dichas regiones participan.
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5. Objetivos
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Objetivo general:

Nuestro objetivo general es evaluar el efecto del estrés perinatal sobre el desarrollo del
sistema vasopresinérgico neurohipofiseal y describir la conectividad funcional de la red
neural vasopresinérgica intracerebral intacta. Concretamente, es obtener el conectoma
vasopresinérgico en ratas control y sometidas a estrés durante el desarrollo temprano.
Pondremos el énfasis en la regulacion del eje hipotadlamo-pituitario-adrenal (HPA) y la

modulacion de la cognicion y emocionalidad.

Objetivo especificos:

. Determinar si la exposicion a estresores perinatales (hipertiroidismo materno
y separacion materna) alteran el desarrollo normal del sistema

vasopresinérgico hipotalamico neurohipofiseal (HNS).

1.1.Determinar por ELISA si el hipertiroidismo prenatal modifica las
concentraciones séricas de AVP en condiciones basales o0 ante un reto
osmotico.

1.2.Determinar por medio de la expresion de Fos (producto del gen de
expresion temprana c-fos) si el hipertiroidismo prenatal modifica el
patron de activacion de neuronas MNNs ante un reto osmotico, o
estimulos ansiogénicos.

1.3.Determinar por inmunohistoquimica si el hipertiroidismo prenatal
modifica la expresién de vasopresina en el sistema hipotalamo
neurohipofiseal.

1.4.Determinar por ELISA si la separacion materna modifica las
concentraciones séricas de AVP en condiciones basales o ante un reto
osmotico.
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1.5.Determinar por medio de la expresion de Fos, si los episodios de
separacion materna pueden activar al sistema vasopresinergico desde
etapas tempranas del desarrollo.

1.6.Determinar por hibridacion in-situ e inmunohistoquimica si la
separacion materna induce modificaciones en la expresion del mMRNA y

el péptido de vasopresina en los nucleos PVN y SON del hipotalamo.

. Determinar los patrones de innervacion intracerebral de neuronas

vasopresinérgicas magnocelulares neurosecretoras (MNN’s).

2.1.Determinar por inmunohistoquimica la densidad y el patron de
innervacion vasopresinérgica en hipocampo.

2.2.ldentificar el fenotipo inmunohistoquimico de los blancos postsinapticos
de los axones AVP+ en hipocampo.

2.3.Determinar por medio de trazadores neurales, si los nicleos PVN y SON
del hipotdlamo participan en la innervacion vasopresinergica del
hipocampo.

2.4.Caracterizar por medio de inmunohistoquimica y trazado auxiliado por
computadora el trayecto que toman los axones de proyeccion central de
neuronas MNNs vasopresinérgicas que se dirigen hacia hipocampo.

2.5.Caracterizar por medio de marcaje yuxtacelular, las vias de proyeccion
intracerebral de axones de neuronas MNN’s vasopresinérgicas y sus

blancos regionales.

. Determinar las consecuencias de la activacion del sistema HNS sobre
conductas emocionales y cognitivas que sean moduladas por areas inervadas

por neuronas MNN’s.
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3.1.Evaluar la conducta de ansiedad condicionada (bajo estrés osmético, en
pueba de Vogel Conflict Test) y no condicionada (condiciones basales,
en prueba de EPM) de animales que fueron sometidos a hipertiroidismo
materno.

3.2.Evaluar el aprendizaje espacial por medio de la prueba de Morris water
maze (MWM) en ratas que fueron sometidas a separacion materna
(sistema AVP modificado) en condiciones de modulacion a la alta (estrés
osmotico agudo) o modulacion a la baja (antagonista de receptor
vasopresinérgico).

3.3.Evaluar el efecto de la activacion del sistema vasopresinergico
(inyeccion de solucién hipertonica), sobre las conductas pasivas o
activas de enfrentamiento a un estrés por predador.

3.4.Determinar si las areas cerebrales que reciben innervacion AVP por
neuronas MNNs, modifican su patron de  activacion
(inmunohistoquimica anti Fos) inducido por el predador, cuando el

animal es sometido a un estrés osmaotico.
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6. Metodos
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6.1 Animales

Se usaron ratas Wistar del bioterio de la Facultad de Medicina de la UNAM, todos los
procedimientos fueron hechos con base en los principios presentados en las Guias para el
Cuidado y Uso de Mamiferos en Investigacion en Neurociencias y Conductual, editada por
el National Research Council (National Research Council, 2003), los animales fueron
alojados en un cuarto con adecuada ventilacién y temperatura controlada entre 20 y 24 °C,
con agua y comida ad libitum, y un ciclo de luz/oscuridad de 12/12 horas, salvo que sea
especificado de otra forma. En caso de cirugias donde los animales se recuperasen, éstos se
mantuvieron con temperatura controlada y se les administr6 un analgésico mientras se
recuperaban de la anestesia, posteriormente se dejaron una semana en cajas individuales
durante la recuperacion y posteriormente se regresaron a las condiciones iniciales. En caso
de registros yuxtacelulares, los animales se mantuvieron profundamente anestesiados hasta

su sacrificio.

6.2 Insercion de bombas de liberacion prolongada de

hormonas tiroideas

Ratas hembras en el dia postnatal 90 (P90) fueron sometidas a cirugia para la insercion de
una bomba osmética Alzet (modelo 2ML4, tasa de bombeo de 2.5 pl/h, durante 28 dias,
DURECT Corporation), las bombas se implantaron de forma subcutanea en la regién inter-
escapular, bajo anestesia general (pentobarbital, 50 mg/kg i.p. Barbithal, Holland de México,
SA de C. V). Las bombas Alzet fueron llenadas con solucion salina o con una solucion de L-
tiroxina (T4, Sigma-Aldrich Inc. T2501, St. Louis, MO, EE.UU), calculada para liberar 15
pg/dia por kg de peso. Con esta dosis la concentracion plasmatica de T4 libre en la rata fue
de aproximadamente 2.26 + 0.14 ng/dl (n=4), mientras que las ratas controles tenian
aproximadamente 1.34 £0.11 ng/dl (n=4), estos niveles se consideran un hipertiroidismo leve
(Evans et al., 2002, Varas et al., 2001). Las mediciones de las concentraciones plasmaticas

de vasopresina fueron hechas con un inmunoensayo de quimioluminiscencia (CMIA,
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ARCHITECT®, Abbott Laboratories, Abbott Park, IL, USA) a partir de muestras tomadas
de ratas en el dia 10 de gestacion, las ratas fueron anestesiadas profundamente y se
sacrificaron antes de que despertaran.

6.3 Apareamiento y seleccién de grupos control y HM

Después de dos dias de recuperacion de la cirugia, las ratas hembras se aparearon con machos
normales durante tres dias consecutivos. Las hembras fueron alojadas individualmente
durante el periodo gestacional. Las crias nacieron entre 19 y 21 dias después de los 3 dias de
apareamiento y los tamafios de las camadas fueron de 11.8 £0.82 (media + SEM) ratas
sometidas a hipertiroidismo materno (HM) contra 11.6 = 0.66 para los controles. Las madres
fueron alojadas con su camada durante el periodo de lactancia evitando manipularlas salvo
para el cambio de cama y la administracion de alimento y agua. Las bombas osm@ticas fueron
extirpadas de las ratas 1 dia después del parto (P1), bajo anestesia local (0.2 ml de lidocaina
al 1%). Después de la extraccion la piel se suturd y fueron devueltas a sus jaulas. Las suturas
se retiraron después de 4 dias. Todos estos procedimientos duraron como maximo 20 min.
No observamos anomalia alguna respecto a la atencién materna entre las ratas con HM y las
ratas controles. En P30, se separaron las ratas en cajas de 4 animales cada una, evitando poner
mas de un individuo de la misma camada en cada caja, los experimentos se realizaron con
ratas provenientes de distintas camadas. La actividad locomotora, el peso corporal, la
glucemiay el nivel de T4 en suero fueron evaluados en el dia P90 y no se hallaron diferencias
significativas entre HM y controles. Los experimentos conductuales se llevaron a cabo entre
P90 y P100.

6.4 Inmunohistoquimica para Fos y AVP en ratas sometidas

a hipertiroidismo materno

Los sujetos de experimentacion para este experimento fueron perfundidos 90 min después de
6 horas de privacion de agua (WD6h) y posterior a la prueba de conflicto de Vogel (PVCT).
Se realizé un doble marcaje inmunofluorescente, se eligieron dos rebanadas alternas entre

Bregma -1.6 y -1.8 mm de acuerdo al atlas de Paxinos (Paxinos and Watson, 2007) de cada
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rata, que contuvieran la region magnocelular principal del nucleo paraventricular (PVNIm),
la zona dorsal del PVN (PVNmpd, principal region de expresion del mRNA para CRF (Viau
and Sawchenko, 2002)) y al nucleo supradptico (SON); este criterio se aplico para hacer
comparaciones validas entre los datos obtenidos. Las rebanadas se bloguearon en suero
normal de caballo (NHS) al 20%, en buffer de Tris (TB, 0.05 M, pH 7.4), més solucidn salina
(0.9%), méas Triton X -100 al 0.3% (TBST) por una hora, a temperatura ambiente.
Posteriormente se hizo la reaccion inmune con los siguientes anticuerpos: conejo anti-AVP
(cortesia de Buijs RM, 1:1000) y cobayo anti-CRF (T-5007, 1:2000, Peninsula Laboratories,
Torrence, CA, USA); para el marcaje de Fos se uso conejo anti-Fos (SC52, 1:1000, Santa
Cruz Biotechnology, Santa Cruz, CA, USA) y cobayo anti-AVP (T-5048, 1:2000, Peninsula
Laboratories). Las rebanadas se incubaron toda la noche a 4 °C con agitacion suave; se
lavaron adecuadamente y posteriormente se incubaron con Alexa Fluor 488 burro anti-conejo
IgG (1:1000, Molecular Probes Inc., Eugene, OR, USA) y Cy3 conjugado burro anti-cobayo
(1:1000, Jackson ImmunoResearch Laboratories Inc., Baltimore, PA, USA) como
anticuerpos secundarios, toda la noche a 4 °C. Al terminar la reaccion inmune las rebanadas
se enjuagaron y se montaron con Vectashield (Vector Laboratories Inc., Burlingame, CA,

USA) y se analizaron por microscopia de epifluorescencia.

Para la cuantificacion de neuronas Fos/AVP doble marcadas y para la cuantificacion
de Fos total, se conto el numero de neuronas AVP+y Fos+/AVP+ en el PVNIm y en el SON,
por rebanada, se calculé el porcentaje de neuronas doble marcadas en relacion al nimero
total de neuronas AVP+, para la cuantificacion de la activacion total de Fos se contaron todos
los nacleos Fos+ dentro de la regién magnocelular inmunoreactiva (PVNIm y SON AVP+).
Para PVNmpd, se hizo el conteo con la ayuda de un tubo de dibujo: se colocd un cuadrado
dibujado de 0.04 mm? en el campo visual del tubo, coincidiendo con la zona PVNmpd de tal

manera que los ndcleos Fos+ pudieran ser vistos y contados claramente.

La meta de la segunda serie de experimentos fue la de evaluar el contenido de AVP
en el sistema hipotalamo-neurohipofiseal (HNS) antes de la aplicacion del estresor. Se hizo
una IHC contra AVP a 4 ratas en condiciones basales, utilizando los anticuerpos cobayo anti-
AVP (T-5048, 1:2000, Peninsula Laboratories) y Alexa Fluor 488 burro anti-cobayo (1:1000,

Molecular Probes). Se midié la densidad Optica asociada al tracto hipotalamo-

31



M.C. Vito Salvador Rogelio Hernandez Melchor. Tesis doctoral (Ciencias Biomédicas)

neurohipofiseal (HNT) en el area hipotaldmica anterior (AHA-zona dorsal y ventral) de cada
grupo, pareando rebanadas coronales antero-posteriormente (n=10) del hipotalamo anterior
(Bregma -1.08 a -1.86 mm). Los campos (zona dorsal y ventral, correspondientes al HNT)
con un area de 0.22 mm? se eligieron con el objetivo 40X y se fotografiaron, usando una
camara digital. Las fotografias digitales se analizaron utilizando Fovea Pro 4.0 (Reindeer
Graphics, Asheville, NC, USA). Se cuantificaron los cuerpos de Herring (varicosidades
axonales en el HNT); se ha sugerido que los cuerpos de Herring funcionan como
amortiguadores para la produccion masiva de AVP, formada por la sintesis intermitente de
este péptido (Yukitake et al., 1977).

6.5 Medicion de concentraciones plasmaticas de vasopresina
(para animales sometidos a hipertiroidismo materno vy

separacion materna)

Para determinar los niveles plasmaticos de vasopresina (AVP) durante la privacion de agua
(WD) y posterior a la prueba de VCT se obtuvieron muestras de sangre de la cola de las ratas
en 6 puntos temporales diferentes: basal, antes de comenzar laWD, alas 6h de WD (WD6h),
a las 12 h de WD (WH12h), a las 24 h de WD (WD24h), a las 48 de WD (WD48h) e
inmediatamente después de la prueba de VCT (PVCT), para esto se inmovilizé a las ratas
usando un tubo de restriccion. Para minimizar el efecto estresante de este procedimiento las
ratas fueron puestas en el mismo tubo (estandar para ratas (Heinrichs and Koob, 2006))
durante 30 min, los 3 dias anteriores al inicio de la prueba. Se muestrearon 4 ratas por punto
temporal (2 machos de la misma camada proveyeron una muestra de sangre en el mismo
punto temporal, en total, 24 ratas por cada grupo) y cada rata proveyd sé6lo una muestra de
sangre; esto con la intencion de medir la liberacion de AVP en respuesta a la WD como Unico
estresor osmotico, y evitando que el estrés de la pérdida de sangre ocasionara una mayor
liberacion de AVP. Se tuvo especial cuidado en no utilizar ratas de la misma camada en el

mismo punto temporal.

En cada punto temporal se recolectaron 500 pl de sangre en micro-tubos enfriados,

con 0.5 mg de EDTA en las paredes (se agregaron 50 pl de solucion de EDTA 10 mg/ml a
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un tubo, este fue agitado y posteriormente refrigerado). Los tubos con muestras fueron
inmediatamente centrifugados a 16 000 rpm, a 4 °C, por 15 min; el plasma sobrenadante (200
ul por tubo) fue recolectado en otro tubo y almacenado a -70 °C hasta realizar la prueba de
ELISA. Se utilizo el kit de ELISA Arg8-Vasopressin EIA (cat. 900-017, Assay Designs Inc.,
Ann Arbor, MI 48108, EUA), se siguieron las recomendaciones del fabricante y cada
muestra se analizoO por duplicado. Los coeficientes de variacion (CV: desviacion
estandar/promedio) para la variabilidad intra- e inter-ensayo fueron de 11.28% y 9.9%,
respectivamente, este parametro se obtuvo calculando el CV de 3 curvas estandar de los 3

Kits utilizados.
6.6 Protocolo de separacion materna (3hSM)

El protocolo de separacion materna por 3 horas diarias (3hSM), se realiz6 de acuerdo a lo
descrito por Veenema (Veenema et al., 2006). Ratas Wistar adultas, hembras y machos
obtenidos del bioterio local, se aparearon durante dos dias. Durante la ultima semana de
gestacion, las hembras se colocaron cada una en una caja estandar de plexiglas y se
mantuvieron en condiciones estandar con ciclos 12h: 12h de luz-oscuridad (luz encendida a
las 18 horas), temperatura de 22 + 2° C, comida y agua ad libitum. En el dia siguiente al
parto, P2, cada camada fue ajustada para tener 7 a 8 crias, siendo machos 5 a 6 de cada una.
Durante el periodo P2 al P15 las crias fueron separadas diariamente de la madre entre las 900
horas y las 1200 horas. Las crias fueron removidas de la cama manualmente, las manos del
manipulador previamente cubiertas por aserrin del nido. Posteriormente se colocaron
individualmente en una caja pequefia llena con material de su propio nido, se colocaron en
una incubadora hiumeda mantenida a 29 + 1 °C. Después de 3 horas las crias fueron devueltas
a la caja correspondiente junto a su madre y camada. Como grupo control se usaron camadas

criadas en el bioterio (AFR).

6.7 Inmunohistoquimica para determinar el volumen de los
nucleos AVP+ hipotalamicos en animales sometidos a

separacion materna
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Perfusion, fijacion e inmunohistoquimica. Ocho ratas en el dia P75 fueron profundamente
anestesiadas con pentobarbital sddico (Sedalpharma, México, 63 mg/kg i.p.) y perfundidas
via aorta ascendente con solucion salina 0.9% seguida por 15 minutos de fijador frio
(compuesto de paraformaldehido 4% en buffer de fosfato de sodio 0.1 M (PB, pH 7.4), méas
15 % v/v de acido picrico saturado). Los cerebros fueron removidos, blogueados y lavados
con PB. Con el fin de favorecer la inmunoreaccién, inmediatamente después de la perfusion
se obtuvieron, con la ayuda de un vibratomo, secciones coronales de 70um del hipotalamo
desde Bregma -0.24mm a -2.64mm (Paxinos and Watson, 2007). Se seleccionaron secciones
alternadas y se bloquearon con buffer de Tris + NaCl 0.9% y Triton 100x al 0.3% (TBST)
mas 20% de suero normal de cerdo (NSS) por una hora, a temperatura ambiente.
Posteriormente se incubaron con conejo anti-AVP (T-4563, 1:2000, Peninsula Laboratories,
San Carlos, CA, 94070) en TBST + 1% NSS a 4 °C, durante dos noches. Después de este
lapso, las rebanadas se lavaron y se incubaron en anticuerpo secundario cerdo anti-conejo
IgG conjugado con peroxidasa de rdbano (P021702, 1:100, Dako, Alemania) en TBST +
1%NSS toda la noche, a 4 °C. La inmunoreaccion fue revelada con 3.3’-diaminobencidina
(DAB, Electron Microscopy Sciences Hatfield, PA, 19440) al 0.05% y H20, 0.01% como
sustratos. Las secciones fueron montadas en cubreobjetos cubiertos de gelatina y dejadas a
secar por un dia. Posteriormente fueron deshidratadas pasandolas por etanol 100% durante 5
minutos, y xileno 2 veces por 5 minutos, por Ultimo fueron montadas con medio de montaje

Permount (Fischer Scientific).

6.8 Medicion del volumen de los ndcleos hipotalamicos
vasopresinérgicos en animales sometidos a separacion

materna

Las rebanadas reveladas por inmunohistoquimica fueron observadas, analizadas y
fotografiadas digitalmente en campo claro usando un microscopio Nikon Eclipse 50i con un
objetivo 4X y una camara digital Nikon DS. Los nucleos AVP positivos en la region
hipotalamica fueron clasificados como SON o PVN de acuerdo a Paxinos y Watson (Paxinos

and Watson, 2007). El grupo de neuronas AVP+ de cada region fue delimitado usando Adobe
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Photoshop y él area en mm? fue calculado con el plug-in Fovea Pro 4.0 (Reindeer Graphics,
Asheville, NC, USA). Los volumenes de cada nucleo/region fueron determinados integrando
todas las areas dentro de cada regién, multiplicando por 0.07 mm (el grosor de cada
rebanada), por dos (ya que se tomaron rebanadas alternadas) y por una constante de reduccion
(k). La reduccion lineal del tejido después de la reaccion de inmunohistoquimica fue
determinada midiendo el didmetro del cerebro fresco en el quiasma Optico inmediatamente
después de la perfusion (Lf) y del ancho de la seccidon coronal deshidratada en las mismas

coordenadas, después del montaje permanente (Lq). Por lo tanto, k=L¢/La.
6.9 Reconstruccion tridimensional representativa del PVN.

Para poder visualizar la direccion del crecimiento del PVN, se hizo una reconstruccion
tridimensional basada en las coordenadas anatomicas determinadas en microfotografias
digitales. Se eligié un par de series de rebanadas post-inmunoreaccion. Las neuronas AVP+
dentro del PVN fueron marcadas usando ImageJ (NIH, MD, USA) en microfotografias
secuenciales. Las neuronas parvocelulares y magnocelulares fueron diferenciadas de acuerdo
a sus ejes longitudinales, considerandose magnocelulares aquellas con ejes longitudinales
mayores a 20 um, (Armstrong, 2004). Para cada una de las neuronas marcadas se obtuvieron
sus coordenadas X, y, z de la siguiente manera: las coordenadas correspondientes a la
ubicacion bidimensional (X, y) se obtuvieron de ImageJ, (NIH, MD, USA) y la coordenada z
correspondia a la posicién secuencial de la rebanada. La gréafica tridimensional fue dibujada
usando un programa escrito en Python (Python Software Foundation).

6.10 Evaluacion de la activacion de neuronas
vasopresinérgicas en el PVYN y SON al dia P10, tras una

exposicion aguda a 3hSM

Para determinar el efecto de una sola exposicion a 3hSM en la activacion neuronal de los
nucleos magnocelulares vasopresinérgicos en la region hipotalamica, se perfundieron ratas
de camadas AFR y MS en el dia P10. Se evaluaron dos condiciones: (1) perfusion y fijacion

en condiciones basales (2) perfusion y fijacion 90 minutos después de un episodio de 3hSM.
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Se usaron en total 20 crias de 10 camadas, cinco AFR y cinco MS. Las ratas fueron
profundamente anestesiadas con una sobredosis de pentobarbital sédico (63 mg/kg,
Sedalpharma, México) y perfundidas con 10 ml de solucion salina 0.9% seguida de 20 ml de
fijador frio, compuesto de paraformaldehido 4% en buffer de fosfato de sodio 0.1 M (PB, pH
7.4), acido picrico saturado 15% v/v y glutaraldehido 0.05%. Posteriormente se extrajo el
cerebro, se realizaron cortes coronales de 70 micras que contuvieran la regién hipotalamica
y se realiz6 sobre estas secciones una reaccion de inmunofluorescencia AVP/Fos. Los
anticuerpos primarios usados fueron: cobayo anti-AVP (T-5048, 1:2000, Peninsula
Laboratories) y conejo anti-Fos (SC52, 1:1000, Santa Cruz Biotechnology, Santa Cruz, CA),
incubados toda la noche a 4 °C con agitacion leve. Después de varios lavados las secciones
fueron incubadas con los anticuerpos secundarios: Alexa Fluor 488 burro anti-conejo 1gG
(1:1000, Molecular Probes Inc. Eugene, OR) y Cy3-burro anti-cobayo IgG (1:1000, Jackson
Immuno Research Laboratories, Inc., Baltimore, PA), en TBST més 1% de suero normal de
caballo (NHS) a 4 °C, toda la noche. Posteriormente, las secciones se lavaron y montaron
con Vectashield (Vector Laboratories, Inc., Burlingame, CA) y se analizaron por microscopia
de epifluorescencia, usando un microscopio Nikon 50i con un filtro de emision pasa-altos
N-2B. Se escogieron campos al azar en las regiones PVN y SON con el objetivo de 40x,
correspondientes a areas de 0.22 mm? y se tomaron microfotografias con una camara digital.
Se conto el numero total de neuronas AVP+ y el nimero de neuronas Fos+/AVP+ de los
nucleos PVN y SON (en tres secciones coincidentes por rata, n=15). Se calculd el porcentaje

de las neuronas con doble marcaje respecto al total de neuronas AVP+.

6.11 Inmunohistoquimica para anélisis por microscopia de luz
de densidad de fibras vasopresinérgicas y trayectorias hacia
hipocampo.

Para estos experimentos se utilizaron 10 ratas, observaciones previas del laboratorio habian
mostrado que existen variaciones individuales importantes en la inmunoreactividad anti

vasopresina, probablemente debido a una regulacion circadiana o a las demandas fisiologicas

que experimenta el individuo al momento de la perfusion. Con esto en mente, inyectamos
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intraperitonealmente una solucion hipertonica de NaCl 900 mMol, con un volumen del 2%
del peso corporal y restringimos el acceso a los bebederos de agua durante 2 horas después
de la inyeccion, posteriormente se les permitio a las ratas beber ad-libitum por las dos horas
previas a la perfusion, esto con el fin de poner en marcha los mecanismos de sintesis de
vasopresina (Robertson et al., 1976, Summy-Long et al., 1978), evitando la liberacion de
vasopresina en las dos horas previas a la perfusion, es de notar que se ha reportado que el
estrés osmatico produce un aumento en la expresion hipotalamica de Fos que es un inductor
transcripcional temprano del gen de la vasopresina (Yoshida, 2008). Tomando estas medidas

hallamos una mayor y mas homogeénea inmunoreactividad de vasopresina.

Para la perfusion se anestesié profundamente a las ratas con una sobredosis de
pentobarbital sédico (Sedalpharma, Mexico), se perfundieron con solucion salina al 0.9% por
via trans-adrtica y posteriormente 400 ml de fijador a 4 °C: (4% paraformaldehido (PFA) en
buffer de fosfatos (PB 0.1M, pH 7.4), mas 15% v/v de &cido picrico saturado). Los cerebros
fueron inmediatamente removidos del craneo, lavados varias veces en PB y posteriormente

fueron seccionados a 70 um con un vibra tomo Leica VT1000.

Se realizaron cortes en 4 planos: 3 coronal, 3 sagital; 2 septo temporal (plano 45°
entre coronal y sagital) y 2 semi horizontal (30 grados respecto a plano horizontal). Se realiz6
la inmunohistoquimica de dos series de rebanadas alternas. En la serie uno (reaccion de
inmunoperoxidasa), las rebanadas se bloquearon con suero normal de cerdo al 20% en TBST,
(Buffer de Tris 0.05 M, pH 7.4, NaCl 0.9% y 0.3% triton) por una hora. En la serie 2
(inmunofluorescencia) se bloquearon en TBST + 20% suero normal de caballo, por una hora
a temperatura ambiente. Posteriormente las rebanadas se incubaron con los siguientes
anticuerpos: conejo anti-AVP, congjillo de indias anti-mGluR 1 a y raton anti-parvalbimina
en TBST mas 1% del suero del animal de origen del anticuerpo secundario, durante dos
noches a 4° C. Para la reaccidon de inmunoperoxidasa, las secciones se lavaron tres veces con
TBST y se incubaron con anticuerpo cerdo anti-conejo conjugado con peroxidasa de rabano
(HRP) (P021702, 1: 100, Dako, Dinamarca) en TBST mas 1% de suero normal de cerdo a 4°
C toda la noche. La reaccion fue revelada usando 3, 3’-diaminobencidina (DAB, 0.05%) y
peroxido de hidrégeno 0.01% como sustratos. Las secciones se montaron en gelatina, se

clarificaron con alcohol y xileno y se montaron permanentemente con Permount. Para las
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reacciones de inmunofluorescencia se usaron los siguientes anticuerpos secundarios: Cy3-
burro anti-conejo, Alexa-488 burro anti-ratén y DyLight-649 burro anti-conejillo de indias
(dilucion 1:1000 en TBST mas 1% suero normal de burro) por dos horas a temperatura
ambiente. Las secciones fueron montadas con Vectashield (Vector Laboratories, CA, USA)
y analizadas con un microscopio de epifluorescencia (Nikon eclipse 501) y por microscopia
confocal (Leica TCS-SP5).

6.12 Analisis de densidad de fibras vasopresinérgicas en

hipocampo

La observacion de la densidad de fibras vasopresinérgicas en distintas subregiones de
hipocampo y amigdala se realiz6 bajo microscopia de luz, las regiones se definieron en base
al atlas de Paxinos y Watson (Paxinos and Watson, 2007). Para evaluar la distribucién y
densidad de las fibras de vasopresina se tomaron fotos con el objetivo 20X en diferentes
subcampos del hipocampo. A, partir de estas fotos se realizaron proyecciones planares de
cinco microfotografias en diferentes planos focales, posteriormente, en estas
microfotografias, se trazé la longitud de los axones por medio del programa Neuron J. La
suma de las longitudes de los axones se obtuvo usando el mismo programa. La longitud
méaxima hallada (2460 pm) fue a nivel de CA1 stratum oriens (str. or.) en la seccion sagital
5.72 mm (Tabla 1) y fue asignada como la longitud maxima (100%, ++++). EIl mismo
procedimiento de trazado y calculo de la longitud fue realizado en las proyecciones planares
para cada una de las regiones de hipocampo, longitudes entre el 100% y el 76% fueron
asignadas como (++++) de 75% a 51% fueron calificadas como (+++); de 50% a 26% (++)
y menos de 26% (+), cuando no habia fibras observadas en esa region se califico como (-) y
cuando no fue aplicable realizar el andlisis en dicha seccion (NA) . Los esquemas de la
distribucion de densidad de fibras vasopresinérgicas fueron realizados sobre microfotografias
digitales con ayuda de observacion microscopica. EI mapeo tridimensional (1:1) de los
axones vasopresinergicos fue realizado usando 38 secciones alternativas de 70 um cada una,
por medio de una estacion de trabajo Neurolucida la cual incluye un microscopio Nikon
OptipHot 2, el software Neurolucida version 9.14 y Neurolucida Explorer version 9.14.
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6.13 Aplicacion de trazadores retrogrados en hipocampo

ventral y dorsal

Se utilizé un método modificado de trazador retrogrado con Fluoro-Gold (Schmued, 1986,
1989, 1990, Morales y Wang, 2002, Yamaguchi, 2011). Usamos 16 ratas Wistar macho de
300 g (10 para hipocampo ventral y 6 para hipocampo dorsal). Se realizd anestesia con
xilazina (20 mg/ml) y ketamina (100 mg/ml) mezcladas 1:1 y administradas
intramuscularmente con una dosis de 1 ml/kg. Las ratas fueron colocadas en un aparato
estereotaxico y se procedio a la aplicacion de Fluoro-Gold (FG), disuelto al 1% en un buffer
de cacodilato de sodio al 0.1 M en hipocampo ventral (vHi, sitio A: Bregma -5.2 mm, lateral
5.4 mm y dorsoventral 6.3 mm, sitio B: Bregma -4.4 mm, lateral 4.6 mm y dorsoventral 7.6
mm) o en hipocampo dorsal (dHi, sitio C: Bregma -2.2 mm, lateral 2 mm y dorsoventral 3.4
mm). Las coordenadas de los sitios B y C fueron determinadas después del analisis de
densidad axdnica en las subregiones de hipocampo, utilizando los sitios con mayor densidad
de fibras, el sitio A se escogio antes de hacer este andlisis. Otro punto a notar es que
utilizamos una bomba de iontoforesis (Value Kation SCI vab-500) para aplicar el FG a traves
de una micro pipeta de vidrio (WP1 1.65/1.1 mm, OD/ID) con una punta de aproximadamente
40 um y aplicando una corriente de 0.1 pA y un ciclo de trabajo de 50%, con una duracion
del pulso de 5 s durante 20 min. La pipeta se dejo6 en el sitio por 15 min adicionales para
evitar el reflujo del trazador. Tras la cirugia se aplicd un analgésico y un antibidtico
intraperitonealmente por tres dias; tres a cuatro semanas después se perfundio a las ratas
como se describié anteriormente y se realizd una inmunohistoquimica en rebanadas
coronales y sagitales de 70 um con un anticuerpo conejo anti-vasopresina y un anticuerpo
secundaria Cy5 burro anti-conejo. Las observaciones de estas muestras se hicieron bajo
microscopia de epifluorescencia y confocal; para observacion confocal del FG se utiliz6 un

laser de argdn de 452 nm.
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6.14 Marcaje Yyuxtacelular de neuronas vasopresinérgicas

magnocelulares neurosecretoras en el PVN

Los procedimientos de registro yuxtacelular y marcaje de neuronas in vivo se basaron en los
métodos descritos en la referencia ((Pinault, 1996, Tukker et al., 2007)). Las ratas fueron
anestesiadas con uretano (1,3 g / kg, via intraperitoneal), con dosis suplementarias de xilazina
(30 mg / kg) segun sea necesario. La temperatura corporal se mantuvo a 36 °C con la ayuda
de un dispositivo de calefaccion. Una vez anestesiados, los animales se colocaron en un
marco estereotaxico y se realizd una craneotomia alrededor de las coordenadas -1,7 mm
posterior del bregma y 0,4 mm lateral. Un electrodo de vidrio de resistencia (8-10 MQ) lleno
de 1% neurobiotina en NaCl 0.15 M se coloco verticalmente en las coordenadas previamente
estandarizadas: PVN (1.7 mm posterior y 0.4 mm derecha / izquierda, ~ 6,9 mm de
profundidad todas con referencia a bregma). Después de la obtencion del registro
electrofisiologico (datos no mostrados aqui), La célula fue marcada iontoforéticamente con
neurobiotina utilizando el método de marcaje yuxtacelular (Pinault, 2004) Un tren de pulsos
de corriente de 1-10 nA, a 2,5 Hz, con un ciclo de trabajo del 50%, fueron administrados a
través del electrodo de registro. La corriente fue aumentada gradualmente para inducir y
mantener el “entrainement” de la actividad de la neurona, i.e. un mayor nimero de picos en

la fase positiva de la corriente las células fueron moduladas entre 2 a 10 min.

6.15 Procesamiento anatdmico y reconstruccion de las células

marcadas.

Aproximadamente cinco horas después del marcaje los animales fueron perfundidos
transcardialmente con solucion salina seguida por 15 min de solucién fijadora de
paraformaldehido al 4%, 15% v/v &cido picrico saturado, y 0.05% de glutaraldehido en PB
0,1 M. Secciones coronales (70 micras) se almacenaron en serie en pozos de cultivo de
tejidos en 0.1PB con 0,05% NaN3. Cuatro a seis secciones cerca del trayecto del electrodo
se incubaron con estreptavidina-conjugada a Alexa Fluor 488 (1: 1000; Invitrogen) en TBST

durante 1 h a temperatura ambiente (RT). Después las secciones se montaron en portaobjetos
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con Vectashield (Vector Laboratories, Burlingame, CA). Secciones de los casos marcados
con éxito que contenian los cuerpos celulares fueron bloqueadas con 10% de suero normal
de burro (NDS) y posteriormente se incubaron durante la noche con suero de conejo anti-
AVP (1: 500; Peninsula Laboratories) y cobaya anti transportador vesicular de glutamato
(VGLUT2-GP-Af810, Frontier Instituto Co., LTD, Ishikari, Japon).

Para la reconstruccion, las secciones fueron procesadas adicionalmente con complejo
avidina-biotina peroxidasa (kit Vectastain ABC Elite, Vector Laboratories Burlingame, CA)
para revelar la neurobiotina con diaminobencidina (DAB, 0,05%; SIGMA, St. Louis, MO).
Las secciones se secaron al aire y se cubrieron con medio de montaje Permount (Electron
Ciencias Microscopia, Hatfield, PA). Cinco células magnocelulares neurosecretoras
(MNN’s) marcadas yuxtacelularmente dentro del nucleo paraventricular (EV40, VH52,
EV16, MM15 y VH25) fueron seleccionadas para la reconstruccion (proyeccion 2D) bajo el

microscopio de luz con un tubo de dibujo.

Para MM15, usamos un microscopio confocal para realizar una reconstruccién 3D que
permite ilustrar la presencia de el tracto hipotalamo-neurohipdfisis y de colaterales axdnicas
de proyeccion. Los criterios de inclusion fueron que las células tenian que ser positivas a
AVP, gue se encontrasen dentro de la PVNImMd y que poseyeran axones que se unieran al

tracto de Greving (tracto hipotalamo neurohipofiseal) (Armstrong, 2004).

6.16 Laberinto elevado en cruz (EPM) - evaluacion de

ansiedad no condicionada

Se utilizé el EPM para analizar el estado de ansiedad agudo no condicionado, una semana
antes de la prueba de VCT. El laberinto consistio en una plataforma en forma de cruz, elevada
50 c¢cm del piso, hecha de madera, con dos brazos cerrados (50x10x40 cm) y dos brazos
abiertos (50x10 cm) con un borde sobresaliente de 0.5 cm de la orilla para evitar que la rata
cayera, sin comprometer los parametros elementales de esta prueba, los brazos se encuentran
conectados por un cuadro central de 10x10 cm. La prueba se hizo bajo luz roja tenue y fue
monitoreada por un circuito cerrado de television. Antes de cada prueba se limpid el laberinto
con agua y detergente.
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Antes del EPM se puso a las ratas en una caja de campo abierto estandar (40x40x40
cm, de madera (Pierce and Kalivas, 2007)) durante 5 min en los tres dias previos y el mismo
dia de la prueba; esto para aumentar la probabilidad de entradas a los brazos abiertos,
aumentando la sensibilidad de la prueba (Walf and Frye, 2007). La prueba se realizé en la
etapa temprana del periodo de actividad de las ratas y consistio en depositar a la rata en el
cuadro central del laberinto viendo hacia un brazo abierto y después se dejo que explorase
libremente durante 5 minutos. Tanto el porcentaje de tiempo transcurrido en los brazos
abiertos como de entradas a ellos, en proporcién al numero total de entradas (entrada a brazos
cerrados mas entradas a brazos abiertos) fueron tomados como una medida inversamente

proporcional al estado de ansiedad no condicionada (exploracion vs. evitacion).

6.17 Prueba de conflicto de Vogel (VCT) - evaluacion de

ansiedad condicionada

La prueba de VCT (File et al., 2004) se us0O para estudiar el estado de ansiedad aguda
condicionada, esta prueba involucra dos pasos basicamente: privacion de agua (WD) durante
48 h + privacion de alimento durante las Gltimas 24, y la prueba de conflicto per se. Las ratas
normalmente toleran WD durante 72 h, con una pérdida de peso dentro de un rango aceptable
(alrededor del 11%), sin pérdida aparente de vigor (Rowland, 2007). Al terminar el periodo
de WD las ratas fueron expuestas a una corriente eléctrica leve e intermitente, aplicada a
través de una botella de agua; este procedimiento incorpora un elemento de conflicto donde
el sujeto experimenta sentimientos opuestos y concomitantes de deseo (gratificacion al tomar
agua) y de miedo (evitacion de un estimulo potencialmente dafiino). Un indicador de un
estado de ansiedad condicionada es cuando el miedo predomina en esta prueba siendo que
no existe un peligro real (Millan and Brocco, 2003). Determinamos el nimero de descargas
recibidas como nuestro pardmetro operacional para medir ansiedad condicionada, de acuerdo
con File. (File et al., 2004).

Antes de la prueba de VCT se habitué a los animales a la cdmara descrita a
continuacion, metiéndolos diariamente 30 min, sin aplicacion de corriente, durante 4 dias

consecutivos. La cdmara del conflicto consistio de una caja de plexiglés transltcida (20 cm
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x 30 cm x 20 cm), con piso metélico y tapa, una botella de agua con bebedero de acero
inoxidable, un generador de corriente constante, un indicador para contar el nimero de
descargas eléctricas y una camara de video. Para la prueba se utiliz6 una solucion de dextrosa
al 10%, los cables para las descargas fueron colocados en el bebedero y en el piso de la caja.
Antes de la prueba se probaron con un set diferente de ratas, diferentes corrientes (de 0.1 a
0.3 mA, a intervalos de 0.05 mA) para determinar el amperaje éptimo y se determiné que a
0.15 mA las ratas podian beber de la solucion con molestia minima.

Al concluir las 48 h de WD, la prueba de conflicto se realiz6 en otro cuarto y fue
grabada por una camara sensible a la baja intensidad de luz; la prueba se realizé durante el
periodo de oscuridad del ciclo de iluminacion artificial. Para iniciar la prueba se introdujo a
cada animal a la camara de conflicto y durante los primeros 25 s de la prueba se le dejé beber
de la solucion sin aplicar ninguna corriente, posteriormente se dieron descargas de 0.15 mA
con un ciclo de trabajo del 50% con una duracion de 5 s, entre el piso laminado y el bebedero
metalico durante 5 min. Las ratas recibirian un toque sélo cuando coincidiera el intervalo de
descarga con que estuvieran en contacto con el bebedero; se contd el nimero de toques

tolerados.

6.18 Evaluacion del aprendizaje espacial: MWM (Morris
Water Maze)

Al dia P90 (peso 350 + 10 g), 12 ratas Ctrl y 12 SM se designaron a 4 tratamientos: (a)
isotonico (tratamiento 1, T1): las ratas recibieron s6lo una inyeccion i.p. de solucién salina
al 0.9%, el 2% de su peso corporal, 1 h previa al MWM; (b) hipertdnico (T2): las ratas
recibieron una inyeccion i.p. de 900 mM NaCl, 2% de su peso corporal, 1 h previa al MWM;
(c) SSR149415 (T3): las ratas recibieron una inyeccion de SSR149415 (Axon 1114, Axon
Med Chem, Amsterdam, Netherlands, diluido en DMSO vy posteriormente en salina
0.9%,1:20) i.p. al 2% de su peso corporal, 1 h 'y 30 min previo al MWM,; (d) hipertonico +
SSR149415 (T4): las ratas recibieron la combinacion de los tratamientos T3 y T4. Las
botellas de agua fueron removidas al momento de la primera inyeccion hasta 10 minutos
antes del MWM.
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Se utilizé la prueba de MWM (Zhang et al., 2008): una alberca circular de color negro
(diametro 156 cm) llena con 30 cm de agua a 25 °C con pistas visuales distantes. Una
plataforma circular con un didmetro de 12 cm se hallaba sumergido 1 cm por debajo de la
superficie. Las ratas se habituaron previamente a esta prueba sin la presencia de la
plataforma, una semana antes del MWM. El dia de la prueba se permitio a las ratas nadar por
60 s para encontrar la plataforma de escape; si los sujetos no encontraban la plataforma en el
tiempo permitido eran guiados a ella, una vez en la plataforma se les permitia observar su
localizacion durante 10 s, cada rata realiz6 ocho ensayos en el mismo dia, con un intervalo

inter ensayo de 5 min. El tiempo para hallar la plataforma fue evaluado.
6.19 Exposicion al gato vivo y puntuacion conductual

Se realizo la prueba de comportamiento durante el periodo de actividad temprana de las ratas
(oscuridad). Los sujetos experimentales (N = 60), alojados cuatro por jaula, se dividieron en
tres grupos: el grupo control, el grupo con solucién salina isotonica (inyeccion i.p. de
vehiculo) el grupo de solucién hipertonica (inyeccion i.p. de 900 mm de NaCl, 2% de peso
corporal).Las inyecciones se realizaron 30 min antes de la prueba bajo anestesia transitoria
por la inhalacién de vapor de sevoflurano (Sevorane, Abad, México) para reducir las
molestias causadas por la manipulacion durante las inyecciones. Las ratas se recuperaron de

este procedimiento después de 1 a 3 min.

Para la prueba conductual, cada rata se colocé individualmente en una jaula de rejilla (28,5
x 21 x 30 cm), por lo que la rata podrian trepar. La jaula se colocé dentro de una camara de
plastico transparente ventilada mas grande (60 x 80 x 40 cm), donde luego se introdujo un
gato macho adulto. El gato era domesticado y estaba castrado (una mascota llamado Balam),
de alrededor de 5 kg de peso corporal Balam se mantuvo tranquilo / inmovil durante la mayor
parte del experimento. Una ventaja de esta disposicion es que las ratas fueron expuestas a
estimulos fisiologicamente relevantes el olor, la apariencia de un depredador vivoy dichos
estimulos eran relativamente constante para todos los sujetos experimentales. Cada rata
permanecio en la cdmara antes descrita durante un Unico periodo de 10 min. Una vez que el

tiempo se completo, las ratas fueron devueltas a sus jaulas.

44



M.C. Vito Salvador Rogelio Hernandez Melchor. Tesis doctoral (Ciencias Biomédicas)

Los comportamientos relevantes se cuantificaron fuera de linea, dando una de las seis
puntuaciones cada cinco segundos: 1) “"congelamiento™ se le asignd a la conducta de la
inmovilidad méas de 2 seg con piloereccion; 2) "Escalada™: cuando las ratas subieron la jaula
de malla interna utilizando las extremidades tratando de escapar por la puerta superior; 3)
"erguirse”, cuando las ratas estaban olfateando con rotaciones cortas la cabeza; 4)
"Desplazamiento”, cuando las ratas estaban caminando, trotando o corriendo; 5)
"Orientacion™: cuando los cuatro miembros de las ratas estaban inmdviles pero presentaban
movimientos de extension de la cabeza; 6) "Grooming™: cuando las ratas se acicalaban con
sus patas delanteras Los comportamientos activos de escape se asignaron a las conductas 2,

3y 4. El resto fue considerado como conductas pasivas de enfrentamiento al estrés

Las diferencias entre grupos fueron analizadas por medio de la prueba ANOVA de 1 via, y

la prueba post-Hoc de Bonferroni utilizando el software Graphpad Prism.

6.20 Inmunohistoquimica contra c-Fos después de exposicion

al predador

Noventa minutos posteriores al periodo de exposicion al depredador, 5 ratas de cada grupo
fueron profundamente anestesiadas con una sobredosis de pentobarbital y transcardialmente
perfundidas con 0,9% de solucion salina seguida por 15 min de fijador frio que contiene 4%

de paraformaldehido y el 15% (v / v) de &cido picrico saturado en PB.

Se obtuvieron secciones de 50 micras con un vibratomo (Leica VT 1000 vibratome). Para la
inmunotincion, conjuntos de uno de cada cuatro secciones de Bregma -0,48 a -4,08 mm
fueron bloqueadas con 10% de suero normal de burro (Vector Laboratories, Burlingame, CA)
en solucidn salina tamponada con Tris con 0,3% Triton X-100 (TBST) durante 1 hora a
temperatura ambiente (RT) y luego fueron reaccionadas con anticuerpo de conejo anti-Fos
(1: 1000, SC52 Santa Cruz Biotechnology, Santa Cruz, CA) en TBST + 1% NGS a 4 °C
durante la noche. Posteriormente, las secciones se enjuagaron tres veces por 10 min con
TBST vy luego se incubaron durante 2 h a TA con anticuerpo secundario anti conejo hecho
en cabra y biotinilado (1: 200; Vector Labs, Burlingame, CA). Por ultimo, las secciones se
incubaron en complejo (kit Elite ABC, Vector Labs) avidina-biotina-peroxidasa durante 1 h
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a temperatura ambiente. La peroxidasa se detecto usando DAB 0,05% como cromogeno. Las
secciones fueron lavadas y montadas permanentemente con medio de montaje Permount

(Electron Microscopy Ciencias, Hatfield, PA).

Las siguientes regiones del cerebro se evaluaron: hipotalamo, tdlamo, amigdala y habenula
lateral. El analisis cuantitativo se realizd con ImageJ software (NIH)
(http://rsb.info.nih.gov/ij/macros/). Los datos se expresaron como el promedio del nimero
de nicleos positivos c-Fos por 0,02 mm?. Los resultados cuantitativos se expresaron como
media + error estandar de la media (SEM). Se realizaron las pruebas de diferencias por el
analisis de t-test, utilizando GraphPad Prism Software®. (GraphPad Software, San Diego,
CA). Las diferencias se consideraron estadisticamente significativas a P <0,05 (“*”: P <0,05,
“x*7 0 <0,01y “***7: P <0.001).

6.21Analisis estadistico

Los resultados se expresaron como promedio + error estandar de la media (SEM). Se
evaluaron diferencias a través de pruebas T de student , y ANOVAS de una dos y tres vias
dependiendo del experimento y posterior evaluacion por pruebas post-hoc de Bonferrioni.
Para la mayoria de los calculos Se utiliz el programa Prism (GraphPad), para la prueba de
ANOVA de tres vias realizada en analisis de datos de MWM, se us6 el programa Statall y

se consideraron diferencias significativas valores de: *p<0.05; **p<0.01; ***p<0.001.
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/. Resultados
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Los resultados de esta tesis doctoral se dividen en 3 secciones. En la primera, "La estructura
y funcion del sistema vasopresinérgico hipotalamico neurosecretor puede modificarse por
estresores perinatales™, se reportan datos que indican que los paradigmas de estrés prenatal
y postnatal, i.e. hipertiroidismo materno y separacion materna, respectivamente, alteran la
ontogenia del sistema vasopresinérgico neurohipofiseal y generan cambios perdurables en la

estructura y funcion de dicho sistema.

En la segunda seccion, "El sistema vasopresinérgico hipotalamico magnocelular
tiene proyecciones intracerebrales mas extensas de lo anteriormente reportado™, nos dimos
a la tarea de caracterizar las proyecciones intracerebrales de neuronas magnocelulares

neurosecretoras neurohipofisiarias (MNN’s) vasopresinérgicas.

En la dltima seccién, "La modulacién a la alta o a la baja del sistema
vasopresinéergico produce deterioro en conductas emocionales y cognitivas™, usamos varias
pruebas conductuales y herramientas farmacoldgicas para determinar si la activacion del
sistema vasopresinérgico neurosecretor aberrante podia traer consecuencias para el
comportamiento en la edad adulta, que serviran como sustratos de algunos trastornos

emocionales y cognitivos.
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Seccion |I:

La estructura y funcion del sistema
vasopresinérgico hipotalamico neurosecretor

puede modificarse por estresores perinatales

a) Hipertiroidismo Materno

b) Separacion Materna
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7.1 Efectos del hipertiroidismo prenatal, sobre el desarrollo

del sistema vasopresinérgico.

En un trabajo previo (Zhang et al., 2008), demostramos que en ratas, la exposicién prenatal
a un exceso de hormonas tiroideas (hipertiroidismo materno prenatal, HM), genera
deterioroen el aprendizaje espacial y conductas tipo depresivas durante la vida adulta, cuando

las ratas son sometidas a un protocolo de estrés sub-cronico.

Los resultados que a continuacion presentaré fueron publicados en el articulo
“Vasopressinergic network abnormalities potentiate conditioned anxious state of rats
subjected to maternal hyperthyroidism™. Aqui reportamos que ratas sometidas a HM
presentan durante la edad adulta un cambio mas rapido en la concentracion de vasopresina
plasmatica cuando los animales son sometidos a privacion de agua, una mayor activacion de
las neuronas vasopresinérgicas magnocelulares hipotalamicas (medido con la proteina c-Fos)
ante un estrés osmotico y una mayor inmunoreactividad contra la proteina vasopresina en el

tracto hipotdlamo-neurohipofiseal.

7.1.1 EI HM, no afecta la actividad locomotora, el peso corporal o las

concentraciones de hormonas tiroideas.

En los dias postnatales 30 y 90, tomamos animales de camadas diferentes y medimos la
actividad locomotora, las concentraciones séricas de hormonas tiroideas, el peso corporal y

la glucemia. No hallamos diferencias entre los animales HM y los controles

7.1.2 Las ratas sometidas a HM presentan un rapido aumento en las

concentraciones plasmaticas de AVP ante un estimulo osmotico.

Las mediciones de vasopresina plasmatica se realizaron en un lote de animales que
posteriormente fue evaluado en una prueba de ansiedad condicionada (Vogel Conflict Test,
VCT), los resultados de dicha prueba se pueden hallar en la Gltima seccion de los resultados:

"La modulacion a la alta o a la baja del sistema vasopresinérgico produce deterioro en
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conductas emocionales y cognitivas”. Tanto la osmolaridad como la concentracion de AVP
plasméticas alcanzan su maximo entre las 12 y las 16 h de privacion de agua (water
deprivation, WD), después de eso ambos parametros fisioldgicos permanecen relativamente
estables (Rowland, 2007). Como se puede observar (Figura 7-1), la cantidad de AVP
circulante medida alcanz6 su maximo durante las primeras 12 horas. En ambos grupos, el
valor basal de AVP era alrededor de 4.8 pg/ml (control: 4.94 + 0.26 pg/ml; HM: 4.74 + 0.27
pg/ml), sin embargo en el grupo control el punto WD6h cambi6 poco respecto al basal (5.55
+ 0.19 pg/ml), mientras que las concentraciones plasmaticas de AVP en los animales HM ya
se encontraban elevadas a las 6 hrs (14.79+0.71 pg/mL). Después de alcanzar el maximo las
concentraciones se mantuvieron sin cambios. Inmediatamente después del VCT las
concentraciones de AVP aumentaron en el grupo HM respecto al control (Figura 7-1, ver

puntos temporales 6h y PVCT).

251 OCrl

o HM Figura 7-1 Los animales HM muestran una
s 2 ; cinética alterada en la curva de concentracion de
2 : vasopresina en plasma durante la privacion de
= 15 - .
> ;—_:—_:§' ; agua y posterior a la prueba de conflicto de Vogel
2 10 : (PVCT). Promedio + SEM (n = 4 para cada punto
K g de tiempo). *** P <0,001, * P <0,05. Modificado

de (Zhang et al., 2010)
cBasaI 6h 12h 24h 48h P\-"C_T

Tiempo de privacién de agua (WD)

7.1.3 La privacién de agua y la prueba de VCT induce una mayor

activacion de neuronas AVP+ en animales HM.

Para evaluar la induccion de Fos en el SON, PVNIm y el PVNmpd, los sujetos experimentales
se perfundieron 90 min después del punto temporal donde la concentracion plasmatica de
AVP mostré diferencias significativas. Se observé un incremento significativo en el namero
de neuronas AVP+ que expresaban Fos en los animales HM (Figura 7-2). En las 3 regiones

anatémicas analizadas se observo una mayor diferencia en el punto PVCT.
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Figura 7-1. Expresion de Fos
aumentada en sujetos HM
respecto a control 90 min
posterior a 6hwWD y PVCT.

Se evalud la expresion de Fos a
los puntos de tiempo WD6h (6 h
de privacién de agua) y PVCT
(posterior a la prueba VCT,
PVCT). (A) Microfotografia que
muestra la expresion de CRF
(verde) / AVP (rojo) en PVN,
correspondiente a los sitios
donde los nucleos Fos + fueron
contados.  Circulo:  PVNIm
(parte magnocelular del PVN);
cuadrado:  PVNmpd (parte
parvocelular de PVN). Las
puntas de flecha indican axones
AVP en el PVNmpd. (B, C)
fotografias de PVN en control y
HM respectivamente, (D, E)
Fotografias de SON en control y
HM  respectivamente.  (F)
Diagrama de barras que muestra
los porcentajes de neuronas
vasopresinérgicas activadas
(AVP+Fos+) respecto a todas e
las células AVP+. (G) Conteo de ' ' , W
los ndcleos Fos+ en las tres

regiones anatomicas para WD6h
y PVCT . 3V, tercer ventriculo;
opt, tracto dptico. Escala = 100
micras. (n = 6), promedio *
SEM, * P <0,05, ** P <0,01, ***
P <0,001. Microfotografias A-E
realizadas en punto PVCT.
Modificado de (Zhang et al.,
2008).
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7.1.4 EIl hipertiroidismo materno induce un almacenamiento anormal

de AVP bajo condiciones basales

Se observé por inmunofluorescencia un incremento en la expresion de AVP (aumento en la
densidad 6ptica) en el tracto hipotdlamo-neurohipofiseal (HNT) tanto en su parte ventral
como dorsal (Figura 7-3). Este aumento en la inmunoreactividad puede deberse a un nimero

aumentado de axones, o un contenido mayor de AVP dentro de las fibras, 0 ambos.

HNT DORSAL HNT VENTRAL

Figura 7-3 Aumento en la inmunoreactividad de AVP en el tracto hipotalamo-neurohipofiseal
(HNT) de sujetos HM en condiciones basales. Las fotomicrografias muestran el marcaje de
inmunofluorescencia para AVP en el PVN, (A) y (B), y el HNT (C) y (D), de ratas control y HM
reaspectivamente. (E) Diagrama de barras que muestra el analisis de densidad optica (OD) de
inmunoreactividad anti AVP. EI grupo HM muestra un aumento significativo tanto en la parte
dorsal como ventral del tracto HNT. (F) Representacion esquematica del tracto HNT donde se
realizaron las mediciones de la densidad dptica (circulos grises) 3V, tercer ventriculo; PVN, nucleo
paraventricular; opt, tracto éptico, SON, nucleo supraoptico; Fx, fornix, NC, nucleo circularis.
Escala = 200 micras. * P <0,05. Modificado de (Zhang et al., 2010)
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También el nimero de cuerpos de Herring, contados en un area de 0.22 mm? dentro
del tracto HNS, fue mayor en los animales que fueron sometidos a HM. (7.2 +/- 0.73) que
los controles (1.2+/- 0.2) Figura 7-4. Estos cuerpos de Herring miden de 1-4 micras y
contienen una gran cantidad de vesiculas de nucleo denso, se consideran sitios de almacen

de peéptidos.

Figura 7.4 Abundantes cuerpos de Herring se ven en condiciones basales en los sujetos
que fueron sometidos a HM. (A y B) fotomicrografia en el tracto HNS que muestra
axones AVP+ con varicosidades (cuerpos de Herring) en un sujeto control y HM,
respectivamente. (C) Fotomicrografias de un cuerpo de Herring inmuno-marcado
contra AVP. (D) cuerpo de Herring sin inmunotincion, solo contrastado con plomo
para evidenciar las vesiculas de nucleo denso tipicas de peptidos. Barra de escala
0.5um
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7.2 Efectos de la separacion materna sobre el desarrollo del

sistema vasopresinergico.

En esta segunda parte, reportamos los efectos que un estrés postnatal (separacion materna
durante las dos primeras semanas de vida), produce en la morfogénesis del sistema
vasopresinérgico hipotalamico. En resumen las ratas que fueron asi estresadas, presentan
durante la vida adulta un mayor y mas rapido aumento en las concentraciones de vasopresina
plasmatica ante un estrés osmotico, una mayor cantidad de mRNA de vasopresina y un mayor
volumen ocupado por neuronas vasopresinérgicas en los ndcleos paraventricular y
supradptico. En este mismo estudio reportamos que dichas alteraciones anatomicas se
observan desde los ultimos dias del protocolo de separacion materna y proponemaos que son
consecuencia de la activacion homeostatica del sistema vasopresinérgico durante los
episodios de separacion materna. Los resultados de este trabajo fueron publicados en el
articulo “Hypothalamic vasopressin system regulation by maternal separation: its impact on

anxiety in rats”.

7.2.1 Un episodio de agudo de separacién materna es capaz de activar

a las neuronas vasopresinérgicas hipotalamicas magnocelulares.

La exposicion aguda a un episodio de 3 horas de separacion materna (3hSM) incrementd
significativamente la produccién de la proteina Fos, producto del gen de expresion temprana
c-fos, (un marcador genérico de activacion neuronal) tanto en SON (F3,36= 154.3, p < 0.001)
como en PVN ( Fa, 36=179.6, p<0.0001) en animales AFR y SM al dia P10. Como se
esperaba, se observaron pocos nucleos Fos+ en la poblacion AVP+ en PVN y SON en
condiciones basales (Tabla 1, y Figura 7-5 A, B). Sin embargo, después de 3hSM, la mayoria
de esta poblacion neuronal expresé Fos (Tabla 1, y Figura 7-5 A", B"). La ANOVA no
mostré diferencias entre los grupos AFR y 3hSM después de las dos condiciones

experimentales.
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Figura 7.5 Activacion de neuronas AVP+ por el protocolo de separacion
materna. Expresion de Fos (verde) en la neuronas AVP+ (rojo) de PVN y SON.
(A, B) En condiciones basales y (A".B”) después de un episodio Unico de 3nSM
en P10. Barra de escala = 100 micras. . Modificado de (Zhana et al.. 2012)

Porcentaje de neuronas Fos+/AVP+ respecto al niumero total de
neuronas AVP+ en PVN ySON en P10
Regién Grupo Basal (%) 3hSM (%)
PVN AFR 12.6+£0.40 56.83+2.46 (p <0.001
SM 1549+ 1.28 63.7+2.87 (p<0.001
ns ns
SON AFR 9.87+2.27 58.08+ 2.85 [p <0.001
SM 5.02+£0.89 63.71+2.87 |p <0.001
ns ns

Tabla 1 Activacion neuronas por un episodio de separacion materna. ns: no
significativo estadisticamente; AFR: animal control criado en el bioterio (animal
facility reared); SM: Animales sometidos a separacion materna por 3h diarias;
Basal: En el dia de la perfusion no se realizd separacion de la madre; 3nMS: se
llevé a cabo el procedimiento de separacion materna por 3 horas previo a la
perfusion. Los valores representan el promedio +/- el error estandar de los
porcentajes de neuronas Fos + / AVP + respecto al total de neuronas AVP+ en
el PVN y SON. Modificado de (Zhang et al., 2010)
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7.2.2 La separacion materna induce un aumento en la expresion del
MRNA de AVP y en el volumen ocupado por neuronas AVP+ en el
PVN, SON y SCN.

Encontramos un aumento en los niveles de expresion del mMRNA de vasopresina al final del
protocolo de 2 semanas de separacion materna y este aumento persistia en la edad adulta,
(Figura 7-6) y figuras 2 y 3 del articulo (Zhang et al., 2012). (Resultados obtenidos por las
doctoras Limei Zhang y Claudine Irles, en el laboratorio de la doctora Maricela Morales del

Instituto Nacional de Salud de los Estados Unidos).

7,

-
)

Figura 7-6 La separacion materna
(MS), induce una mayor expresion
de mRNA de vasopresina en el
nucleo paraventricular (PVN) vy
supraoptico (SON), desde el dia
% postnatal 10 (A y A’) y perdura
hasta edad adulta (B'y B"). A’ y
7| B": muestran una mayor expresion

de mRNA de AVP en los nucleos

PVN y SON en animales

sometidos a separacion materna
respecto a los animales controles

(AyB).

Para evaluar si a nivel traduccional también se observaba dicho efecto, se realizaron
inmunohistoquimicas contra AVP. Los resultados mostraron un aumento significativo en el
volumen ocupado por neuronas inmunoreactivas para AVP en el nicleo PVN y SON de ratas
SM evaluadas en P75 (Figura 7.7 Ay A"). El volumen promedio de AVP-SON fue de 0.2086
mm? +/- 0.0064 en el grupo SM, contra 0.1671 mm? +/-0.0055mm? en el grupo AFR (t=
4.883, df =14, p < 0.001). Respecto a AVP-PVN, el volumen ocupado en los animales SM
fue 0.0853 mm? +/- 0.0062 mm? contra 0.0588 mm? +/- 0.038 mm?® en los animales AFR
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(Figura 7.7 D; t=4.75, df = 14, p < 0.001). En el caso del PVN, el aumento en el volumen
que ocupan las células AVP, fue en los tres ejes (Figura7.7 B, B y C, C").

AFR parvocelular SM parvocelular

Volume (mm?)

PVN horizontal

AVP-SON AVP-PVN

Figura 7-7 Efectos de MS3h sobre la extension ocupada por neuronas AVP + dentro
del PVN y SON, en PND75. (A y A ") fotomicrografias representativas que muestran la
tincién inmunohistoquimica para vasopresina en secciones coronales donde se observa
el incremento en las &reas ocupadas por las neuronas de vasopresina en paraventricular
(PVN) y supradptico (SON) en los animales SM respecto a los AFR. (B, B ', C, C)
reconstrucciones 3D de PVN en vistas coronales (B y B ') y horizontales (C y C') las
neuronas magnocelular AVP + se muestran en azul para AFR, y en rojo para SM y las
neuronas parvocelulares en verde para AFR y en amarillo para SM. (D) Histograma que
muestra el promedio + SEM de las mediciones del volumen ocupado por AVP en
regiones SON y PVN. 3v: tercer ventriculo; opt, tracto éptico. *** P <0,001. Escala=1
mm. Modificado de (Zhang et al., 2012).
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7.2.3 La separacion materna modifica la dinamica de cambio en las
concentraciones plasmaticas de AVP en respuesta a un estrés

osmotico

La concentracion de AVP en plasma se midié en ambos grupos durante el periodo de
privacion de agua requerido para la prueba de VCT (Figura 7-8). El grupo SM a las 12 horas
de WD mostr6 un incremento significativo (16.14 + 1.15 pg/ml) comparado contra el grupo
AFR (12.23 + 1.12 pg/ml) (p<0.05). La ANOVA de dos vias indico un efecto significativo
del tiempo (F4, 72 = 46.7, p < 0.0001) y del grupo (F1,72 = 14.35, p = 0.0013).

20+ .
§ 154
o
2_ 104
®
&
R 54
a
0 L Ll L L

\'

06‘0 \‘\0 \.,:\0 \‘\0 \go
N & ) o

N

Tiempo de privacion de agua

Figura 7-8 Curva de evolucion de las concentraciones
plasméticas de AVP en funcién de la privacion de agua (WD
(promedio + SEM)). * P <0,05.Modificado de (Zhang et al.,
2012).
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Seccion Il:

El sistema vasopresinérgico hipotalamico
magnocelular tiene proyecciones
Intracerebrales mas extensas de lo

anteriormente reportado.
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7.3 Las neuronas magnocelulares neurosecretoras (MNN’s)

del hipotalamo inervan el hipocampo dorsal y ventral.

En los resultados que a continuacion expongo, caracterizamos la distribucion y densidad de
la innervacion vasopresinérgica en el hipocampo, una estructura a la que se han asignado
funciones cognitivas (principalmente hipocampo dorsal) y funciones emocionales
(principalmente  hipocampo ventral). Para tal fin, utilizamos técnicas de
inmunohistoquimica, reconstruccion anatomica auxiliada por computadora (Neurolucida) y
trazadores neurales para identificar el origen de dicha inervacion, concluimos que neuronas
magnocelulares vasopresinérgicas hipotalamicas son una fuente importante de inervacion
hacia el hipocampo dorsal y ventral y demostramos contactos sinapticos entre axones AVP+

y dendritas de interneuronas en hipocampo.

7.3.1 Las fibras vasopresinérgicas (AVP) en hipocampo (Hi) tienen

una densidad de innervacion heterogenea.

Los resultados de la IHC mostraron una alta densidad de fibras AVP en stratum oriens (str.
or.) de hipocampo ventral CA1, CA2 y CA3 (Figura 7-9 A-C). Para la cuantificacion (Tabla
1), se calcul6 la densidad de diferentes regiones del hipocampo con el programa NeuronJ. La
region con maxima densidad midi6 2460 um y se tomo como referencia (100%, ++++, figura
7.9 C). Regiones en el cuartil superior se consideraron como con inervacion densa (++++),
en el cuartil superior como densidad moderada (+++), en el tercer cuartil como diseminada
(++) y en el cuartil inferior como inervacion escasa (+). Como se observa en la Tabla 1 los
campos conteniendo inervaciones densas 0 moderadas incluyeron CA2, vHi (str. or. y str.
rad.); CAL, vHi (str. or.); CA3, vHi (str. or. y str. rad.). El hipocampo dorsal mostré mucha
menor inervacion, localizada principalmente en la parte rostral (Figura 7.9 D-F). Esquemas
representativos de la inervacion AVP en vHi y dHi se muestran en la figura 7.10.
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Figura 7-9. Visualizacién por inmunohistoquimica de la expresion de vasopresina
en el hipocampo ventral (VHi; A-C) e hipocampo dorsal (dHi: D-F). Se pueden
observar dos tipos de fibras AVP+. Las fibras tipo A (Fibras gruesas sefialadas con
flecha gruesa) y las tipo B (fibras delgadas sefialadas con flechas delgadas). Las
puntas de flecha indican terminales axénicas gigantes que no se observan
comdnmente. pyr: stratum piramidale; or: stratum oriens; fi: fimbria; alv: alveus;
LV: ventriculo lateral. Modificado de (Zhang and Hernandez, 2013).
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7.3.2 Dos diferentes tipos de axones AVP+ hacen sinapsis en

hipocampo.

Se observaron dos tipos de fibras AVP+ bajo microscopia de luz, de acuerdo a su diametro,
tamafno y varicosidades. Las fibras gruesas (tipo A) presentaban diametros grandes y
varicosidades frecuentes (Figura 7-9 y Figura 7-11 flechas gruesas), mientras que las fibras
delgadas (tipo B) presentaban diametros pequefios y varicosidades escasas (Figura 7, y
Figura 7-11 flechas delgadas). Sin embargo, algunas fibras mostraron un didmetro axonal

intermedio y varicosidades grandes y frecuentes (Figura 7-11 B, cabezas de flecha).

Bajo el anélisis de microscopia electronica las varicosidades contenian tanto vesiculas claras
pequefias como vesiculas grandes granuladas (vesiculas de ndcleo denso, dcv) en una
frecuencia muy variable, ambos tipos de terminales hacian sinapsis con neuronas

hipocampales. Fue menos frecuente la presencia de sinapsis de varicosidades grandes que
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pequerias. Respecto al tipo de sinapsis, la mayoria (72%, n=18) fueron simétricas (Gray tipo
I). De acuerdo con caracteristicas estructurales de los blancos postsinapticos, pudimos
observar que axones de didmetro grueso formaban sinapsis asimétricas (Gray tipo I,
generalmente excitatorias) sobre tallos dendriticos de neuronas piramidales (Figura 7-11C)
y que axones AVP+ de diametro delgado formaban sinapsis simétricas (generalmente
inhibitorias) sobre procesos de interneuronas (Figura 7-11 D). Para mas detalle ver figura 3,
de (Zhang and Hernandez, 2013).

Figura 7-11. Tipos de fibras y sinapsis en hipocampo ventral. Se observan dos tipos de fibras
AVP+ y sus terminales, en microscopia de luz (A) un axdn con varicosidades de didametro
grueso (flecha gruesa) entre otros axones con botones pequefios (flechas delgadas), en
stratum radiatum de CA2 ventral. (B) una red de fibras axdnicas en CAl de hipocampo
ventral. (C) sinapsis asimétrica de una terminacion de un axon de didmetro grueso sobre un
tallo dendritico con abundantes espinas que reciben otras sinapsis tipo I, no marcadas con
vasopresina (caracteristica indicativa de que es un proceso proveniente de una neurona
piramidal), observese la gran cantidad de vesiculas de nucleo denso “DCV” generalmente
asociadas a vesiculas que contienen peptidos, y algunas vesiculas redondeadas pequenfas,
generalmente asociadas a vesiculas de glutamato. (D) Algunas terminaciones provenientes
de axones con diametro delgado hacen sinapsis simétricas sobre tallos dendriticos sin espinas
adjacentes a sinapsis asimétricas, caracteristicas sugerentes de una identidad de interneurona
(Modificado de Zhang and Hernandez 2013). Fotomicrografias provenientes de articulo
(Zhang and Hernandez, 2013), y realizadas por la doctora Limei Zhang en el laboratorio del
Dr. Peter Somogyi, en MRC, Oxford.
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7.3.3 Interneuronas mGluR 1o en stratum oriens de hipocampo son

posible blanco de axones AVP+.

Encontramos en stratum oriens una fuerte correlacion entre axones AVP+ y segmentos
dendriticos expresando mGluR 1o (Figura 7-12 A-D) y una correlacion débil con segmentos

dendriticos y cuerpos parvalbumina+ (Figura 7-12 E-F).

Figura 7-12. Algunas interneuronas mGIluR1a+ en hipocampo son posibles blancos de axones
AVP. Iméagenes confocales tomadas en stratum oriens (or) de hipocampo ventral. Mostrando
inmunoactividad para AVP (rojo), mGluRa (azul) y parvalbumina (PV, verde). Notese la fuerte
relacion entre los axones AVP+ y segmentos dendriticos que expresan mGLura (circulos A-D).
También se muestra una relacion de contacto débil (flechas) con somas (F) y segmentos
dendriticos (E, flechas) que expresan PV. El grueso de la seccion optica fue de 3 um. Escala para
A-E: 50 umy F: 15 um (Zhang and Hernandez, 2013).

66



M.C. Vito Salvador Rogelio Hernandez Melchor. Tesis doctoral (Ciencias Biomédicas)

7.3.4 Los nucleos hipotalamicos PVN y SON participan en la

inervacion vasopresinérgica del hipocampo.

En este experimento se utilizaron 16 ratas, la tabla 3 muestra una descripcion de los
resultados obtenidos, las categorias excelente, buena, débil, fallido o dafiado se refieren a la
intensidad y tamarfio del marcado, a la localizacion o al grado de dafio en el tejido adyacente.
Las ratas fueron perfundidas después de 3 semanas de la aplicacién de FG. 5 de 10 intentos
en el vHi (hipotdlamo ventral) y 4 de 6 en el dHi /hipotdlamo dorsal) fueron caracterizados
como excelentes/buenos indicando didmetros menores a 350 um y localizados con precision

en las regiones de mas alta inervacion vasopresinérgica.

Tabla 3. Descripcion de los sitios de inyeccion de fluorogold y ndcleos marcados
retrogradamente. Modificado de (Hernandez and Zhang, 2012)

ID de sujeto y nimero de Coordenadas (mm): Analisis semicuantitativo de los nicleos
dias hasta la perfusion (Bregma; lateral; dorso-vHi) | Region blanco y calidad del marcaje marcados retrégradamente®
PVN SON SCN BNST
vHi-1: 14 -5.20; 5.40; 6.00 vHi CA2: bueno - - - STIA: +
vHi-2: 35 -5.20; 5.40; 6.00 vHi CA2: debil - + - STIA:+
vHi-3: 21 -5.20; 5.40; 6.00 wHi CA2: dafiado + + - STIA:+
vHi-4: 14 -4.40; 4.60; 7.60 vHi CA2/3: bueno ++ 4+ - STIA:+
vHi-5: 21 -4.40; 4.60; 7.60 vHi CA2/3: dafiado n. e. n. e. n. e. n. e.
vHi-6: 22 -4.40; 4.60; 7.60 vHi CA2/3: dos sitios marcados n.e. n. e. n.e. n. e.
vHi-7: 22 -4.40; 4.60; 7.60 vHi CA2/3: dafiado n. e. n. e. n. e. n. e.
vHi-8: 28 -4.40; 3.80; 8.00 vHi CA2/3: exelente ++ 44 - STIA: +
vHi-9: 18 -4.40; 4.60; 7.60 vHi CA2/3: exelente ++ +++ - STIA: +
vHi-10: 18 -4.40; 4.60; 7.60 vHi CA2/3: exelente ++ +++ - STIA: +
dHi-1: 21 -2.20: 2.00; 3.40 dHi CA2/3: exelente ++ L+ - STIA: +
dHi-2: 14 -2.20: 2.00; 3.40 dHi CA2/3: bueno +4+ ++ - STIA: +
dHi-3: 21 -2.20: 2.00; 3.40 dHi CA2/3: exelente +++ ++ - STIA: +
dHi-4: 21 -2.20: 2.00; 3.40 dHi CA2/3: fallido n. e. n. e. n. e. n.e.
dHi-5: 21 -2.20: 2.00; 3.40 dHi CA2/3: fallido n. e. n. e. n. e. n. e.
dHi-6: 28 -2.20: 2.00; 3.40 dHi CA2/3: exelente +++ e+ - STIA: +

n.e.: no evaluada; STIA: stria terminalis division intra-amigdaloide; vHi: hipocampo ventral; dHi hipocampo dorsal

* numero de células fluorogold+/AVP+ por 0.2mm? : 1-5 (+); 6-10 (++); >10 (+++)

** Los calificativos: excelente, bueno, debil o fallido, se refieren a la precision de la inyeccion y el calificativo dafiado se refiere a el grado de
dafio en el tejido circundante al sitio de inyeccidn, todos los pardmetros fueron evaluados 3 semanad después de la inyeccidn de fluorogold.

La inyeccion en hipocampo ventral CA2, previo al analisis de la densidad de inervacion
AVP+ en hipocampo resultd en muy pocas células débilmente marcadas en el hipotadlamo
(Tabla 3); sin embargo, se observaron células FG/AVP+ en la division intra-amigdalina del
nucleo del lecho de la stria terminalis (STIA), estos intentos sirvieron como control negativo
para nuestra interpretacion de los datos. Después del anélisis de la densidad de la inervacion
AVP+ (Tabla 1), modificamos el sitio de inyeccidn para dirigir nuestros intentos al maximo

sitio de inervacion vasopresinérgica en vHi CA2 (Bregma -4.4 mm, lateral 4.6 mm y
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dorsoventral 7.6 mm). La inyeccion precisa en las ratas vHi8, vHi9 y vHil0 resulté en un
namero importante de neuronas AVP+ con marcaje FG en el SON y el PVN (Figura 7-13).
El marcaje FG se acumul6 principalmente en granulos parecidos a lisosomas (Figura 7-13 F,
| e insertos), lo que se ha reportado como una caracteristica prominente del marcaje a largo
plazo con FG (Persson and Havton, 2009, Schmued and Fallon, 1986, Wessendorf, 1991).
Para controlar la posibilidad de una sefial de FG por captura desde la sangre o LCR,
examinamos cuidadosamente los 6rganos subfornical y los plexos coroideos. No detectamos
sefiales en estos sitios en ninguna de las 3 ratas examinadas (Figura 7-14 e insertos). En STIA,
una cantidad moderada de células FG fueron halladas, de las cuales unas cuantas mostraron
doble marcaje con AVP (Figura 7-14 A-D).

Respecto a la inyeccion en dHi, utilizamos como blanco la porcién mas rostral de CA2
(Bregma -2.2 mm, lateral 2 mm y dorsoventral 3.4 mm) donde se encontrd la mayor cantidad
de inervacion vasopresinérgica (Tabla 2 y Figura 7-9). En la Figura 7-15, paneles Ay B, se
muestran los sitios de aplicacién de FG en el sujeto vHil, perfundido 28 dias después de la
inyeccidn de FG, nétese que las neuronas piramidales acumularon FG en el citoplasma y en
granulos tipo lisosoma (Figura 7-15 B e inserto) y algunas de las neuronas piramidales CA3
contralaterales fueron marcadas (Figura 7-15 C). Patrones de marcaje débiles en el SON
(Figura 7-15 D-F) y PVN (Figura 7-15-1) se observaron con el microscopio confocal, los
granulos tipo lisosoma se muestran con (*) en los injertos del panel F e I.
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500um

Figura 7-13 Demostracion por medio del trazador retrogrado fluorogold de
las aferencias hacia el hipocampo ventral (vHi) provenientes del SON y PVN
del hipotalamo. (A) representacion esquematica del sitio de inyeccion en vHi,
indicado por un circulo. (B, B”) sitios de inyeccién de FG en vHi CA2. Notese
el pequefio diametro. (C-G) imagenes confocales que muestran cuerpos
celulares retrégradamente marcados en SON. Notese el injerto de (F), la
acumulacién de FG (puntos verdes) en estructuras parecidas a lisosomas (*).
(H-J). También se observaron células retrogradamente marcadas en PVN.
(Flechas sélidas indican marcaje con AVP, flechas huecas indican marcaje
con FG y flechas dobles indican células doblemente marcadas. Escala 50 pm
Modificado de (Zhang and Hernandez 2013).
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50 um

50 um

Figura 7-14. La inyeccion de fluorogold
(FG) en vHi CA2, marco células AVP+ en la
division intra-amigdalina del ndcleo del
lecho de la estria terminalis (STIA) sin que se
observara marcaje el 6rgano subfornical
(SFO). (A) representacion esquematica de la
region STIA en un corte sagital. (B-D) Se
observO marcaje de FG en pocas células
vasopresinérgicas (Flechas dobles), sin
embargo una cantidad considerable de
células no AVP mostr6 marcaje retrogrado
con FG. Notese que en la region se observan
fibras AVP gruesas tipo A (doble punta de
flecha) y fibras delgadas Tipo B puntas de
flecha). (E e injertos) EI SFO, no mostro
marcaje retrogrado con FG. Modificado de
(Zhang and Hernandez, 2013).
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Figura 7-15. EIl hipocampo dorsal (dHi), recibe aferencias vasopresinérgicas desde el SON vy el
PVN del hipotadlamo. (A) se observa el sitio de inyeccion en dHi con un diametro < 350 um. El
injerto muestra un esquema de los sitios de inyeccion (circulos de colores). (B) magnificacion de
sitio de inyeccion. Injerto B, muestra que después de 28 dias el FG se acumula en granulos tipo
lisosomal (*). (C) imagen de hipocampo contralateral al sitio de inyeccion, se ven neuronas
piramidales en CA2 y CA3 marcadas retrogradamente. (D — F) Se muestran cuerpos celulares
retrogradamente marcados en SON notese en el inserto de F, la acumulacion de fluorogold en
grénulos tipo lisosomas (*). (G — 1) Cuerpos celulares retrégradamente marcados en PVN. El
inserto en | muestra la acumulacion de FG en granulos tipo lisosomas (*) y también se observa
una neurona AVP+ no marcada con FG, (flecha). Flechas solidas indican marcaje AVP+
solamente; Flechas huecas indican marcaje con FG solamente; flechas dobles indican doble
marcaije. Escala 50 um para D — | Modificado de (Zhang and Hernandez, 2013).
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7.3.5 Los axones AVP+ viajan desde el SON y PVN hacia hipocampo

a través de tres trayectorias principales.

A través de una estacion de trabajo de Neurolucida se realiz6 una reconstruccion 3D “1a 1”

a partir de 38 secciones alternadas. Es de notarse que las fibras tipo A y B, su continuidad y

sus patrones de ramificacion (rectos con pocas ramificaciones contra tortuosos con muchas

ramificaciones) se podian distinguir y documentar claramente (Figura 7-16). Los resultados

de este andlisis aunados a los esquemas de las proyecciones hechos bajo observacion con

microscopia de luz mostraron 3 vias conectando al sistema magnocelular hipotalamico

vasopresinérgico con el hipocampo.

90 deg
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Figura 7-16. Mapeo computarizado
3D de la inervacion vasopresinérgica
realizado en Neurolucida. La
reconstruccion fue hecha en secciones
sagitales desde stratum oriens de CAl
ventral hasta el nucleo PVN. Se
definen 3 rutas de axones hacia el
hipocampo. Via rostral (color morado,
hipotalamo-septum-fimbria-dHi-
vHi); la via media) (color azul,
hipotdlamo-capsula interna-fimbria-
dHi) y la via caudal (color verde,
hipotalamo-amigdala cortico_medial-
VHi e hipotalamo-amigdala
cortico_lateral). Las lineas rojas
delinean el hipocampo, las lineas
amarillas  delinean los  axones
vasopresinérgicos. (A) rotacion de 30°
a partir de vista frontal (B) rotacion de
60° respecto a vista frontal, (C) vista
lateral Modificado de (Zhang and
Hernandez, 2013).
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Via rostral-fimbria-fornix

Esta via provee el mayor conducto para las aferencias subcorticales al hipocampo y las
conexiones eferentes (Daitz and Powell, 1954, Powell et al., 1957). Esta via vasopresinérgica
hacia hipocampo habia sido sugerida previamente (Buijs, 1978). Después del analisis
anatémico exhaustivo fue evidente que tanto del PVN como del SON, fibras AVP+ seguian
el fornix dorso rostralmente (Figura 7-17 Aa, Ab, Ac) hasta el hipocampo dorsal. Desde ahi,
parte de las fibras proyectaban dorsalmente, alcanzando las porciones rostrales de CA3 y
CA2 via el alveus (Figura 7-9 B, D). El resto de las fibras continuaba dentro de la fimbria
hacia el hipocampo ventral (Figura 7-17 D, E). Se pueden observar abundantes fibras AVP+
dentro de la fimbria, en Bregma -0.24 mm (Figura 7-17 Ba, Bb) y -0.78 mm (Figura 7-17 Ca,
Chb, Cc). En las secciones semi-horizontales también se observan estas fibras dentro de la
fimbria (Figura 7-17 Da-Dd). A nivel de la fimbria ventral también se observaron abundantes
fibras AVP rectas (Figura 7-17 Eb, Ec y Figura 7-19 Ea); era frecuente hallar fibras AVP+
dentro del alveus que hacian giros de 90° para introducirse al str. or. (Figura 7-17 Fa, Fb).

Figura 7-17 Caracteristicas relevantes de la via rostral (hipotalamo-septum-fimbria-dHi-
vHi), (Aa) diagrama que ejemplifica que las fibras AVP+ de PVN y SON siguen el sistema
de fibras de fornix dorso-rostralmente hasta el hipocampo dorsal (dHi) e inervan la parte
de CA2. (Ab) Fibras AVP+ de SON y PVN proyectando dorso-rostralmente y uniéndose
a fimbria-fornix, se pueden observar fibras AVP+ en la superficie de la sustancia blanca
de fimbria (fi) (Ac, flechas negras). (Paneles B y C) secciones coronales en bregma -0.24
mm y -0.78 mm respectivamente muestran abundantes fibras AVP+ adentro de fimbria
(flechas amarillas). (Paneles D) Se observan abundantes fibras como se ven en secciones
semihorizontales. (Paneles E) se muestran abundantes fibras en Fimbria-Alveus ventral
corriendo en direccion paralela a este sistema de fibras (flechas). (Paneles F) algunas
fibras que viajan paralelas a sistema de Fimbria dan vueltas ortogonales e inervan stratum
oriens. Las fotos azules son fotos en negativo para aumentar la visualizacién de las fibras.
Escala: Ab, Ba, Ca, Ch: 500 um; Ac, Bb, Cc: 100 um. Modificado de (Zhang and
Hernandez, 2013). Ver figura en la siguiente pagina.
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Via medial-cépsula interna-fimbria.

Una considerable cantidad de axones AVP de las divisiones magnocelulares de SON y PVN
siguieron una ruta latero-postero-dorsal (Figura 7-18 A, B) dentro de la capsula interna (1C).
Estos axones se podian observar claramente en la superficie de la materia blanca de la IC
(Figura 7-18 C). Las fibras continuaban caudalmente y se veian claramente en la frontera
entre IC y el nacleo reticular talamico (Figura 7-18 F, vista horizontal). En la region de la
fimbria, alrededor de las coordenadas Bregma —2.7 mm, lateral 3.9 mm y dorsoventral 4.9

mm (Figura 7-18 De, H) se observaron abundantes fibras AVP.

Figura 7-18 Caracteristicas relevantes de la via medial (hipotalamo-capsula interna-
fimbria-dHi). (A, B) Esquema y microfotografia de bajo aumento, mostrando que una
cantidad importante de axones de SON y PVN, proyectan latero-caudal y dorsalmente
para unirse a la capsula interna (ic). (C) Fibras AVP+ (flechas) en la superficie de la ic.
(D, E) se observa un haz denso de fibras AVP+ en la frontera entre ic y fimbria (rectangulo
punteado en D), algunas de estas fibras entran a fimbria y cambian su trayectoria
dirigiendose hacia la linea media. La figura en E es una imagen en negativo para mostrar
con mayor claridad las fibras AVP+ (flechas blancas). (F-G) corte horizontal para
observar la region de union entre ic y fimbria. (G) esquema que muestra la region
analizada, (F) se observan claramente fibras AVP+ (flechas) viajando en direccion
caudal-dorsal y lateral, paralelamente a la ic, y adyacentes a nucleo reticular talamico
(Rt), en la fimbria adyacente (F, inserto), se observan fibras AVP+ (flechas que contintan
en la misma direccién. (H) Se muestra la misma region en un corte sagital. Escala 500
mm para B y C; 100 mm para D — F e inserto Modificado de(Zhang and Hernandez,

2013). Ver figura en la siguiente pagina.
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Coronal view
Bregma -2.70mm

| Horizontal view, Interaural 4.90mm
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Via caudal-cortico-amigdalina.

Proyecciones vasopresinergicas con origen en el SON hacia amigdala e hipocampo ventral
se revelaron a través de un detallado analisis anatomico realizado en secciones seriales. Los
trazos en (Figura 7-19 A-G) hechos bajo microscopia de luz y los resultados del mapeo con
Neurolucida (Figura 7-16) mostraron que una considerable cantidad de fibras AVP del SON
proyectaban caudalmente hacia la neurohipofisis a través de la eminencia media y el tallo
infundibular. Observamos que un nudmero importante de fibras continuaban caudo-
lateralmente, pasaban a través del area tuberomamilar y supramamilar, entraban a la amigdala
cortico medial (CoMeA) y después se dirigieron dorsalmente a el area de transicion
amigdalo-hipocampal. Algunas de ellas entrando al hipocampo ventral (Figura 7-19 A-G),
region delimitada por una linea azul punteada. Algunas de estas fibras giraron
ortogonalmente para entrar a la corteza amigdalo-hipocampal (Figura 7-19 Da), estos axones
parecian continuar en el vHi, principalmente en el str. or. De CA1y CA2, donde se encontrd
una densa inervacion vasopresinéergica (Tabla 1 y Figura 7-9 Ay B).

También se encontraron proyecciones AVP+ caudolaterales del SON y PVN hacia
vHi via amigdala lateral, éstas entraban a la region vHi a través de la capsula externa-alveus.
Esta via puede ser vista claramente en una seccion semihorizontal (Figura 7-18, grupo H).
Otra caracteristica importante de esta via se muestra en Is Figura 7-20 He: 2 tipos de axones
morfologicamente distintos pueden ser distinguidos, unos rectos y paralelos parecen
proyectar a la capsula externa y alveus de CA1 y CA2 ventral (flechas amarillas) y los axones
tortuosos con ramificaciones locales (flechas negras pequefias), que parecen inervar
densamente el BNST, y la amigdala central y baso lateral (Figura 7-18 He). Los axones
rectos, después de entrar al alveus de CAL en vHi, se ramifican localmente o contintian en la
materia blanca hacia CAl-subiculum o hacia CA2 (Figura 7-19 Hc. Hd).
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Figura 7-19. Caracteristicas relevantes de la via caudal (hipotalamo-CoMeA-vHi
e hipotalamo-BLA-vHi). (A — G) Esquemas de secciones sagitales seleccionadas
para mostrar el origen en SON de axones vasopresinérgicos que proyectan hacia
la amigdala corticomedial (CoMeA) e hipocampo ventral (vHi). Se observaron
dos tipos de fibras: fibras tortuosas que principalmente viajaban en amigdala
medial (trazos rojos), y fibras con trayectorias rectas en CoMeA (trazos punteados
azules). Algunas de estas fibras rectas hacian vueltas ortogonales y se ramificaban
localmente en la superficie de la corteza amigdalo-hipocampal (Panel D, Da,
flechas amarillas indican fibras que hacen vueltas ortogonales y fibras negras
fibras que continGan trayecto recto hacia hipocampo). Escala 50 pm. Modificado
de (Zhang and Hernandez, 2013).

78



M.C. Vito Salvador Rogelio Hernandez Melchor. Tesis doctoral (Ciencias Biomédicas)

str. pyr CA1

Figura 7-20. Algunas fibras AVP de SON y PVN proyectan a vHi por una via caudo-
lateral a través de la amigdala baso-lateral (BLA), entrando a el hipocampo via capsula
externa-alveus (puntas de flecha en Ha y Hb). (Hc — He) la flechas blancas indican fibras
de vasopresina dentro de hipocampo, las flechas amarillas indican fibras rectas
proyectando hacia hipocampo a través de BLA; las flechas blancas indican fibras
tortuosas y con muchas ramificaciones en amigdala central y medial y en nucleo STIA.
Ahi: zona de transicion amigdalo hipocampal; BNST, nucleo del lecho de la stria
terminalis. Escala: Hc, Hd y He: 50 pum; Hb 500 pum. Modificado de (Zhang and
Hernandez, 2013).
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7.4 Las neuronas vasopresinergicas magnocelulares
neurosecretoras (MNN’s) del nlcleo paraventricular inervan
regiones intra y extra hipotalamicas a través de multiples

procesos tipo axonicos o colaterales axonicas.

Los resultados sobre la innervacion vasopresinérgica a hipocampo sugieren que la inervacion
intracerebral a partir de neuronas magnocelulares hipotaldmicas que expresan vasopresina es
mas extensa que lo que se pensaba anteriormente. Para investigar con mas detalle la
conectividad de las neuronas vasopresinérgicas magnocelulares usamos la técnica de
marcaje yuxtacelular en neuronas vasopresinérgicas magnocelulares que se encontrasen
dentro del nucleo paraventricular del hipotalamo, posteriormente realizamos procesamientos
inmnohistogimicos para identificar el fenotipo de la neurona marcada y por ultimo revelamos
la neurona con diaminobenzidina (DAB) para la reconstruccion de sus neuritas. Nuestros
resultados muestran que ademas de la cléasica proyeccién hacia neurohipdfisis, las neuronas
magnocelulares vasopresinéergicas hipotalamicas poseen multiples colaterales axonicas y
procesos “tipo axonales” caracterizados como glutamatérgicos que inervan regiones intra y
extra hipotalamicas, tales como el area predptica medial, el ndcleo supraquiasmatico, la
amigdala y la habénula y se integran a sistemas de conduccién intracerebral como el fornix,

la capsula interna y la stria medularis.

7.4.1 La técnica de marcaje yuxtacelular, permitié identificar con
detalle las caracteristicas morfologicas de MNN’s previamente

identificadas.

La técnica de registro extracelular con marcaje yuxtacelular (Pinault, 1996) es un método
poderoso para identificar las caracteristicas morfo-funcionales de células identificadas y
aisladas electrofisiologicamente Permite obviar algunas de las dificultades inherentes a los

estudios clasicos de conectémica. Esta técnica permite llenar iontoforéticamente con
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neurobiotina una célula que previamente fue registrada. Después de un tiempo, la
neurobiotina difunde por los procesos axénicos y dendriticos de la célula y es factible hacer
una reconstruccion de esta, identificar sus blancos regionales y celulares y caracterizar la

identidad inmunohistoquimica de la célula registrada.

En este estudio, cinco células (Figura 7-21) yuxtacelularmente marcadas que se
encontraron en el nucleo paraventricular al ser visualizadas por fluorescencia (marcaje con
estreptavidina fluorescente), fueron procesadas para identificar vGlut2 (marcador de células
glutamatérgicas). Posteriormente fueron procesadas para revelado permanente con DAB y
fueron reconstruidas (proyeccion 2D de la morfologia tridimensional), por medio de un tubo
de dibujo acoplado al microscopio de luz. Por sus caracteristicas morfoldgicas los axones o
sus colaterales fueron clasificados como tales y marcados de color rojo si se unian al tracto
de Greving o surgian de un axon que se unia al tracto de Greving, si expresaban vGlut2, si
eran proyecciones a distancias largas (extra hipotalamicas) o si ramificaban dentro del
hipotdlamo extensivamente (terminales axdnicas) con varicosidades que parecian “racimos
de perlas”. (Armstrong, 2004). Las dendritas fueron representadas de color negro. Para ser
incluidas en este estudio como neuronas vasopresinérgicas neurosecretoras
neurohipofiseales (MNN’s), las células debian cumplir los siguientes criterios: 1) que fueran
reveladas como AVP+ y 2) que mandaran un axon al tracto de Greving (via hipotdlamo-
neurohipofiseal).

Tomando en cuenta los criterios mencionados, observamos que las MNN’s, pueden
poseer mas de un axon primario, originado bien del soma o de una dendrita principal. La
célula “EV40”, Figura 7-21 A) muestra claramente dicha caracteristica. En esta célula se
observaron tres dendritas principales, dos mediales, una lateral. Dos axones principales se
originan del mismo sitio de la dendrita lateral (flechas roja y azul). El axon dorsal se
incorpora al tracto hipotdlamo neurohipofiseal, y una de sus colaterales se dirige ventral y
posteriormente, uniéndose al tracto 6ptico, algunas terminales se hallaron en amigdala central
y medial. EI axdn ventral se dividié en dos, una rama se dirige hacia el tercer ventriculo

mientras que la otra se dirige lateralmente y entra al fornix.

Las neuronas “EV16” y “VH52” (Figura 7-21 B y C), fueron registradas en la parte medial
del PVNIm. Ambas ceélulas presentan dendritas mediales que ramifican extensamente y
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dendritas laterales de donde emergen los axones principales y procesos en forma de “racimos
de perlas”, (recuadro 2 en “VH52” y proceso tipo axdnico que se dirige ventro-medialmente
(1) en “E16”), que han sido descritos como terminaciones axdnicas (Armstrong, 2004). En
los paneles 3 a 6, se observan procesos axonicos dentro o en proximidad de vias importantes
de conduccidn (i.e. fornix, capsula interna, stria medularis). “EV16” presenta una dendrita
dorsal y una ventral, la dendrita ventral se ramifica extensamente en direccion medial, la
dendrita dorsal se divide en una parte medial que se ramifica de la misma manera, y una rama
lateral que da origen al axon principal, este axon se dirige al tracto hipotadlamo
neurohipofiseal y en el trayecto emite proximalmente una colateral (nimero 2 en panel B)
que se integra a la stria medularis, donde deja de observarse, pero se puede ver un proceso
axonico emergiendo de este tracto a nivel de habenula. Otra colateral axédnica distal (nimero

3, en panel B), se dirige a fornix donde deja de verse.

La neurona “MM15” (Figura 7-21 D) fue registrada en la parte posterior del nucleo
paraventricular, sin embargo era AVP+, en este caso también observamos tres procesos
dendriticos, (uno medial y dos laterales). Los procesos laterales no se bifurcan tan
extensivamente y el proceso medial da origen a 4 axones (asteriscos dentro de recuadro), dos
de ellos se dirigen hacia la eminencia media y dos de ellos dan una vuelta abrupta y se dirigen

dorsalmente, estos procesos axonicos resultaron positivos para vGLUT2,

La quinta neurona “VH25” (Figura 7-21 E), se hallaba en la frontera medial del PVNIm, en
este caso dos dendritas emergen del polo dorsal y una del polo ventral, esta tltima da origen
al axon principal que se dirige a eminencia media, y a un proceso tipo axonico en forma de

“racimos de perlas”.
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Figura 7-21. Proyecciones 2D de neuronas vasopresinérgicas magnocelulares marcadas
yuxtacelularmente con neurobiotina. Todas las neuronas aqui representadas proyectaban
a tracto de Greving y fueron positivas a vasopresina. Las reconstrucciones muestran los
axones en rojo y las dendritas en negro. (A) “EV40”, registrada en parte lateral del
PVNIm, presenta dos dendritas mediales y una dendrita que se ramifica en direccién
lateral. Dos axones primarios emergen de la dendrita lateral a la misma altura (flechas
rojas y azul en reconstruccion y fotomicrografias seriales 1 y 2). Insets 3 y 4 muestran
procesos axonicos hallados en amigdala medial y central. Algunos otros procesos
axonicos (punta de flecha azul) y dendriticos (punta de flecha verde) se vieron ingresando
al fornix. Barra de escala 50 micras. Datos no publicados, enviados a Frontiers in
Neuroanatomy.
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Figura 7-21. Proyecciones 2D de neuronas vasopresinérgicas magnocelulares marcadas
yuxtacelularmente con neurobiotina. (B) “E16” muestra dos dendritas, dorsal y ventral.
La dendrita ventral ramifica extensamente en direccion medial, la dendrita dorsal se divide
en rama medial que ramifica medialmente y rama lateral que da lugar al axon. El axén se
dirige lateralmente, inmediatamente después de salir de PVN emite una colateral dorsal
gue se integra a stria medularis donde se pierde temporalmente y se hallan procesos
saliendo de sm a nivel de habenula. El axén principal continda hacia eminencia media y
en su paso por arriba de fornix emite una colateral que se pierde en la frontera de fornix.
Esta neurona posee procesos tipo axonicos que forman un “racimo de perlas”,
terminaciones axénicas se hallaron en el area preoptica medial (MPO) y en nucleo
supraquiasmatico (SCN). (C) “VH52” Tambien registrada en la parte medial del PVN, se
observa el mismo patrén de dendritas ramificando medialmente y axdn que emerge de
dendrita lateral, presenta un claro ejemplo de axén en “racimo de perlas” y se observan
varias colaterales axdnicas ingresando o en proximidad de vias importantes de
conduccion, i.e.. fornix (fx), capsula interna (ic), stria medularis (sm) ver
fotomicrografias 3-6. (D) “MM15” fue localizada en parte postero-lateral de PVN, en este
caso las dendritas se dirigieron lateral y dorsalmente. A partir de la dendrita ventral
emergen cuatro axones, dos de ellos se dirigen ventralmente hacia eminencia media y dos
giran abruptamente en direccion dorsal, estos axones son positivos a vGlut2. (E)”VH25”
ubicada en parte medial del ndcleo, presenta dendritas emergiendo de un polo dorsal y
uno ventral, no presenta ramificaciones extensas. De la dendrita ventral emerge el axon
principal que se dirige a eminencia media y un proceso tipo axonal en forma de “racimo
de perlas”. Datos no publicados, enviados a Frontiers in Neuroanatomy.
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Seccion 11

La modulacion a la alta o a la baja del
sistema vasopresinergico produce deterioro

en conductas emocionales y cognitivas.
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7.5.1 Las Ratas HM presentan “ansiedad condicionada” si son

sometidas a un estresor osmoético.

Se evalud el estado de ansiedad condicionada y no condicionada con dos pruebas
conductuales bien consolidadas: el laberinto elevado en cruz (EPM) y la prueba de conflicto
de Vogel (VCT) (Figura 7-22). EI EPM compara el comportamiento de exploracion contra
el de evitacion situando a la rata en un ambiente no condicionado, donde los brazos cerrados
ofrecen seguridad y los brazos abiertos y elevados denotan novedad pero también riesgo.
Menor tiempo en los brazos abiertos y un nimero reducido de entradas a ellos implican un
estado de mayor ansiedad no condicionada. Los animales HM no mostraron diferencias

significativas en estos parametros, comparados con los control (Figura 7-22 A).

Posteriormente las ratas se sometieron a WD durante 48 h como estresor osmotico y
tras esto se les colocé en la caja de prueba del VCT donde debian decidir entre tomar del
bebedero y posiblemente recibir un toque eléctrico, o0 mantenerse apartadas de €l. El grupo
HM mostro una reduccion en el nimero de toques recibidos durante los 5 min que durd la
prueba (11.2 £+ 1.68, promedio + SEM) en comparacion a los controles (37.5 + 1.5) (Figura
7-22 B). La administracion de diazepam 30 min antes de la prueba aumento efectivamente la
cantidad de toques tolerados, tanto en el grupo HM (240.6 + 47.17) como en el control (258.2

+ 48.6) sin diferencia significativa entre ellos.
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Figura 7-22. Pruebas para evaluar conductas tipo ansiedad. El grupo HM mostro una
conducta de ansiedad diferencial respecto al control en las pruebas de ansiedad no
condicionada y ansiedad condicionada. (A) prueba del laberinto en cruz elevado realizado
antes de la privacion de agua (WD) para evaluar la conducta de ansiedad no-condicionada.
El histograma de la izquierda muestra el porcentaje de tiempo (s) que la rata paso en el
brazo abierto, el histograma de la derecha, el porcentaje de entradas al brazo abierto en
relacién al nimero total de entradas a brazos abiertos y cerrados. (B) Prueba de conflicto
Vogel (VCT), después de 48 h de WD para evaluar el estado de ansiedad condicionada,
que se refleja en el numero de toques aceptados durante el lapso de la prueba (5 min).
Panel izquierdo: sin ansiolitico, las ratas HM mostraron una disminucion significativa en
el nimero de descargas recibidas durante la prueba. (n = 8). Panel derecho: con la
administracion de diazepam i.p., 2,5 mg / kg de peso corporal, 30 minutos antes de la
prueba, los toques recibidos tanto por HM y los sujetos control se incrementaron en gran
medida y la diferencia observada entre los grupos desaparecio. (n = 8), promedio £ SEM,
*** P <0.001. Modificado de (Zhang et al., 2010).
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7.5.1 Déficits en el aprendizaje espacial cuando se modula a la alta o a la baja el sistema

vasopresinérgico.

En este estudio, se compard el desempefio de las ratas que sufrieron separacién materna (SM,
poseen un sistema vasopresinérgico potenciado) y ratas controles (sistema vasopresinérgico
normal). Evaluamos a ambos grupos bajo cuatro condiciones 1) sin ningdn tipo de estimulo
2) bajo un estado agudo de activacion del sistema vasopresinérgico (inyeccién de solucién
hipertonica de NaCl); 3) bloqueando la transmision vasopresinérgica via un antagonista del
receptor V1b (receptor con una distribucion muy localizada en hipocampo); 4) con los

estimulos 2 y 3 simultaneamente.

No se observaron diferencias significativas en el aprendizaje espacial entre los grupos
Ctrl y SM cuando se administrd solucion isotonica (T1, Figura 7-23 Panel A). Bajo el
tratamiento hipertonico (T2) el grupo SM mostro latencias de escape significativamente
aumentadas respecto al grupo control en los ensayos I, 111 VIl y VI (Figura 7-23 panel B).
También se observo diferencia cuando se compard el grupo SM hipertdnico con el grupo SM
isotonico en los ensayos I, VII'y VIII (Figura 7-23 F, linea azul (T2) vs. linea negra (T1) y
Tabla 2, panel de la derecha, interseccion de T2 y T1 para los ensayos I, VII y VIII). El
tratamiento hipertonico T2 no tuvo efectos significativos en el grupo control (Figura 7-23 E,
linea azul (T2) vs. linea negra (T1) y Tabla 2, panel de la izquierda, interseccion de T2y T1).
En el grupo control (Figura 7-23E), el antagonista del receptor V1b, SSR149415 (T3),
produjo diferencias significativas en el desempefio en esta prueba cuando se comparo con el
tratamiento isotonico (T1) en los ensayos Il, 111, IV, V, VI y VII (Figura 7-23E, linea roja
(T3) vs. linea negra (T1) y Tabla 2, panel de la izquierda, interseccion de T3y T1 para dichos
ensayos), mientras que en los animales SM, el SSR149415 (T3) so6lo produjo diferencia
significativa respecto al control contra el tratamiento isoténico (T1) (Figura 7-23 F, linea roja
(T3) vs. linea negra (T1)). También se observaron diferencias significativas en los ensayos
I, IV y V cuando se compararon Ctrl y SM tratados con SSR1491415 (Figura 7-23 C).
Sorprendentemente, una mejoria inicial en el desempefio durante la prueba se observo en el
ensayo Il, tanto en animales Ctrl como SM tratados con SSR149415 (Figura 7-23 E y F,
lineas rojas (T3) contra lineas negras (T1)). Cuando se aplico el tratamiento combinado (T4)

los efectos deletéreos sobre el aprendizaje espacial del SSR149415 y de la solucion

89



M.C. Vito Salvador Rogelio Hernandez Melchor. Tesis doctoral (Ciencias Biomédicas)

hipertonica se cancelaron y no se observo diferencia en el desempefio comparado con el
isotonico, tanto en el grupo Ctrl como en el SM (Figura 7-23 E y F, linea verde (T4) vs. linea
negra (T1)).

Grupo AFR Grupo 5M
Ensayol T1 T2 T3 T4 Ensayo | T1 T2 T3 T4
T1 T1
T2 T2
T3 T3
T4 T4
Ensayolll T1 T2 T3 T4 Ensayo Il T1 T2 T3 T4
T1 T1
T2 H T2
'B - A A B A * ok
T4 * * T4 * **
Ensayolll T1 T2 3 T4 Ensayo 11l T1 T2 T3 T4
T1 T1
T2 m T2 K
'B E L 22 A ### B kK
T4 Lt Ta A
Ensayo IV T1 T2 3 T4 Ensayo IV T1 T2 T3 T4
T1 T1
T2 T2
'B E L 22 A ### B *
T4 L L] T4 L
EnsayoV T1 T2 T3 T4 Ensayo V T1 T2 T3 T4
T1 T1
T2 T2
] - - s -
T4 FEE ## T4
Ensayo VI T1 T2 3 T4 Ensayo VI T1 T2 T3 T4
T1 T1
T2 T2
T3 * * T3
T4 FEE ## T4
Ensayo VIl T1 T2 3 T4 Ensayo VI T1 T2 T3 T4
T1 T1
T2 ## T2 o
T3 ** T3
T4 ** H#i## T4 *®
Ensayo VIl T1 T2 iE} T4 Ensayo VIII T1 T2 T3 T4
T1 T1
T2 Hi# T2 o
T3 T3 **
T4 T4 A

Tabla 4. Tabla de valores de significancia para la comparacion entre los distintos
tratamientos en el MWM: El panel izquierdo muestra diferencias estadisticamente
significativas entre los tratamientos para los diferentes ensayos en el grupo de AFR.
*, ** *** Representan 0.05, 0.01 y 0.001 diferencias significativas. #, # #, # # #,
representan diferencias significativas de 0.05, 0.01, 0.001 entre los grupos SM y
AFR para diferentes tratamientos y pruebas. El panel derecho muestra diferencias
estadisticamente significativas entre los tratamientos para los diferentes ensayos en
el grupo de MS. T1: Tratamiento isoténico; T2: Tratamiento hipertonico; T3:
Tratamiento SSR149415; T4 Tratamiento hiperténico + tratamiento SSR149415.
AFR: criados en el bioterio, SM: sometidos a protocolo de separacion materna.
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Figura 7-23. Desempefio en la prueba de aprendizaje espacial de MWM. Las pruebas
se realizaron en ratas macho adultas en P90, tanto en ratas criadas en el bioterio (AFR)
y ratas expuestas a separacion materna neonatal (SM), después de recibir 4
tratamientos diferentes: (A) Solucion isoténica (T1), (B) Solucién hiperténica (T2),
(C) SSR149415 (T3), (D) solucion hipertonica + SSR149415 (T4). Panel E y F
comparan los efectos de cada uno de los tratamientos dentro de los grupos AFR (E) y
SM (F). Las comparaciones estadisticas detalladas se muestran en la Tabla 6.1. Los
datos muestran el promedio + SEM (n = 12) del tiempo de latencia de escape a través
de 8 ensayos realizados el mismo dia. *, **, *** Representan diferencias significativas
de 0.05, 0.01 y 0.001 entre los tratamientos para los diferentes ensayos y los diferentes
grupos (SM y AFR). #, # #, # # # Representan diferencias significativas de 0.05, 0.01,
0.001 entre los grupos para los diferentes tratamientos y pruebas. Ver Tabla 1 para
obtener mayor informacion sobre las diferencias significativa. Modificado de
(Hernandez et al., 2012).
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7.5.2 La activacion del sistema vasopresinérgico, disminuye las
conductas pasivas (congelamiento) y aumenta las conductas activas

(escape) en respuesta a un estrés por predador.

Para evaluar las posibles implicaciones funcionales de las proyecciones intracerebrales
vasopresinérgicas de las MNN’s, disefilamos un experimento conductual donde activamos el
sistema vasopresinérgico magnocelular (inyeccion sistémica de solucion salina hipertonica,
30 minutos antes de iniciar el experimento). La figura 7-24 muestra un decremento en las
conductas pasivas de escape (15+/-2.8) en animales inyectados con solucién hipertonica vs
(32.85 £ 5.34) en controles y (32.25 +5.3) en animales inyectados con solucién isoténica. Por
el contrario las conductas activas de escape, aumentaron en el grupo hipertonico (44.05 +
3.06) vs control (27.85 + 3.2) y vehiculo (23.1 £ 2.26).

Figura 7-24. Aumento en las
conductas activas de escape inducido
por estrés osmotico. (A y B)
representan tipicas conductas pasivas
(congelamiento) y activas (escalar) de
escape ante un predador. (C) lado
izquierdo muestra que el estrés
osmotico genera una disminucion en
conductas pasivas de enfrentamiento
al estrés aunado a un aumento en las
conductas activas de escape (lado
derecho).
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7.5.3 El estrés osmotico modifica el patrén de activacion neural

inducido por el gato en estructuras inervadas por axones de la MNN'’s.

Tras 90 minutos de haber sido enfrentadas al predador, las ratas fueron sacrificadas para
evaluar la expresion de Fos en regiones inervadas por axones de MNN’s. Observamos que
el gato induce un aumento en el numero de nucleos de Fos en el hipotdlamo (PVN, Pa,
PALM), en amigdala y en habenula lateral. Sin embargo, los patrones de expresion inducidos
por el predador se modificaron con la inyeccion de solucién hipertonica (letras con apostrofe
en la Figura 7-25). La solucion hipertdnica indujo un aumento en el nimero de ndcleos de
Fos en el nucleo supraquiasmatico dorsal (SCNd), el ndcleo supradptico(SON, B y B'), el
paraventricular lateral magnocelular (PVNIm, A", la parte medial magnocelular del PVN
(PVNmm, Cy C"), el area predptica medial (MPO), la parte central medial de amigdala (Sea,
F y F) y la habenula lateral, parte medial (LHbm, . D y D). Se observaron reducciones
significativas en la amigdala medial (MeA) y baso lateral (BLA, Fy F') y en la parte lateral
de habenula lateral (LHbl, D y D'). No observamos cambios en la parte ventral del
supraquiasmatico (SCNv, B y B'), y la region parvocelular del paraventricular (P\VVNmpd, A
y A). En el tdlamo la expresion de Fos se hizo més densa y organizada. La Figura 7-25 G
indica la activacion inducida por estrés osmotico en  células vasopresinérgicas
magnocelulares de PVNIm. El histograma en la figura 7-25 H y la tabla 4 comparan
cuantitativamente la expresion de Fos en grupos vehiculo e hiperténico. Datos no publicados,

enviados a Frontiers in Neuroanatomy.
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Tabla 4. NUumero de células Fos+ en un areas de 0.02 mm?.

Region Vehicle + Cat Hypertonic +
Cat
Hypothalamus
1. Suprachiasmatic nucleus, ventral part (SCN,) 756 =74 808 + 124
2. Suprachiasmatic nuclt;]:is: dorsal part (SCN4) 12 +03 1272 + 6.4
3. Paraventricular lateral *rﬂagnocellular (PVNim) 46 + 11 189.8 + 1486
4. Paraventricular medial parvocellular (PYNmp) 217.2 £ 26.9 166.8 + 131
5 Paraventricular meclia?*:gagnocellular (PVNmm) 268 + 36 1225 + 91
6.  Supraoptic nucleus EiDN} 285 =29 1264 = 126
7. Medial preoptic area (EPO} 2715 + 48 675 + 6.5
Amygdala
1. Medial amygdala (Meﬂ 894 + 8 32 + 56
2. Central amygdala meﬁl (Cehn) 182 £ 1.3 482 + 3.3
3. Basolateral amygdala :;*ELA} 85 207 28 %= 05
Epithalamus
1. Lateral habenula medi:al part (LHbm) 255 £ 4 148 £ 2.7
132 £ 186 44 £ 05

2. Lateral habenula lateral part (LHbi)

* " and ™ for P<0.05, P<0.01 and P<0.007, significance levels
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Figura 7-25. El estrés osmotico modifica el patron de expresion de Fos inducido por
predador. A-F: fotomicrografias que comparan la expresion de Fos en animales vehiculo
(letras no marcadas) vs animales con inyeccion de sol hipertonica (letras con apostrofe).
(G) muestra la expresion de Fos (verde) en MNN’s vasopresinérgicas (rojo) después de
90 minutos de una inyeccion hipertonica i.p.. (H) muestra un histograma comparando la
expresion de Fos en las &reas mostradas por las microfotografias. *, **y *** representan
P<0.05, P<0.01 y P<0.001, respectivamente. Datos no publicados, enviados a Frontiers
in Neuroanatomy.
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8. Discusion general
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El término de homeostasis fue propuesto por Walter Cannon en su libro “The wisdom of the
body”(Cannon, 1932), dicho termino fue derivado de los vocablos griegos homeo = similar
y stasis = estabilidad y se le define como la capacidad de un sistema para regular su medio
ambiente interno con el fin de mantener una condicion estable. EI mantener la homeostasis
es fundamental para la sobrevivencia del individuo y de la especie, por lo que multiples y
complejos sistemas han evolucionado para reaccionar adecuadamente ante cambios en el
ambiente interno y externo. Dichos cambios van desde ajustes en el medio interno hasta
respuestas conductuales. Se considera clasicamente que el hipotdlamo, una estructura
filogenéticamente antigua es un nodo importante en la integracion de estas respuestas
homeostaticas. Dentro del hipotalamo los nicleos paraventricular y supradptico contienen
una importante poblacién de neuronas vasopresinérgicas magnocelulares neurosecretoras
(MNN’s), estas neuronas responden a la disminucion de la presion arterial o al aumento de
la osmolaridad plasmatica secretando vasopresina a la circulacion sistémica por medio de
axones que envian hacia la neurohipofisis. El efecto de la vasopresina sobre sus 0rganos
blancos es una reabsorcién de agua por el rifién y una contraccién en el musculo liso de los

Vvasos sanguineos.

Es comlUnmente aceptado que durante la vida adulta, el sistema HPA controla
fundamentalmente la respuesta al estrés, sin embargo, durante la vida perinatal el sistema
vasopresinérgico tiene un papel clave en mantener la homeostasis ante diversas clases de
estresores (Makara et al., 2008, Zhang et al., 2012, Zhang et al., 2010, Zelena et al., 2008).
Por ejemplo se ha demostrado que estresores que durante el periodo neonatal de hipo-
responsividad al estrés son capaces de inducir una activacion del eje HPA en ratas normales,
no logran inducir una elevacion de ACTH en ratas Brattelboro (KO natural para vasopresina),
aunque si responden con una elevacion de corticosterona (CORT). Esto podria sugerir que la
vasopresina es la responsable de la liberacion de CORT y que las neuronas CRF aln no han
madurado. Sin embargo en un estudio reciente se encontré un fenémeno bifasico en relacion
a la elevacion de CORT como consecuencia de la separacién materna: en P3 los animales
MS mostraron una mayor elevacion de CORT respecto a los AFR, sin embargo en P12 el
grupo MS mostré una elevacion menor que los AFR (Lajud et al., 2012). Los datos anteriores
dan pie a proponer que la hiper-activacion del sistema AVP durante la separacion materna

en la etapa postnatal temprana, representa un mecanismo homeostatico para mantener el
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balance del eje HPA hiper-activado y esto pueda contribuir al llamado “periodo hipo-
responsivo al estrés” (Sapolsky and Meaney, 1986). El sistema vasopresinérgico
hipotaldmico durante esta etapa se encuentra en un importante proceso de maduracién-
remodelacion, con distintos procesos ocurriendo simultaneamente (Antoni, 1993, Buijs et al.,
1980, De Vries and Panzica, 2006, Ugrumov, 2002), lo que confiere gran plasticidad a este

sistema para ser modificado por diversas influencias ambientales.

En la primera seccion de esta tesis reportamos un aumento en la reactividad del
sistema vasopresinérgico neurohipofiseal ante un estrés osmotico (i.e. mas rapida y mayor
liberacion de vasopresina a la sangre), mayor numero de neuronas vasopresinérgicas MNN’s
activadas ante un estrés osmotico, numerosos cuerpos de Herring (sitio de almacenamiento
de la hormona, mayor expresion de mRNA de AVP y mayor volumen ocupado por neuronas
AVP+. Estos resultados obtenidos en dos paradigmas de estrés perinatal (HM y SM),
sugieren que el delicado ambiente enddcrino prenatal puede sufrir modificaciones por
diversas clases de estresores, de forma inmediata como mecanismo homeostatico, pero a
largo plazo pueden producir cambios perdurables en la estructura y funcion del sistema
vasopresinérgico, dichos cambios pueden ser silentes en condiciones basales pero que se
pueden evidenciar al tener que hacer frente a situaciones estresantes que requieran el

reclutamiento de dicho sistema.

Se considera tradicionalmente que las proyecciones del sistema vasopresinérgico
hipotalamico neurosecretor son exclusivas hacia la neurohipofisis, donde participan en la
regulacion hidroelectrolitica y de la presion arterial. Y que las proyecciones centrales
vasopresinérgicas provienen de otros ndcleos que expresan vasopresina (neuronas
parvocelulares del nucleo paraventricular, nucleo supraquiasmatico, amigdala, BNST, bulbo
olfatorio). Sin embargo los resultados obtenidos, que demostraban que las ratas con un
sistema vasopresinérgico magnocelular potenciado presentaban un deterioro en la respuesta
al estrés (alteraciones cognitivas y emocionales) cuando dicho sistema era potenciado,
sugeria que el rol del sistema magnocelular vasopresinérgico no se limitaba a sus funciones
periféricas. Algunos estudios previos habian sugerido por medio de métodos bioquimicos
(Landgraf et al., 1988), inmunohistoquimicos (Buijs, 1978, Sofroniew and Glasmann, 1981))

y electrofisioldgicos ((Inyushkin et al., 2009) la presencia de proyecciones intracerebrales
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provenientes de estos nlcleos magnocelulares, sin embargo dicha hipotesis no habia sido
aceptada dado que no eran métodos conclusivos. Nuevas técnicas para revelar la conectividad
intracerebral se han desarrollado, y con esto en mente revisamos la hipotesis de que existian
proyecciones intracerebrales desde los nucleos hipotaldmicos magnocelulares hacia regiones
centrales involucradas en el control de funciones cognitivas y emocionales y que la activacion
del sistema hipotalamico vasopresinérgico magnocelular tendria consecuencias en la
activacion neuronal de dichas regiones y en las conductas que a estas regiones estuvieren

asociadas.

Los trabajos en la seccidn 2 de resultados describen los datos obtenidos al analizar las
proyecciones intracerebrales de las neuronas magnocelulares del sistema vasopresinérgico
hipotaldmico. Por medio del uso de trazadores neurales, reconstruccion asistida por
computadora y registro yuxtacelular in vivo con marcaje de neurona unica, describimos una
extensa red de proyecciones intracerebrales del sistema vasopresinérgico. Reportamos una
determinacion detallada del patrén de inervacion en hipocampo y definimos la presencia de
sinapsis en dichas regiones, asi como la identidad celular de algunos blancos de axones
vasopresinérgicos en el hipocampo, estos resultados contribuyen a explicar los mecanismos
mediante los cuales la innervacion proveniente de neuronas AVP+ magnocelulares de
hipotdlamo puede modificar la funcion de hipocampo y conductas asociadas tales como el
aprendizaje espacial (Fanselow and Dong, 2010) o conductas de ansiedad (Adhikari et al.,
2010).

Para confirmar inequivocamente el origen de la innervacion intracerebral a partir de
neuronas vasopresinérgicas neurosecretoras utilizamos el método de marcaje yuxtacelular,
gue ha demostrado ser un método poderoso para identificar con certeza la morfologia de las
proyecciones neuronales, sus blancos regionales y celulares asi como el fenotipo
inmunohistoquimico de las neuronas registradas. Aunado a esto, permite registrar la
actividad electrofisioldgica de la neurona registrada y el potencial local de campo del sitio
donde se realiza el registro, permitiendo una correlacién entre estructura y funcién. Con este
método, para nuestra sorpresa, hallamos que algunas neuronas neurosecretoras
vasopresinérgicas poseen mas de un axon o colaterales axonicas que pueden surgir desde el

axon gue se dirige a la neurohipdfisis o desde otros axones. Estos axones o colaterales inervan
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estructuras intrahipotalamicas (area predptica, ndcleo supraquiasmatico, area hipotalamica
lateral) o se integran a vias de conduccidn (fimbria-fornix, stria medularis, capsula interna)
para inervar otras regiones intracerebrales (habénula, palido ventral). Los resultados de este
trabajo intentan proveer algunas respuestas en un antiguo debate sobre si las neuronas
magnocelulares vasopresinérgicas neurosecretoras pueden tener proyecciones centrales, los
resultados presentados indican que en efecto el sistema vasopresinérgico neurohipofiseal

tiene una inervacion intracerebral mas extensa de lo que anteriormente se habia propuesto.

En la dltima seccidén evaluamos los efectos que la modulacion “aguda” del sistema
vasopresinérgico (estrés osmotico o antagonistas de receptor vasopresinérgico) tiene sobre
conductas en donde participan areas que hemos demostrado son innervadas por neuronas
vasopresinérgicas MNN’s, y evaluamos si la potenciacion “cronica” del sistema
vasopresinérgico magnocelular en animales sometidos a estrés perinatal, confiere
susceptibilidad para desarrollar alteraciones en la mocionalidad y la cognicion. Los
resultados muestran que aunque bajo condiciones basales existe un sistema vasopresinérgico
potenciado, no existen cambios conductuales evidentes, sin embargo cuando estos individuos
son sometidos a condiciones que requieran la participacion de dicho sistema, e.g. condiciones
de privacion de agua o administracion de una solucion hiperosmotica, se puede evidenciar

una serie de alteraciones en parametros conductuales.

Para evaluar las conductas de ansiedad, usamos dos pruebas conductuales: El
laberinto en cruz elevado (EPM) y la prueba de conflicto de Vogel (VCT). La diferencia entre
estas dos puebas es que el EPM evalua el conflicto “no condicionado”, que la rata presenta
ante la tendencia a explorar lugares nuevos y la aversion a lugares abiertos mientras que la
segunda (VCT) evalua las conductas de “ansiedad condicionada”, en un estado de privacion
de agua por 24 horas. En ninguno de los dos modelo de estres perinatal observamos que las
ratas presentasen conductas de ansiedad no condicionada durante la edad adulta, lo cual
apoya los datos obtenidos por (Lajud et al., 2012). La prueba de conflicto de Vogel, tiene
como caracteristica la activacion del HNS y el aumento de la liberacion de AVP y en este
caso observamos que los animales HM y MS presentan conductas de ansiedad. Es 16gico
suponer que el aumento en ansiedad visto en esta prueba sea debido a la liberacion de

vasopresina intracerebral, estos datos van en concordancia a estudios previos que sugerido
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efectos ansiogénicos/ansioliticos de agonistas/antagonistas vasopresinérgicos cuando estos
son administrados intracerebralmente(Landgraf et al., 1995, Mak et al., 2012) y una mayor
liberacion de vasopresina cuando las ratas presentan conductas tipo ansiedad (Landgraf and
Wigger, 2002, Veenema et al., 2006, Zhang et al., 2012, Zhang et al., 2010).

En una prueba de aprendizaje espacial, observamos que la modulacion aguda a la alta
(estrés osmotico) o a la baja (antagonista vasopresinérgico) del sistema vasopresinérgico,
produce un efecto diferencial en animales controles y MS. Deterioro en el aprendizaje
espacial de animales MS (con un sistema vasopresinergico potenciado) si se someten a
activacion aguda del sistema vasopresinergico y en animales controles si se modula de forma
aguda a la baja el sistema vasopresinérgico por medio de un antagonista del receptor V1b de
vasopresina (expresado importantemente en hipocampo). Este es el primer estudio que
demuestra que los animales que fueron sometidos a separacion materna, presentan deterioro
en aprendizaje espacial. EI hipocampo es importante en procesos de aprendizaje y memoria,
y desde los trabajos pioneros de deWied (Dewied et al., 1958), se ha propuesto que la
vasopresina puede modular la funcion del hipocampo, posteriormente se han realizado
estudios de electrofisiologia que muestran que la AVP produce LTP en rebadadas de
hipocampo (Chepkova et al., 1995) y la administracion de vasopresina en el septum por
microdialisis, produce deterioro en el aprendizaje espacial(Engelmann et al., 1992). Se ha
reportado que los receptores V1b de vasopresina se hallan expresados importantemente en el
hipocampo (Hernando et al., 2001, Lolait et al., 1995b, Young et al., 2006). Los estudios
sobre el papel de estos receptore sobre el aprendizaje espacial son contradictorios, Egashira
reporta que ratones KO para VV1b no muestran déficits en una prueba de aprendizaje espacial,
(Egashira et al., 2009), mientras Murgatroyd reporta que ratones que presentan déficits de
aprendizaje espacial en el MWM, mejoran su curva de aprendizaje cuando son tratados con
el antagonista V1b (SSR149415), (Murgatroyd et al., 2009).

Por ultimo en la ultima serie de experimentos realizados en ratas sin estrés perinatal,
observamos que la activacion in-vivo de las neuronas magnocelulares neurosecretoras
vasopresinérgicas, por medio de un estrés osmotico, produce una significativa reduccién en
las conductas pasivas de escape y un aumento en las conductas activas de escape ante un

predador. Esta modificacion conductual se asocia a la activacion de regiones cerebrales que

101



M.C. Vito Salvador Rogelio Hernandez Melchor. Tesis doctoral (Ciencias Biomédicas)

reciben innervacion de neuronas magnocelulares neurosecretoras. Los resultados anteriores
sugieren que la hiperactivacién del sistema vasopresinérgico que fue potenciado durante la
etapa perinatal como un mecanismo de mantener la homeostasis, durante la edad adulta al

ser reclutado puede sentar la base de neuropatologias.
Consideraciones Finales

En la presente tesis hemos demostrado que dos estresores perinatales tienen la capacidad de
modificar el desarrollo del sistema vasopresinérgico. Probablemente estas alteraciones
perdurables tengan su génesis en los intentos homeostaticos del sistema vasopresinérgico en
desarrollo ante cambios en el ambiente interno o externo. En la edad adulta, cuando el sistema
vasopresinérgico ha culminado su maduracion, estos mecanismos inicialmente adaptativos
pueden sentar las bases para la expresion de psicopatologia durante la edad adulta. Hemos
caracterizado la conectividad intracerebral de este sistema vasopresinérgico y hemos hallado
que las MNN’s ademas de la via hipotdlamo-neurohipofiseal clasica, generan una red de
conexiones intracerebrales mucho mas extensa de lo anteriormente propuesta, mediante la

cual puede modular funciones cognitivas y emocionales

Estos resultados abren una serie de posibilidades de exploracion sobre como el sistema
vasopresinérgico magnocelular hipotaldmico puede modular sus regiones blanco, sera
importante determinar cuél es el efecto de la liberacion de vasopresina en los sitios diana,
identificar los blancos celulares de estos axones, evaluar si existe alguna coherencia entre el
potencial local de campo registrado en hipotalamo y en las regiones blanco tales como
hipocampo o amigdala, y si esto es cierto verificar como se modulan estas conexiones
funcionales por medio de estimulos que regulen a la alta o a la baja al sistema

vasopresinérgico.
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9. Tabla de abreviaturas
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3hSM Episodio de separacién materna por 3 horas

ACTH Hormona adrenocorticotropina, (adrenocorticotropic hormone)

ADH Hormona antidiurética, (antidiuretic hormone)

AFR Ratas controles criadas en el bioterio, (animal facility reared)

AHA Area hipotalamica anterior

AT Terminal axonica, (axon terminal)

AVP Arginina vasopresina

BNST Nucleo del lecho de la estria terminalis (bed nuclei of the stria terminalis)
CAMP AMP ciclico (cyclic adenosine monophosphate)

CCTV Cémara de circuito cerrado (Closed circuit television)

CeA Nucleo central de la amigdala

CORT Corticosterona

CRF Factor liberador de corticotropina, (corticotropin releasing factor)

Crtl Control

Ccv Coeficiente de variacion

DAB 3,3'-diaminobencidina

DEPC Dietilpirocarbonato

Ei Dia embrionario i

ELISA Enzime linked immuno-sorbent assay

EPM Elevated Plus Maze

EPSP Potenciales post-sinapticos excitatorios, (Excitatory post-sinaptic potencial)
FG Fluoro-Gold

FST Prueba de nado forzado, (Forced swimming test)

GD Giro dentado

HM Hipertiroidismo materno

HNS Sistema hipotalamo-neurohipofiseal (Hipotalamic-neurohypophyseal system)
HNT Tracto hipotalamo-neurohipofiseal (Hipotalamic-neurohypophyseal tract)
HPA Hipotalamo-pituitaria-adrenal

HT Hormonas tiroideas
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IC Cépsula interna (Internal capsule)

IHC Inmunohistoquimica (Immunohistochemistry)

IP3 Inositol trifosfato

ISH Hibridacidn in-situ, (in-situ hibridation)

LTP Long term potentiation

LTVP Potenciacion vasopresinérgica de largo plazo, (Long term vasopressinergic potentiation)
mRNA ARN mensajero

MWM Laberinto acuatico de Morris, (Morris water maze)

MS Separacion materna

NGS Suero normal de cabra, (normal goat serum)

NIH Instituto Nacional de Salud de Estados Unidos, (National Institute of Health)
NSS Suero normal de cerdo, (Normal swine serum)

PB Buffer de fosfato de sodio, (phosphate buffer)

PFA Paraformaldehido

Pi Dia postnatal i

PLC Fosfolipasa C, (Phospholipase C)

PVN Nucleo paraventricular, (paraventricular nucleus)

PVN mpd  Division medial parvocelular del PVN, (PVN medial parvocelular division)

PVNIm Division lateral magnocelular del PVN, (PVN lateral magnocelular division)
RFST Prueba de nado forzado repetido, (Repeated forzed swimming test)
SCMS Estrés leve sub-cronico moderado, (Sub-chronic mild stress)

SCN Nucleo supraquiasmatico, (Suprachiasmatic nucleus)

SEM Error estandar del promedio, (Standard error of mean)

SON nucleo supraoptico, (Supraoptic nucleus)

STIA stria terminalis

str. or stratum oriens

T3 Triyodotironina

T4 L- tiroxina

B Buffer de Tris

TBS Buffer de Tris + NaCl 0.9%

TBST Buffer de Tris + NaCl 0.9% y Triton 100x al 0.3%
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TDHA
TST
VCT
WD

Trastorno de déficit de atencion e hiperactividad
Prueba de suspension del rabo, (Tail suspension test)
Prueba de conflicto de Vogel, (Vogel conflict test)

Privacion de agua, (Water deprivation)
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Abstract

Conventional neuroanatomical, immunohistochemical and in vitro recording and
labeling methods may fail to detect long range intracerebral-projecting axons of
vasopressinergic (AVP) magnocellular neurosecretory neurons (MNNs) of the
hypothalamic paraventricular nucleus (PVN). Here, by usingin vivo extracellular
recording and juxtacellular labeling, we show that MNNs possess multi-axon-like
processes and axonal collaterals branching very near to the somata, projecting
intracerebrally to areas including the medial and lateral preoptical area, suprachiasmatic
nucleus, lateral habenula, medial and central amygdala and to the conducting systems
such as stria medullaris, the fornix and the internal capsule. Axon-collaterals were
detected to express vesicular glutamate transporter 2. Furthermore, in vivo activation of
AVP-MNNSs by hypertonic saline administration produced significant reduction of
freezing behavior and an increase in active escaping, measured as climbing, rearing and
displacement, during live cat exposure. Modified Fos expression patterns during fear
processing in hypothalamus, amygdala, thalamus and LHb were also observed. Our data
demonstrated that AVP-MNNs possessed multiple axon-like processes and the long-
range intracerebral projection is a more common feature of the MNNs, than an
“occasional” phenomenon as previously thought. The magnocellular AVP-
glutamatergic non-canonical pathways found here may constitute a part of the central
motivational circuit activated under multifaceted stress coping.

Key words: Paraventricular nucleus (PVN), juxtacellular labeling, vasopressin, extra-
hypothalamic projections, axon collaterals, magnocellular neurosecretory system.
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1. Introduction

Arginine-vasopressin (AVP) containing cells located in the lateral division of the
paraventricular nucleus of the hypothalamus have large somata (diameters around 20-35
pm, named magnocellular) and are commonly known to project to the neurolobe of the
hypophysis releasing the nonapeptide vasopressin, which is critical for cardiovascular
functions and hydro-electrolytic homeostasis (Bargmann and Scharrer, 1951). They are
traditionally referred to as vasopressinergic magnocellular neurosecretory neurons
(AVP-MNNS).

Osmotic stimulation, such as dehydration or acute salt loading, produces a rapid
activation of AVP-MNNSs. Under salt loading, MNNs respond with an increased firing
rate and often are continuously activated (tonic firing patterning) in the initial phase of
stimulation (Brimble and Dyball, 1976).

There is growing evidence supporting the role of AVP as a molecule involved in
the modulation of behavior, such as social interactions, anxiety, aggression and fear
(Debiec, 2005;Caldwell et al., 2008). It is generally accepted that the AVP-containing
parvocellular neurons of the hypothalamic paraventricular nucleus (PVN) are the main
players for both the corticotropin-releasing hormone synergetic action on
adenohypophyseal corticotropin secretion and the intracerebral projections, together
with AVP containing neurons from the bed nucleus of stria terminalis (BNST) and
from the medial amygdala (MeA) (Caffe and van Leeuwen, 1983;Buijs et al., 1991).

It has been established that the magnocellular axons emanate from the AVP-
MNN:Ss, either from the soma or a primary dendrite (Armstrong et al., 1980;van den Pol,
1982;Hatton et al., 1985;Rho and Swanson, 1989) and course in a wide arc, passing
over or beneath the fornix before turning medially above the supraoptic nucleus to join
the tract of Greving (Laqueur, 1954) before reaching the internal medial eminence
(MEI) and then the neural lobe. AVP-MNN axons from magnocellular neurons have
been seen to occasionally branch (van den Pol, 1982;Hatton et al., 1985;Ray and
Choudhury, 1990), but the final destination and synaptic relationship of collaterals
remain to be determined (Armstrong, 2004).

Besides the finding of dendritic release of AVP in their vicinity influencing the
local neuronal activities through paracrine mechanisms (Pow and Morris, 1989;Son et
al., 2013), recent investigations using both in vivo and in vitro electrophysiological
recording (Inyushkin et al., 2009), anatomical analysis and fluorogold retrograde tracing
(Hernandez and Zhang, 2012;Zhang and Hernandez, 2013), have suggested that the
AVP-MNNs have important intracerebral axonal projections establishing synaptic
innervations in some limbic regions, such as hippocampus (Zhang and Hernandez,
2013) and amygdala (Hernandez and Zhang, 2012). Activation of the AVP-MNNs
modifies significantly the conditioned anxiety state (Zhang et al., 2012) and the spatial
learning (Hernandez et al., 2012).
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The conventional neuroanatomical, immunohistochemical and in vitro
electrophysiology methods may fail to detect the complete dendritic arborization and
the presence of long-range intracerebral-projecting axons of AVP-MNNs in the PVN.
The difficulties include the large cell size for any kind of brain slide-based methods; the
high cellular density and the intermingled populations of both AVP parvo- and magno-
cells; the chemical structural changes of the peptide from propressophysin to
vasopressin during the intra-axonal transport, which decrease the labeling with a single
antibody (Zhang and Hernandez, 2013); and also the uneven axonal distribution of the
dense core vesicles, making it confusing when following the thin axons under light and
electron microscopy (Zhang and Hernandez, 2013). In contrast, the in vivo extracellular
recording with juxtacellular labeling technique (Deschenes et al., 1994;Pinault, 1994,
1996), combined with a post hoc anatomo-immunohistological analysis, is able to
overcome these difficulties and enabled us to investigate the overall MNN morphology
and its long-range intracerebral projections.

Hence, the aim of this work is to reinforce our previous observation of the
intracerebral vasopressinergic innervation by AVP-MNNSs, using in vivo juxtacellular
single neuron labeling method, to accurately identify the intracerebral projections of
these neurons from PVN and to evaluate the functional implications of the activation
ofusthe AVP-MNNSs. To this end, we used osmotic stressor to activate the AVP-MNNs
and cat exposure as an ethologically and physiologically relevant natural stimulus, to
evaluate passive vs. active stress coping and the c-Fos expression in the regions where
the axon-collaterals from juxtacellularly labeled AVP-MNNs were found.

2. Materials and methods

2.1 Animals

Experiments were conducted in adult male Wistar rats (250 — 300 g) provided by the
local animal facility and housed at 20 — 24° C on a 12h dark/light cycle (lights-on at
19:00 h) with tap water and standard rat chow pellets available ad libitum. The local
bioethical and research committees approved all procedures involving experimental
animals (approval ID CIEFM-086-2013).

2.2 In vivo extracellular recording and juxtacellular labeling

The procedures for in vivo extracellular recording and juxtacellular labeling were based
on the methods described in references (Leng, 1991;Pinault, 1996;Tukker et al., 2013).
Anesthesia was induced with 4% isoflurane in oxygen, followed by urethane injection
(1.3 g / kg, i.p., Sigma-Aldrich), with supplemental doses of xylazine (30 mg/kg) as
necessary. Body temperature was maintained at 36 °C with a heating pad. Once
anesthetized, animals were placed into a stereotaxic frame and craniotomy was
performed around the coordinates: -1.7 mm posterior from Bregma and 0.4 mm lateral.
A long-taper glass electrode (8-15 MQ) filled with 1% neurobiotin (Vector
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Laboratories), in 0.15 M NaCl was vertically placed at previously standardized
hypothalamic PVN coordinates (1.7 mm posterior and 0.4 mm right/left from Bregma,
6.9 mm deep) and referenced against a wire implanted subcutaneously in the neck.

Neuronal activity was detected, amplified and filtered using differential
amplifiers ELC-01MX, DPA-2FL and BF-48DGX (npi electronics, GmbH, Tamm,
Germany). Signals were filtered in a 300-3000 Hz bandwidth.

All the five AVP-MNNs reported here were labeled under hypertonicity
condition (900mM NacCl solution, 2% b. w., i.p.) to facilitate the location of AVP-
MNNs in vivo. This procedure was set to increase the experiment effectiveness. There
are several factors in basal conditions that hamper the experimental effectiveness,
amongst which we could mention 1) the small size of PVN; 2) the individual coordinate
differences; 3) the high presence of pulsatile blood vessels (3.3 times) and longer lumen
perimeters (3.6 times) than in control regions of ventrolateral hypothalamus (van den
Pol, 1982)); 4) the very low spontaneous firing rates (<0.1Hz) of AVP-MNNs under
basal condition in urethane anesthetized rat.

After recordings, the cell was iontophoretically labeled with neurobiotin using
juxtacellular-labeling method (Pinault, 1994). Current pulses of 1-10 nA, at 2.5 Hz,
with a 50% duty cycle, were delivered through the recording electrode. The current was
gradually increased to induce and maintain entrainment of the activity of the neuron,
yielding a higher number of spikes on the current "on™ periods. Cells were entrained
between 2 and 10 min.

2.3 Tissue processing and reconstruction of juxtacellular labeled neurons

Two to five hours after labeling, animals were transcardially perfused with saline
followed by 15 min of fixative solution containing 4% paraformaldehyde, 15% v/v
saturated picric acid, and 0.05% glutaraldehyde in 0.1M PB. Each recorded cell was
coded with the electrophysiologist's initials followed by the sequential number of
experiments for internal control.

Coronal sections (70 um) were stored serially in tissue culture wells in 0.1PB
containing 0.05% NaNs;. Four to six sections near the electrode tract were incubated
with streptavidin-conjugated Alexa Fluor 488 (1:1000; Invitrogen) in TBST (Tris-
buffered saline with 0.3% Triton X-100) for 1 h at room temperature (RT). After
rinsing, sections were mounted on slides in VectaShield (Vector Laboratories,
Burlingame, CA). Sections from successfully labeled cases containing the somata were
blocked with 10% normal donkey serum (NDS) and later incubated overnight with
rabbit anti-AVP (1:500; Peninsula Laboratories) and guinea-pig anti-vesicular
glutamate transporter (vGluT2-GP-Af810, Frontier Institute Co., LTD, Ishikari, Japan).
For reconstruction, sections were further processed using avidine-biotin peroxidase
complex (Vectastain ABC Elite kit, Vector Laboratories Burlingame, CA) to reveal
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neurobiotin with diaminobenzidine (DAB, 0.05%; SIGMA, St.Louis, MO). Mounted
sections were air-dried and coverslipped with Permount mounting medium (Electron
Microscopy Sciences, Hatfield, PA).

Five neurobiotin-labeled AVP immunopositive MNNs (EV40, VH52, EV16,
MM15, VH25, corresponding the Fig. 1-5) were selected for reconstruction under light
microscope with a drawing tube. For MM15, a 3D confocal microscope reconstruction
of the soma section (70um of thickness) was provided (supplemental information) to
illustrate the presence of both the hypothalamic-neurohypophyseal tract —joining axons
and the intracerebral projecting collaterals. The selection criteria include that the cells
had to be tested positive to AVP; to be located inside the PVNjmg and to possess the
main axons joining the tract of Greving (Armstrong, 2004).

2.4 Live cat exposure and behavioral scoring

The behavior test was performed during the early activity period of the rats (dark
period). Experimental subjects (N=60), housed four per cage, were divided into three
groups: the undisturbed control group was housed as described before; the isotonic
saline (vehicle) injected groups and the salt challenged group (900mM of NaCl, 2% of
b.w.). The injections were made 30 min before the test under transient anesthesia by
inhaling sevoflurane vapor (Sevorane, Abbot, Mexico) to reduce the nuisance caused by
the manipulation during the injections. Rats recovered from this procedure after 1 to 3
min.

Each rat was placed individually in a grid cage (28.5 x 21 x 30 cm), so the rat
could climb. The cage was placed inside a larger ventilated clear plastic chamber (60 x
80 x 40 cm), where a male adult cat was then introduced. The cat was tamed and
castrated (a pet named Balam), about 5 kg of b.w. Balam mostly stayed quiet/immobile
during the experiment. One advantage of this arrangement is that the rats were exposed
to physiologically relevant stimuli - a live predator's odor, appearance and breathing
sounds, which were relatively constant for all the experimental subjects. Each rat
remained in the above-described chamber for a single period of 10 min. Once the time
of exposure was completed, they were returned to their home cage.

Relevant behaviors were quantified offline by giving one of the six scores every
five seconds: 1) "Freezing" was assigned to the behavior of immobility more than 2 sec
with piloerection; 2) "Climbing": when rats climbed the internal mesh cage using limbs
trying to escape from the top door; 3) "Rearing", when rats were rearing still, sniffing
with short head rotations; 4) "Displacement”, when the rats were walking, trotting or
running; 5) "Orientation™: when the four limbs of the rats were still with head extension,
rotation; 6) "Grooming™: when rats groomed themselves (nose, head, face, eyes and
body) with their paws, using very short movements. "Active Escaping"” measured in the
study included the behaviors 2, 3 and 4.
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Groups were tested for differences by performing one-way-ANOVA followed
by Bonferroni test. Differences were considered statistically significant at a value
p<0.05.

2.5 c-Fos immunohistochemistry and analysis

Ninety minutes post- predator exposure period, 5 rats from each group were deeply
anesthetized with an overdose of pentobarbital and transcardially perfused with 0.9%
saline followed by 15 min with cold fixative containing 4% paraformaldehyde and 15%
(v/v) saturated picric acid in PB 0.1 M. Brains were removed and 50um coronal
sections were obtained (Leica VT 1000 vibratome). For immunostaining, sets of one out
of every four sections from Bregma -0.48 to -4.08 mm were blocked with 10% normal
donkey serum (Vector Laboratories, Burlingame, CA) in Tris-buffered saline with 0.3%
Triton X-100 (TBST) for 1h at room temperature (RT) and then immunoreacted with
rabbit anti-Fos primary antibody (1:1000, SC52 Santa Cruz Biotechnology, Santa Cruz,
CA) in TBST + 1% NGS at 4 °C overnight. Afterwards, sections were rinsed three times
for 10 min with TBST and then incubated for 2 h at RT with biotinylated goat anti-
rabbit secondary antibody (1:200; Vector Labs, Burlingame, CA). Finally, sections were
incubated in avidin-biotin-peroxidase complex (Elite ABC kit, Vector Labs) for 1 h at
RT. Peroxidase was detected using DAB 0.05% as a chromogen. Sections were rinsed
and permanently mounted with Permount mounting medium (Electron Microscopy
Sciences, Hatfield, PA).

The following brain regions were assessed: hypothalamus, thalamus, amygdala
and lateral habenular regions. The quantitative analysis was performed with ImageJ
software (NIH) (http://rsb.info.nih.gov/ij/macros/). Data were expressed as the mean
number of positive c-Fos nuclei per 0.02 mm?. Quantitative results were expressed as
mean + standard error of mean (SEM). Groups were tested for differences by t-test
analysis, using GraphPad Prism software® (GraphPad Software, San Diego, CA).
Differences were considered statistically significant at P < 0.05 ("*": P < 0.05, "**": P <
0.01 and "***": P < 0.001).

3. Results
3.1. Multi-axonal feature of AVP-MNNSs

Five juxtacellularly labeled cells with complete somata-dendritic arborizations
and large portion of axonal process were located in the lateral magnocelular division of
the paraventricular nucleus of the hypothalamus (PVNimg) (Figs. 1-5). It is worth noting
that the projections that entered to myelinated structures were mostly invisible except
the ones located in the surface. Besides, the time between labeling and
perfusion/fixation was a crucial factor for juxtacellular labeling success: while shorter
time (2-5 hrs.) makes a strong somato-dendritic labeling, the longer time helps the
filling of long-range axons, but the risk that neurobiotine is metabolized increased
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which has showed individual differences. All of five cells were tested positive to AVP
and possessed medial eminence internal part (MEI) projecting axons joining the
hypothalamic-neurohypophysial tract (HNT, i.e. tract of Greving). Hence they were
classified as AVP-MNNs. Other labeled neurons, either lacking the AVP expressing or
the main axons joining the HNT, were excluded in this report.

After immunohistochemical reaction for AVP and vGIuT2, the serial sections
were reacted with avidin-biotin peroxidase complex to convert to permanent samples
and the whole cell morphology was reconstructed. The soma and dendrites were
represented with black drawing and axonal segments were represented with red
processes. The “main axons” were judged by the classical description of beaded
neurosecretory axons, which emit laterally from either soma or a primary dendrite and
curse in a wide arc, passing over or beneath the fornix before turning medially above
the supraoptic nucleus and optical tract, toward the MEI (Armstrong, 2004). The “axon-
collaterals” were assigned to the branches arisen from the main axons and the “axon-
like” processes were judged by either expressing vesicular glutamate transporter 2
(vGluT2) and/or being long distance projection and/or branched extensively (axon
terminals) with constantly thin strings of pearls shaped swellings (Armstrong, 2004).

According to the criteria above mentioned, some labeled AVP-MNNs clearly
possessed more than one primary axons originated from soma or proximal dendrites.
The cell showed in the Fig. 1, "EV40", internal code, is a clear example. This cell was
located in the lateral part of the PVNing. Its somatic long axis was perpendicular to the
3v. The cell had 3 primary dendrites, two directed medially and one laterally. The main
axons originated at the same point of the lateral primary dendrite, proximal to the soma,
giving two primary (parents) axons (red and blue arrows, both in the drawing and the
photomicrographs of two adjacent sections, 1 and 2). The top branch turned ventrally to
project to the MEI (red arrowhead). A collateral was emitted from the parent axon
proximally and projected to the border of the optical tract. Labeled axon traces were
found inside the medial and central amygdala. The ventral primary axonal segment
(blue arrow) was split into two branches of axon-collaterals (indicated with blue
arrowheads) directed either medially or laterally. The lateral branch entered the fornix
(fx). Additionally, several beaded processes originated from the dendritic processes also
entered the fornix (green arrowheads). This kind of processes were described in an early
study and were considered as axonal processes (Sofroniew and Glasmann, 1981).

AVP-MNNSs in the Fig. 2 and Fig. 3 ("VH52" and EV16), were located in the
central region of PVNmg, With large dendritic arborization mainly directed toward the
3v. Its main axon arose from the proximal portion of the lateral primary dendrite,
making several collaterals. Note that in Fig.1 B (neuron VH52), number (2), a particular
structure was observed: axon with several small branches and classical image of strings-
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of-pearls in a small region in the lateral preoptical area. The panels (3), (4), (5) and (6)
of this panel show the presence of labeled axon segments in or near the conducting
systems, fornix (fx), internal capsule (ic) and stria medullaris (sm). Next cell, EV16,
gave rise initially to two short and thick primary dendrites, which branched proximally.
The bottom dendrite branched extensively till the fifth order of branches - all directed
medially reaching the wall of the 3v. The top dendrite emitted two secondary branches,
the medial and the lateral ones. The medial branch was similar to the bottom group. The
lateral portion curled up proximally near the soma but gave rise the main axon (panel
1b, arrow). The main axon coursed laterally till the fornix (fx), turned ventrally and then
medial posteriorly toward the MEI. Two main collaterals were observed. Number (2)
indicates the first branch position. This tracer containing process coursed dorsally and
reached the border of the stria medullaris (sm). The continuation was lost from sight
temporally in the myelinated conducting structure but appeared again in the surface of
sm and entered the epithalamic region, the lateral habenula (LHb) (4). The second
branch arose from the parent axon (3), coursed medially and was lost in the border of
the fornix.

3.2. Axon-like processes emanated from soma or proximal dendrites expressed vGluT2

The 4™ cell (internally coded "MM15") we present here is an AVP containing
MNN located in the posterolateral border of the PVNing (Fig. 4). It emitted 3 primary
dendrites. In contrast to the 3 previous cells, this cell’s main dendritic arborizations
were directed laterally and ventrally. Four axonal processes arose from the proximal
dendritic loci belonging to the same primary dendrite (colored asterisks). Two of them
projected ventrally toward IME. The other two axon-like processes bended dorsally.
Those thin axon-like processes were tested positive to vGIluT2 (Fig. 2, (2)).

The 5™ cell, internally coded as "VH25" (Fig. 5), was located in the medial
border of the PVNing with the long somatic axis in parallel to the third ventricle (3v).
The primary dendrites emanated from the dorsal and ventral poles and directed toward
the 3v. There were few branching points. The main axon emanated from the proximal
thick portion of the ventral dendrite (Fig. 5, top red arrow) and coursed toward the MEI.
A second axon-like process emanated from the same point of the main axon, with
string-of-pearls appearance and branches like axon terminals in the ventral medial
hypothalamus (Fig. 5 blue arrow).
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Those axon-like processes were also seen in EV40 (Fig. 1) and EV16 (Fig. 3). In
the first cell (Fig.1), an axon-like process (indicated with an yellow arrow) emanated
from soma and coursed ventrally with strings-of-pearls swellings and branched in
ventral hypothalamus. In the third cell (Fig. 3), two axon-like beaded processes, with
the classical image of strings-of-pearls (1a and 1c) were likely arisen from soma and
coursed ventral medially. Tracers containing axonal segments were found in medial
preoptical area and suprachiasmatic nucleus (SCN).

3.3 Hypertonic challenge decreased the freezing behavior and increased the active
escaping upon live predator exposure.

To evaluate the possible functional implications of those intracerebrally projecting
axons/axonic collaterals from the AVP-MNNSs on fear processing, we chose salt loading
as a physiological stimulus to strongly activate the magnocellular vasopressin system
and a live cat exposure scheme to assess the behavior.

As shown in the Fig. 6, two types of relevant behaviors, freezing and
active escaping symbolized in the panels A and B,), were counted in this test. The 30
min previous salt loading induced a significant effect on freezing (F (2,57) = 5.01, p <
0.01) and active escaping behavior (F (2,57) 14.65, p < 0.0001). Post hoc comparisons
using Bonferroni test showed a significant reduction in freezing counts of hypertonic
(15 = 2.85 SEM) with respect to control (32.85 + 5.34) and vehicle groups (32.25 £
5.33) (Fig. 3, C left panel). Active escaping behavior showed an increase in the salt
loading group (44.05 £ 3.06) compared to control (27.85 = 3.2) and vehicle groups
(23.1 £ 2.26) (Fig. 6C, right panel).

3.4 Fos expression patterns induced by cat exposure in several limbic regions were
modified by salt loading.

Rats exposed to the cat displayed increased Fos activity in hypothalamic
paraventricular nuclei (Pa, PaMP and PaLM), amygdala and lateral habenula (LHb)
compared with basal state (data not shown here). However, expression patterns induced
by the predator exposure differed between vehicle (Fig. 7, undecorated letters) and
hypertonic (primed letters) groups. The hypertonic injection significantly increased the
c-Fos expressing nuclei in the dorsal part of suprachiasmatic nucleus (SCNgy) and the
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supraoptic nucleus (SON), (Fig. 3B and B'), the lateral magnocellular (PVNiy, Fig 7A
and A') and medial magnocellular (PVNmm, 7C and C') parts of the paraventricular
nucleus, the medial preoptic area (MPO), the medial part of central amygdala (CeAn,
Fig. 7F and F') and the medial part of lateral habenula (LHby, Fig 7. D and D).
Significant reductions were observed in medial (MeA) and basolateral (BLA) amygdala
(Fig. 7F and F') and in the lateral part of lateral habenula (LHb,, Fig. 7D and D).
Finally, the ventral part of suprachiasmatic nucleus (SCN,, Fig. 7B and B'), and the
parvocellular part of paraventricular nucleus (PVNmpa, Fig. 7A and A') showed no
modification after hypertonic salt injection. In the thalamus the expression changed
from difuse to a more localized pattern. Fig. 7G shows Fos expression in the
vasopressinergic neurons in the magnocellular part of the PVN after hypertonic i.p
injection. Fig. 7H and Table 1 compare the c-Fos expression elicited by cat exposure in
control and hypertonic groups.

4. Discussion

We have used juxtacellular recording methods to successfully visualize individual
neurons in very deep subcortical regions — five vasopressin containing MNNs in the
hypothalamic paraventricular nucleus were presented here with complete somato-
dendritic morphology and their intracerebral long-range projections were demonstrated.
Furthermore, multi-axon features of these AVP-MNNs were revealed by single neuron-
tracing and intracerebral downstream regions were identified by localizing labeled
axon/axon terminals. These regions include: medial and lateral preoptical area,
suprachiasmatic nucleus, lateral habenula, medial and central amygdala and to the
conducting systems such as stria medullaris, the fornix and the internal capsule. Axon-
like processes, which branched locally were detected to express vGIuT2. Moreover, in
vivo activation of AVP-MNNs by hypertonic saline administration produced significant
reduction of freezing behavior and an increase in active escaping, measured as
climbing, rearing and displacement, during live cat exposure. Modified Fos expression
patterns during fear processing in hypothalamus, amygdala, thalamus and LHb were
also observed.

4.1 New contributions to the morphology and efferent paths of magnocellular
paraventricular AVP containing neurons.

There have been some excellent studies on the morphology of the magnocelular
neurosecretory neurons (MNNSs) using immunohistochemical and Golgi-like
immunoperoxidase staining methods (Sofroniew and Glasmann, 1981;van den Pol,
1982;Armstrong, 2004). However, the quasi-two-dimension nature of the previous
method (i.e., labeling and reactions on brain slices, as thick as 150um) impaired
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crucially the overall visualization of individual magnocellular neurosecretory neurons.
This is particularly true regarding the efferent pathways of the MNNs. Traditionally it
has been described that the axons of paraventricular MNNs egress laterally from either
the soma or a primary dendrite (Armstrong et al., 1980;van den Pol, 1982;Hatton et al.,
1985;Rho and Swanson, 1989) to join the tract of Greving before reaching the MEI and
the neural lobe (Armstrong, 2004). It was thought that the PVN AVP-MNNs axons
from magnocellular neurons only occasionally branch (van den Pol, 1982;Hatton et al.,
1985;Ray and Choudhury, 1990), let alone the final destination and synaptic
relationship of collaterals.

Juxtacellular neuronal labeling technique has proven to be a powerful method
for the identification of single neuron projection targets (Pinault, 1996). It provides
precise information of anatomical location, morphology and neurochemical phenotype,
of the neuron labeled (Toney and Daws, 2006) and long range axon projections. Herein,
we report that, at least, some of these AVP containing magnocellular neurosecretory
neurons AVP-MNNSs possessed multi-axonal projections or axons collaterals branching
very near the soma projecting to preoptical and anterior hypothalamic areas, SCN,
thalamus and, especially, a long range projection was detected entering the stria
medularis fiber-system innervating lateral habenula (LHDb).

It is worth clarifying that the categorization of “axon” or “axon-like” processes
used in this study was based on anatomical and immunohistochemical criteria published
in the literature (Sofroniew and Glasmann, 1981;van den Pol, 1982;Armstrong, 2004)
Ultrastructural features, such as the presence of axon-initial segment, remain to be
determined.

4.2 Activation of vasopressinergic hypothalamic-neurohypophysial system (HNS)
modified the stress coping strategies during fear processing: differential neural
activation (Fos expression) in the brain regions with direct projections from AVP-
MNNs

We examined the functional implications of the selective activation of the AVP-MNNSs
during predator exposure using behavioral measurement and c-Fos expression
assessment. We report here that the selective activation of HNS plays an important role
on promoting motivational behavior, i.e. active escaping, and reducing the passive stress
coping, i.e. freezing behavior. This observation was correlated with differential Fos
activation patterns in the amygdala, dorsal centro-medial thalamic nucleus and the
lateral habenula, a limbic regions possessed extensive AVP projections. Our data
findings clearly indicate a regulatory role of HNS for motivational behavior toward
survival, during stress coping.
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Figure legends

Fig. 1. Anatomical characterization of individual vasopressinergic magnocellular
neurosecretory neurons (AVP-MNNSs) of rat hypothalamic paraventricular nucleus. All
of five cells were tested positive to AVP and possessed medial eminence internal part
(MEI) projecting axons joining the hypothalamic-neurohypophysial tract (HNT, i.e.
tract of Greving). Hence they were classified as AVP-MNNs. Camera-lucida drawing of
a labeled cell, “EV40”: somato-dendritic position (black) and axonal characteristics
(red). EV40 was located in the lateral part of the PVNjng. Its somatic long axis was
perpendicular to the 3v. The cell had 3 primary dendrites, two directed medially and one
laterally. The main axons originated at the same point of the lateral primary dendrite,
proximal to soma, giving two primary (parents) axons (red and blue arrows, both in the
drawing and in the photomicrographs of two adjacent sections, 1 and 2). The top branch
turned ventrally to project to the MEI (red arrowhead). A collateral was emitted from
the parent axon proximally projecting to the border of optical tract. Labeled axon traces
were found inside the medial and central amygdala. The primary axonal segment
branched ventrally (blue arrow) was split into two branches of axon-collaterals
(indicated with blue arrowheards) directed either medially or laterally. The lateral
branch entered the fornix (fx). Additionally, several beaded processes originated from
the dendritic processes also entered the fornix (green arrowheads). Scale bars 50um.
Neuronal nuclei were symbolized with gray shadows and conducting systems (i.e.
optical tract, opt, stria medullaris st, fornis, fx, internal capsule, ic) were symbolized
with light beige shadows.

Fig. 2. VH52, a AVP+ (1) MMN located in the medial portion of PVNimg with large
dendritic arbolization. (2) Axon with several small branches and classical image of
strings of pearls in a small region in the lateral preoptical area. (3), (4), (5) and (6),
presence of labeled axon segments in or near the conducting systems, fornix (fx),
internal capsule (ic) and stria medullaris (sm). Neuronal nuclei were symbolized with
gray shadows and conducting systems (i.e. optical tract, opt, stria medullaris st, fornis,
fx, internal capsule, ic) were symbolized with light beige shadows.

Fig. 3: EV16: 1, immunofluorescence photomicrographs showing the expression of
AVP. It gave rise initially to two short thick primary dendrites, which branched
proximally. The bottom dendrite branched extensively till the fifth order of branches, all
directed medially reaching the wall of the third ventricle (3v). The top dendrite gave rise
two secondary branches, the medial and the lateral ones. The medial branch was similar
to the bottom group. The lateral portion curled up proximally near the soma but gave
rise the main axon (panel 1b, arrow). The main axon coursed laterally till the fornix
(fx), turned ventrally and then medial posteriorly toward the internal medial eminence.
Two main collaterals were observed. Number (2) indicates the first branch position
(panel 2). This tracer containing process coursed dorsally and reached the boarder of the
stria medullaris (sm). The continuation was lost temporally in the myelinated
conducting structure but appeared again in the surface of sm and inside the epithalamic
region, the lateral habenula (4). The second branch arised dorsally to the fx, coursed
medially and lost in the boarder of this myelinated structure. Another two axon-like
beaded processes, with the classical image of strings of string-pearls (1a and 1c) were
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likely arisen from soma and coursed rostro-ventral-medially. Tracers containing axonal
segments were found in medial preoptical area and suprachiasmatic nucleus (SCN).
Scale bars 50pum. Neuronal nuclei were symbolized with gray shadows and conducting
systems (i.e. optical tract, opt, stria medullaris st, fornis, fx, internal capsule, ic) were
symbolized with light beige shadows.

Fig. 4: MM15: AVP containing MNN located the posterolateral boarder of the PV Njmg.
It emitted 3 primary dendrites. In contrast to the 3 previous cells, this cell’s main
dendritic arbolizations were directed laterally and ventrally. Four axonal processes arose
from the proximal dendritic loci belonging to the same primary dendrite (colored
asterisks). Two of them projected ventrally toward IME. The other two axon-like
processes bended dorsally. Those thin axon-like processes were tested positive to
vGIuT2 (2). Scale bars: for panel 1b, 500 um; for panels 2's, 10um; for panels 3's,
20um. Neuronal nuclei were symbolized with gray shadows and conducting systems
(i.e. optical tract, opt, stria medullaris st, fornis, fx, internal capsule, ic) were
symbolized with light beige shadows.

Fig. 5 "VH25" was located in the medial border of the PVNmg with the long somatic
axis in parallel to the third ventricle (3v). The primary dendrites emanated from the
dorsal and ventral poles and directed toward the 3v. There were few branching points.
The main axon emanated from the proximal thick portion of the ventral dendrite (top
red arrow) and coursed toward the MEI. A second axon-like process emanated from the
same point of the main axon, with string-of-pearls appearance and branches like axon
terminals in the ventral medial hypothalamus (blue arrow). Scale bars, 50um

Neuronal nuclei were symbolized with gray shadows and conducting systems (i.e.
optical tract, opt, stria medullaris st, fornis, fx, internal capsule, ic) were symbolized
with light beige shadows.

Figure 6. Salt loading modulated the behavioral response during predator exposure. A
and B symbolize the passive behavior “freezing” and active behavior, such as climbing.
C. Histogram showed a significant reduction of freezing behavior under osmotic stress,
whereas active behavior “rearing”, "climbing” and "displacemente” showed a
significant increase. (* P<0.05, *** P<0.001, n=20).

Figure 7. Representative sections immunostained for c-Fos nuclei in response to
predator exposition in control and hypertonic group (primed letters). Lateral
magnocellular (PaLM) and medial parvocellular (PaMP) paraventricular nucleus (A and
A"); supraoptic (SON) and suprachiasmatic (SCN) nucleus (B and B'); paraventricular
anterior (Pa) nucleus (C and C'); medial part of the lateral habenula (mLHb) (D and D');
paraventricular anterior (PVA), central medial (CM) and antero-dorsal (AD) thalamic
nuclei (E and E'); basolateral (BLA), central (CeA) and medial (MeA) amigdalar nuclei
(F and F'). Scale Bars: 500 um.
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692
693

694  Table 1. Number of Fos-positive cells counted within a 0.02 mm? area (mean +/- S.E.M.)

695

696  Region Vehicle + Cat Hypertonic +
697 cat

698

699

700  Hypothalamus

701 1. Suprachiasmatic nucleus, ventral part (SCNy) 75.6 = 74 90.8 + 124
702 ns

703 2. Suprachiasmatic nucleus, dorsal part (SCNg) 12 03 127.2 + 6.4
704 *kk

705 3. Paraventricular lateral magnocellular (PVNm) 46 =11 189.8 + 14.6
706 *kk

707 4. Paraventricular medial parvocellular (PVNmp) 217.2 + 26.9 166.8 + 13.1
708 ns

709 5. Paraventricular medial magnocellular (PVNmm) 26.8 * 36 1225 + 9.1
710 *kk

711 6.  Supraoptic nucleus (SON) 285 + 29 126.4 + 126
712 *kk

713 7. Medial preoptic area (MPO) 2715 + 48 675 + 65
714 o

715

716  Amygdala

717 1. Medial amygdala (MeA) 89.4 + 8 32. + 56
718 *kk

719 2. Central amygdala medial (CeAm) 182 £ 13 482 + 33
720 *kk

721 3. Basolateral amygdala (BLA) 85 + 0.7 28 + 05
722 ok

723

724  Epithalamus

725 1. Lateral habenula medial part (LHbm) 255+ 4 148 + 2.7
726 *

727 2. Lateral habenula lateral part (LHb) 132 + 1.6 44 + 05
728 *kk

729

730 * ** and *** for P<0.05, P<0.01 and P<0.001, significance levels

731

732
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SYNAPTIC INNERVATION TO RAT HIPPOCAMPUS BY
VASOPRESSIN-IMMUNO-POSITIVE FIBRES FROM THE HYPOTHALAMIC
SUPRAOPTIC AND PARAVENTRICULAR NUCLEI

L. ZHANG * AND V. S. HERNANDEZ

Departamento de Fisiologia, Facultad de Medicina, Universidad
Nacional Auténoma de México, Mexico City 04510, Mexico

Abstract—The neuropeptide arginine vasopressin (AVP)
exerts a modulatory role on hippocampal excitability
through vasopressin V4 and Vg receptors. However, the
origin and mode of termination of the AVP innervation of
the hippocampus remain unknown. We have used light
and electron microscopy to trace the origin, distribution
and synaptic relationships of AVP-immuno-positive fibres
and nerve terminals in the rat hippocampus. Immuno-posi-
tive fibres were present in all areas (CA1-3, dentate gyrus)
of the whole septo-temporal extent of the hippocampus;
they had the highest density in the CA2 region, strongly
increasing in density towards the ventral hippocampus.
Two types of fibres were identified, both establishing synap-
tic junctions. Type A had large varicosities packed with
immuno-positive large-granulated peptidergic vesicles and
few small clear vesicles forming type | synaptic junctions
with pyramidal neuron dendrites, dendritic spines and with
axonal spines. Type B had smaller varicosities containing
mostly small clear vesicles and only a few large-granulated
vesicles and established type Il synaptic junctions mainly
with interneuron dendrites. The AVP-positive axons in stra-
tum oriens appeared to follow and contact metabotropic glu-
tamate receptor 1a (mGluR1a)-immuno-positive interneuron
dendrites. Fluoro-Gold injection into the hippocampus
revealed retrogradely labelled AVP-positive somata in hypo-
thalamic supraoptic and paraventricular nuclei. Hypothal-
amo-hippocampal AVP-positive axons entered the
hippocampus mostly through a ventral route, also innervat-
ing the amygdala and to a lesser extent through the dorsal

*Corresponding author. Address: Departamento de Fisiologia, Fac-
ultad de Medicina, UNAM, Av. Universidad 3000, Col. Universidad
Nacional Autbnoma de México, México 04510, D.F., Mexico. Tel/fax:
+52-55-56232348.

E-mail address: limei@unam.mx (L. Zhang).

Abbreviations: ADH, antidiuretic hormone; AIS, axon initial segment;
AVP, arginine vasopressin; BLA, baso-lateral amygdala; BNST, bed
nucleus of stria terminalis; CNS, central nervous system; CoMeA,
cortico-medial amygdala; DAB, 3,3'-diaminobenzidine; dcv, dense-
core vesicle; dHi, dorsal hippocampus; EPSP, excitatory postsynaptic
potential; FG, Fluoro-Gold; fi, fimbria; fx, fornix; HRP, horseradish
peroxidase; ic, internal capsule; IR, immunoreaction; ir,
immunoreactive; LTVP, long-term vasopressin  potentiation;
mGIluR1a, metabotropic glutamate receptor 10;; NHS, normal horse
serum; NSS, normal swine serum; PB, phosphate buffer 0.1 M; PLCp,
phospholipase-CB; PVN, paraventricular nucleus; SCN,
suprachiasmatic nucleus; SON, supraoptic nucleus; STIA, stria
terminalis, intra-amygdaloid division; TBS, Tris (0.05 M)-buffered
saline; TBST, Tris (0.05 M)-buffered saline plus 0.3% of Triton X-100;
vHi, ventral hippocampus; VP, vasopressin; VS, ventral subiculum;
WD, water deprivation.

fimbria fornix, in continuation of the septal AVP innervation.
Thus, it appears the AVP-containing neurons of the magno-
cellular hypothalamic nuclei serve as important sources for
hippocampal AVP innervation, although the AVP-expressing
neurons located in amygdala and bed nucleus of the stria
terminalis reported previously may also contribute.
© 2012 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: arginine vasopressin (AVP), Fluoro-Gold, elec-
tron microscopy, Neurolucida, anatomical tracing.

INTRODUCTION

Vasopressin (VP), also referred to as antidiuretic
hormone (ADH), is a neuropeptide originated in several
brain regions but preferentially in the supraoptic (SON)
and paraventricular (PVN) nuclei (Buijs, 1978; Hou-Yu
et al.,, 1986). As a hormone, VP regulates water—
electrolyte metabolism, hepatic glucose metabolism, and
cardiovascular function (Hatton, 1990). In the central
nervous system (CNS), VP exerts influences on
behaviours and cognitive function (Goodson, 2008). For
instance, arginine vasopressin (AVP) plays a prominent
role in the regulation of aggression, affiliation and
certain aspects of pair bonding, as well as social
recognition (for a review, see Caldwell et al., 2008).
AVP system abnormalities have also been reported to
be linked to stress over-responsiveness, anxiety, and
depressive states (Wigger et al., 2004; Zhang et al.,
2010). In peripheral cells, VP binds to three distinct
receptors: (i) vasopressin Vs receptors that trigger
phospholipase-C (PLCpB) activation and calcium
mobilization, and are present in smooth muscle, liver
and platelets; (ii) vasopressin Vg receptors that are
also coupled to PLCB and are found in the anterior
pituitary; (iii) vasopressin V, receptors, that are coupled
to adenylyl cyclase, and are present in the kidney
(Barberis et al.,, 1998; Schoneberg et al., 1998;
Thibonnier et al., 1998; Birnbaumer, 2000). In the CNS,
Via is the prevalent receptor with a wide distribution
whereas Vg receptors are expressed in only a few
brain regions (Lolait et al., 1995; Hernando et al., 2001;
Stemmelin et al., 2005).

The hippocampus has been reported to be a highly
sensitive site for the effects of VP on learning and
memory. Behavioural studies show that VP injections
into the ventral hippocampus improve memory when
tested in a passive avoidance paradigm (lbragimov,

0306-4522/12 $36.00 © 2012 IBRO. Published by Elsevier Ltd. All rights reserved.
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1989). Ex-vivo electrophysiological studies showed that
nanomolar concentrations of [Arg®]-vasopressin (AVP)
induced a prolonged increase in the amplitude and
slope of the evoked population response in the
presence of 1.5 mM calcium (Chen et al., 1993). This
AVP-induced potentiation of the excitatory postsynaptic
potential (EPSP) persisted following removal of AVP
from the perfusion medium. The AVP-induced sustained
increase of EPSP is known as long-term vasopressin
potentiation (LTVP) (Chen et al., 1993). A pronounced
effect of VP and its metabolite AVP (4-8) was found to

elicit a long-lasting enhancement of hippocampal
excitability, mostly in neurons within the ventral
hippocampus (Chen et al, 1993; Urban, 1998;

Chepkova et al., 2001; Dubrovsky et al., 2003). In the
hippocampus V4 receptors are present in the dentate
gyrus as well as the CA1, CA2 and CAS3 fields (Szot
et al., 1994; Barberis and Tribollet, 1996; Raggenbass,
2001; Bielsky et al.,, 2005). In contrast, V4g receptor
expression is restricted to the CA2 field (Young et al.,
2006).

In contrast to the detailed information of AVP on
hippocampus excitability and its receptor distributions,
much less is known about the neuronal sources of
hippocampal VP innervation, its fibre-distribution across
subfields and targets. Earlier anatomical studies
suggested that both VP- and oxytocin-containing fibres
originated from the hypothalamic PVN (Buijs, 1978,
1980). This view was indirectly supported by
microdialysis studies (Landgraf et al., 1988; Landgraf
and Neumann, 2004). However, due to the lack of
evidence from anterograde- and retrograde-tracing
studies performed in the following years, this hypothesis
was gradually abandoned and replaced by the
hypothesis that VP cells from the bed nucleus of stria
terminalis (BNST) and medial amygdala served as the
main sources of the hippocampal VP innervation in rats
(De Vries and Buijs, 1983; Sofroniew, 1985; Caffe et al.,
1987; van Wimersma-Greidanus et al., 2000).

In this study, we re-examined the sources of AVP
innervation into the hippocampus by retrograde tract-
tracing analysis and investigated the pattern of
distribution of AVP fibres throughout different
hippocampal subfields, types of synapses formed by
AVP axons, and the nature of postsynaptic targets.

EXPERIMENTAL PROCEDURES

Chemicals

Chemicals were obtained from Sigma-Aldrich, St. Louis, MO,
USA, if not indicated otherwise. Sources of primary antibodies
and their dilutions are depicted in Table 1.

Animals

Experiments were carried out according to the principles set out
in the National Institute of Health Guide for the Care and Use of
Laboratory Animals (NIH Publications No. 80-23), revised 1996.
All animal procedures were approved by the local bioethical
and research committees, with the approval ID 138-2009. All
efforts were made to reduce the number of animals used.
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Adult male Wistar rats (N = 26, 250-310 g) were obtained
from the local animal facility. Animals were housed 3 per cage
under controlled temperature (22 °C) and illumination (12 h),
with water and food ad libitum. After surgery, animals were
kept warm until fully recovered from anaesthesia and then kept
individually under the above-mentioned conditions for 1 week
and then returned to the original housing conditions.

Fixation of animals by vascular perfusion and
immunohistochemistry (IHC) for light microscopy
AVP fibre density and pathways to hippocampus
analysis

Ten rats were used in this study. Four hours before the perfusion,
the rats received an i.p. 900 mM hypertonic saline injection. The
rats were restrained from drinking water for the first 2 h and then
they were allowed to drink ad libitum. It is worth mentioning
that according to our observation, the nonapeptide AVP
immunoreactivity is variable among individuals under the
animal’s basal conditions, which might be related to the
individual oscillatory state and physiological demands at
the time of the perfusion. The salt induction was intended to
up-regulate the hypothalamic osmotic-sensitive magnocellular
AVP systems (Verney, 1947; Robertson et al., 1976;
Summy-Long et al., 1978), but not to stimulate its release by
allowing the rat to drink ad libitum during the last 2 h before the
perfusion-fixation. With this measure a more homogenous AVP
immunoreaction (IR) was achieved among the subjects for the
AVP-immuno-positive  fibre-density analysis. It is worth
mentioning that the osmotic stimuli increase Fos proteins
mRNAs, which mediate the rapid transcriptional induction of the
vasopressin gene (Yoshida, 2008).

Rats were deeply anaesthetized with an overdose of sodium
pentobarbital (63 mg/kg, Sedalpharma, Mexico) 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. Brains were immediately removed, blocked, then
thoroughly rinsed with PB. Brains were sectioned soon after
perfusion using a Leica VT 1000S vibratome, at 70 pum
thickness in the following four planes: sagittal (n = 3), coronal
(n = 3), semihorizontal (30° to the horizontal plane, n = 2) and
septo-temporal (between coronal and sagittal planes, 45° to
both planes, n = 2). Freshly-cut freely-floating alternate
sections from different cutting planes were blocked with 20%
normal swine serum (NSS, for immunoperoxidase reaction) or
20% normal horse serum (NHS, for immunofluorescence
reaction) in Tris-buffered (0.05M, pH 7.4) saline (0.9%) plus
0.3% of Triton X-100 (TBST) for 1 h at room temperature and
incubated with the following primary antibodies: rabbit anti-AVP
antibodies, guinea pig anti-metabotropic glutamate receptor 1o
(mGluR1a) and mouse anti-parvalbumin (Table 1) in TBST plus
1% NSS or 1% NHS (for corresponding reactions) over two
nights at 4°C with gentle shaking. For immunoperoxidase
reaction, sections were rinsed and incubated with swine anti-
rabbit IgG conjugated with horseradish peroxidase (HRP)
(P021702, 1:100, Dako, Denmark) in TBST + 1% NSS
overnight at 4°C. This IR was developed using 3,3-
diaminobenzidine (DAB, 0.05%, Electron Microscopy Sciences,
Fort Washington, PA, USA) and hydrogen peroxide (H»O,,
0.01%) as the substrate. Sections were then mounted in
gelatine solution (0.5g gelatine, 0.05g chromic potassium
sulfate in 200 ml of dH,O) and air-dried overnight. After passing
briefly through 100% ethanol and xylene, the slides were
coverslipped with permanent synthetic mounting medium
Permount. For immunofluorescence reactions the following
secondary antibodies were used: Cy3-donkey anti-rabbit 1gG,
Alexa Fluor 488 donkey anti-mouse IgG (1:1000, Molecular
Probes Inc., Eugene, USA) and donkey anti-guinea pig 1gG
DyLight 649 (1:1000, Jackson ImmunoResearch Laboratories,
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Table 1. Primary antibodies used and their dilutions for light microscopy (LM) and electron microscopy (EM) studies

Antibody to Host Dilution Source Address

[Arg®]-vasopressin Rabbit 1:5000 (LM, EM) PenLabs/Bachem Cat. T4563 a

[Arg®]-vasopressin Rabbit 1:2000 (LM) Prof. R.M. Buijs b

mGluR 1o (metabotropic Guinea pig 1:1000 (LM) Prof. M. Watanabe, Frontier c
glutamate receptor 1o) Institute Co., Ltd. Af66001

Parvalbumin Mouse 1:5000 (LM) Swant, Cat. 235 d

2 San Carlos, CA 94070, USA.

® Instituto de Investigaciones Biomédicas, UNAM, Mexico.
¢ 1-777-12, Shinko-nishi, Ishikari, Hokkaido, Japan.

9 CH-1723 Marly 1, Switzerland.

PA, USA). Sections were mounted with Vectashield (Vector
Laboratories Inc., Burlingame, CA, USA) and analyzed with epi-
fluorescence (Nikon ECLIPSE 50i) and confocal microscopy
(Leica TCS-SP5).

Image acquisition and hippocampal AVP fibre density
analysis

Observations were made under light microscopy. Anatomical
nomenclature, especially on hippocampal subfields, and
regional delineation were according to Paxinos and Watson
(2007). For distribution density analysis, digital pictures were
taken with a 20x objective in the corresponding subfields.
Measurements were made on planar projections of
microphotograph stacks of five focal planes each. Tracing was
performed manually on the computer monitor using the
Neurond plug-in for ImagedJ (NIH, Bethesda, USA) and the sum
of the axon lengths was obtained using the same program.
Axon length of CA1 stratum oriens (str. or.) from the sagittal
section at 5.72mm lateral was 2460 pm in one planar
projection of the region and was assigned as the maximum
length “100%”. Summed axon lengths from 100% to 76% were
assigned as “+ + + +” and consequently: “+ + +”: 75-51%,
+ +: 50-26%; +: <26%; “—” indicated that no fibres were
observed in the subfield and “n.a.” indicated that the term was
not applicable in the analysed section. Charting was made on
whole section digital photomicrographs under microscopic
observation. Three-dimensional (3D) “one-to-one” mapping of
AVP axons was made using 38 alternative 70 pm-thick sagittal
sections with a Neurolucida workstation which includes: light
microscope Nikon Optiphot-2, (Nikon Corporation, Tokyo,
Japan), software Neurolucida software v. 9.14 for tracing and
Neurolucida Explorer v. 9.14 for visualization (MicroBrightField
Biosciences, VT, USA).

Fixation of animals by vascular perfusion and
electron microscopic immunocytochemistry

Rats were deeply anaesthetized with an overdose of sodium
pentobarbital and then perfused first with 0.9% saline followed
by a fixative containing 4% paraformaldehyde, 15% v/v
saturated picric acid and 0.05% glutaraldehyde in 0.1 M sodium
phosphate buffer (PB, pH 7.4) for 15 min. Horizontal sections of
70-um thickness containing ventral hippocampus were
cryoprotected with 10% and 20% sucrose with gentle shaking,
followed by freeze—thawing in liquid nitrogen and room
temperature phosphate buffer (PB 0.1 M). Non-specific
antibody binding was blocked with 20% NSS in TBS for 1 h.
The sections were incubated with rabbit anti-AVP (Table 1) in
TBS plus 1% NSS for 48h at 4°C with gentle shaking.
Sections were then rinsed and proceeded to the secondary
antibody incubation with swine anti-rabbit IgG conjugated with
HRP (P021702, 1:100, Dako, Denmark) in TBS containing 1%
NSS, overnight at 4 °C. Peroxidase enzyme reaction was
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carried out using the chromogen 3,3'-diaminobenzidine (DAB,
0.05%, Electron Microscopy Sciences) and hydrogen peroxide
(H202, 0.01%) as the substrate. The reaction end product in
some sections was intensified with nickel. Sections were then
post-fixed with 1% osmium tetroxide in 0.1 MPB for 1h and
dehydrated through a series of graded alcohols (including
45 min of incubation in 1% uranyl acetate in 70% ethanol), then
transferred to propylene oxide, followed by Durcupan ACM
epoxy resin (Electron Microscopy Sciences). Sections were flat
embedded on glass microscope slides, and the resin was
polymerized at 60°C for 2days. Areas containing AVP-
immuno-labelled axons were re-embedded in capsules in
Durcupan resin. Ultrathin sections (~70 nm) were cut with an
ultramicrotome using a diamond knife. Sections were collected
onto Pioloform-coated single slot grids and examined with a
Philips CM100 transmission electron microscope. Digital
electron micrographs were obtained with a digital micrograph
3.4 camera (Gatan Inc., Pleasanton, CA, USA) and scaled with
ImageJ (Image Processing and analysis in Java, Bethesda,
NIH, USA) and Adobe Photoshop. Axon terminal diameters
were calculated using Imaged on the EM photomicrographs
where the synapses were best represented, measuring the
widest segment of the secant line perpendicular to the axon
long axis, between the two endpoints where the secant
intersects with the plasmatic membrane.

Fluoro-Gold (FG) retrograde tracing from ventral (vHi)
and dorsal (dHi) hippocampus

The FG retrograde injection method was modified from
previously published methods (Schmued and Fallon, 1986;
Schmued et al.,, 1989; Schmued and Heimer, 1990; Morales
and Wang, 2002; Yamaguchi et al., 2011). Sixteen 300-330 g
Wistar male rats (10 for vHi and 6 for dHi) were anesthetized
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 a dose of 1 mi/kg body
weight. Deeply anesthetized rats were fixed in a stereotaxic
apparatus and the retrograde tracer Fluoro-Gold (FG,
Fluorochrome, LLC, Denver, Colorado 80218, USA), dissolved
1% in 0.1 M cacodylate buffer (pH 7.5), was delivered in the
vHi (site A: Bregma —5.2mm, lateral 540 mm and dorso-
ventral 6.00 mm; site B: Bregma —4.40 mm, lateral 4.60 mm
and dorso-ventral 7.60 mm) or dHi (site C: Bregma —2.20 mm,
lateral 2.00 mm, dorso/ventral 3.40 mm). The coordinates of
sites B and C were determined according to the AVP axon-
density analysis where regions with highest fibre density
(showed in the “Results” section) were chosen for injection
sites, while the site A was chosen without specific reason. The
FG was delivered iontophoretically using an iontophoresis
pump (Value Kation Sci VAB-500) through a stereotaxically
positioned glass micropipette (WPl 1.65 mm OD/1.1 mm ID,
PG52165-4) with an inner tip diameter of around 40 pum, by
applying a 0.1 pA current with a 5-s pulse-duration for a 50%
duty cycle during 20 min. The micropipette was left in place for
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an additional 10 min after each injection, to prevent backflow of
tracer up the injection track. After completing the surgery rats
received 0.4 mg/kg i.p. ketorolac (Apotex, Mexico) and 50 mg/
kg i.p. ceftriaxone (Kendric, Mexico) daily per 3 consecutive
days as analgesic/anti-inflammatory and antibiotic agents.
Three to four weeks after the FG injections, the rats were
perfused as previously described. Coronal and sagittal sections
of 70 um were obtained with a Leica VT1000S vibratome and
AVP IHC was made with rabbit anti-AVP antibody (Table 1) as
described above and Cy5-AffiniPure Donkey Anti-Rabbit IgG
(1:1000, Jackson ImmunoResearch Laboratories, PA, USA) as
secondary antibody. Observations were made under light
(Nikon ECLIPSE 50i with B-2A long-pass emission filter) and
confocal microscopy (LSM 710, DUQO, Carl Zeiss, from Instituto
Nacional de Cancerologia, Mexico). For confocal observation,
the FG at the target regions was excited with a 452-nm Argon
filter (Zeiss).

RESULTS

AVP projection to hippocampus (Hi): heterogeneous
distributions through Hi subfields

By means of IHC, we revealed high-density AVP fibres in
the stratum oriens (str. or.) of ventral CA1, CA2 and CA3
fields (Fig. 1, panels A-C) that was far denser than
previously reported (Buijs, 1978, 1980). Using the
“NeuronJ” program, the summed fibre-lengths in
different hippocampal regions were measured (Table 2)
and calculated taking as reference the region in Fig. 1C,
determined as 2460 pum (“100%”). The upper quartile
was denoted as “dense innervation, + + + +”, the
second upper quartiie was denoted as ‘“moderate
innervation, + + +7, the third quartile was denoted as
“scattered innervation, + +” and the lowest quartile
was denoted as ‘“sparse innervation, +7”. As
summarized in Table 2, subfields containing dense and
moderate VP innervation included: ventral CA2, str. or.
and stratum radiatum (str. rad.); ventral CA1, str. or.;
ventral CA3, str. or. and str. rad. The AVP fibres
innervated sparse but significantly the rostral portion of
dorsal hippocampus (Fig. 1, panels D-F) mainly in
the CA2-3 region. Representative tracings of the
AVP innervation distribution through the ventral
and lateral portion of dorsal hippocampus are shown in
Fig. 2.

Synaptic junctions of AVP-immuno-positive axons in
the hippocampus

Two types of AVP-positive fibres were recognized under
the light microscope according to the diameter, size and
spatial frequency of their varicosities. Thick fibres (type
A) had large diameters and frequent varicosities
(Figs. 1C and 3A, thick arrows), whereas the thin ones
(type B) had small diameters and spatially sparse
varicosities (Fig. 1C and 3A thin arrows). However,
some fibres having large and frequent varicosities
(Fig. 3B) showed an intermediate axonal diameter and
huge axon terminal swellings not commonly seen
(Fig. 3B, arrowheads). When analysed under the
electron microscope (EM), the labelled varicosities
contained both small clear as well as large-granulated
vesicles (dense-core vesicles, dcv) at highly variable
ratios. In some varicosities small clear vesicles, both
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elongated and round ones, were predominant with few
AVP+ dcv (Fig. 3C), whereas others contained mostly
large-diameter-granulated vesicles (Fig. 3D). Both types
of axon terminals made synaptic junctions with
hippocampal neurons (Fig. 3E, F). Large varicosities
established synaptic junctions less frequently than the
small ones. Due to the changing of the diameter of the
axon and the presence of the peroxidase reaction end-
product that might obscure synapses, it was not
possible to provide quantitative data on synapse
frequency. The synapses found in hippocampus were
either Gray type | (“asymmetric’) or Gray type Il
(“symmetric”). The type | synapses comprised 28%
(n = 7) of a total of 25 synaptic junctions established by
AVP-positive boutons. For instance, one type | synapse
made by an AVP-labelled axon terminal was on a
dendritic shaft in ventral CA1, str. or. (Fig. 3G). This
terminal had a diameter of 1.5 um and was densely
packed with large-granulated vesicles together with the
small, clear and round vesicles (Fig. 3G, Ga, Gb), which
are generally associated with glutamatergic synaptic
junctions (Peters et al., 1991). The postsynaptic target
was a spiny dendritic shaft with several spines seen
receiving unlabelled type | small synapses. These
features indicated that the dendrite originated from a
pyramidal neuron in ventral CA1 (Fig. 3G). Another type
| synapse was on a dendritic spine (Fig. 3H and inset
from a serial section) and was followed in serial sections
(Fig. 3l) where the same spine connected to a dendritic
shaft. This AVP axon terminal had a diameter of about
1.3 um and contained many large-granulated vesicles.
Another postsynaptic structure in the str. pyr. of the
ventral CA3 (Fig. 3, panels J-L) originated from an axon
initial segment (AIS) and was identified as an axonal
spine (Kosaka, 1980). It contained a high density of
intracellular organelles and received a type | synapse
from a large AVP+ axon terminal. In one of the
subsequent serial sections, a type Il unlabelled synapse
was found on the AIS (Fig. 3L). The latter feature and
the presence of the spine suggested that this AIS
originated from a CA3 pyramidal neuron (Kosaka,
1980). Some AVP-positive axon terminals made type Il
synapses onto dendritic shafts, which also received
unlabelled type | synapse (Fig. 3M, N). This feature
indicated that the postsynaptic dendrites originated from
interneurons (Takacs et al., 2012). It is worth noting that
the axon terminals found to make type Il synapses were
of diameters around 0.5 um. These axon terminals had
abundant small clear vesicles, both round and elongated
(Fig. 3N), which are generally associated with inhibitory
(GABAergic) synaptic junctions (Peters et al., 1991).

AVP projection to hippocampus: mGIluR1a
expressing interneurons were among the possible
targets for AVP axons

When looking for the identity of the interneurons, we
found a strong-contacting relationship between AVP
axons and mGlu1Ra-expressing dendritic segments
(Fig. 4A-D) and a weak-contacting relationship with
parvalbumin-expressing soma and dendritic segments
(Fig. 4E, F). The AVP-positive axons in stratum oriens
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Fig. 1. Immunohistochemical visualization of the AVP innervation in ventral (vHi: A-C) and dorsal hippocampus (dHi: D-F). Two types of AVP
fibres can be seen: the thick ones (type A, indicated with thick arrow) and the thin ones (type B, indicated with the thin arrows). Arrow heads indicate
huge axon terminal swellings not commonly seen. pyr: stratum pyramidale; or: stratum oriens; fi: fimbria; alv: alveus; LV, lateral ventricle.

appeared to follow and contact mGIluR1a-immuno-
positive interneuron dendrites, but did not have a strong
association with parvalbumin-positive dendrites.

Hippocampus received vasopressinergic input from
SON and PVN of the hypothalamus revealed by
Fluoro-Gold (FG) neurotracing

Table 3 shows a survey and anatomical description of the
results from all 16 rats studied in this experiment. The
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quality descriptions “excellent”, “good”, “weak”,
“missed” or “damaged” referred to the resulting
labelling location, strength, sizes and grade of damage
in the surrounding tissue after about 3 weeks post-FG
application. Five out of ten attempts in the vHi and four
out of six attempts in the dHi were “excellent/good”
which meant that the FG-labelled sites had a diameter
of less than 350 um and were precisely targeted to the
regions with high vasopressinergic innervations revealed
by anatomical analysis (Table 2). Furthermore, in the



Table 2. AVP axonal projection to Hi subfields: distribution analysis based on IHC using “NeuronJ” for ImageJ

CA1 CA2 CA3 DG VS

or pyr rad Im or pyr rad Im or pyr luc-rad Im mol ar po
vHi
Lateral (mm)
6.02 ++ + n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. +
5.86 ++ + + n.a. n.a. ++ + + + n.a n.a. n.a. n.a. n.a. n.a. n.a. n.a. +
5.72 ++++ + + n.a. +++ + n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. +
5.58 ++++ + + ++ ++++ + ++ + n.a. n.a. n.a. n.a. n.a. n.a. n.a. ++
5.44 ++ + + + ++ ++++ + + + n.a. n.a. n.a. n.a. n.a. n.a. n.a. ++
5.30 ++ + + + ++ +++ + ++ + n.a. n.a. n.a. n.a. n.a. n.a. n.a. +
5.16 ++ + — - +++ + + + + + + + + — - n.a n.a +
5.02 + - + + ++ + + + + ++ + + ++ + + 4+ + - - - +
4.88 ++ + + + + ++ ++++ + ++ + + +++ + ++ + + - — — +
4.74 + + + + + ++ ++++ + + + + ++ + + 4+ + - - - - ++ +
4.60 +++ + + + ++ ++++ + +++ + +++ + ++ + ++ - - - + +
4.44 ++ + + ++ ++ ++ + + ++ + + ++ + — ++ + ++ + — — — + +
4.30 ++ + - + + + ++ — ++ + + ++ + + + + + +
4.16 ++ + ++ ++ ++ — ++ + + + — + + + + + +
4.02 ++ — ++ + ++ + + ++++ + ++ - + + + - + Or:
3.88 + + + + + + + + - + + + + - ++ + + — + + +
3.74 ++ - + + ++ +++ + ++ + ++ + - + + + + + + +
3.60 ++ + + ++ + ++ - ++ ++ ++ — + + — ++ ++ + + +
3.46 + + + + + + n.a. n.a. n.a. n.a. + — + + + + + + +
3.32 + - + + n.a. n.a. n.a. n.a. + — + + + + + +
3.18 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. + + + + + + + +
3.02 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. ++ n.a + + + + + n.a.
dHi
Bregma (mm)
—-1.72 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. + n.a. n.a. n.a. - — n.a. n.a.
—-1.92 n.a. n.a. n.a. n.a. n.a. n.a. — n.a. + n.a. n.a. n.a. + - - -
—2.16 — — — - + — — — — — — — + — — —
—2.40 + - - - + + - - - - - - - - - -
—2.64 — — — — - — — — - — — — - — — —
-2.90 — — — - + + - - - - - - — - - -
-3.12 — — — — - — — — - — — — — — — —
—3.36 — — — - — — — - - — — — — — — —
—3.60 — — — — - — — — - — — — - — — —

stratum oriens; pyr: stratum pyramidale; rad: stratum radiatum; luc: stratum lucidum, Im: stratum lacunosum-moleculare, mol: molecular layer of the dentate gyrus; gr: granular cell layer; po: polymorphic layer. vHi: ventral hippocampus in
sagittal sections. dHi: dorsal hippocampus in coronal sections.

« Axon length was maximal in CA1 in the sagittal section at Lat. 5.72 mm (shaded box); this length of 2460 pm was assigned as “100%". For each subfield, a summed axon length of 100-76% was assigned as “+ + + +7; “+ + +": 75—
51%; + +: 50-26%; “+": <26%; “—" indicates that no fibre was observed in the subfield and “n.a.” indicates that the subfield is not applicable in the analyzed section.
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Fig. 2. Chartings of sagittal sections at 12 mediolateral levels with line drawings representing AVP fibre distribution through the entire ventral
hippocampus. The lateral portion of the dorsal hippocampus is also included. Shaded areas denote ventricles.

“good” and “excellent” subjects, the labelling was clearly
visible for as long as 28 days.

For vHi, the iontophoretic FG injection was initially
targeted to the lateral segment of the CA2 (Bregma
—5.20 mm, lat. 540 mm and dorso-ventral 6.00 mm)
without prior knowledge of the AVP fibre density in this
region. Injections in this segment of the CA2 resulted in
very few weakly labelled cells in the hypothalamus
(Table 3). However, scattered labelled FG/AVP + cells
were seen in the bed nucleus of the stria terminalis,
intraamygdaloid division (STIA) 14 days after the
injection. These attempts served as our “negative
control” for our data interpretation. Once information of
the detailed AVP fibre distribution became available
(Table 2), we changed the injection location to ventral
CA2 (str. or. — str. pyr., Bregma —4.40 mm, lat. 4.60 mm
and dorso-ventral 7.60 mm) where the densest AVP
innervations were observed. The precise localized
injection into 3 rats (“vHi-8”, “vHi-9” and vHi10”;
Table 3) resulted in a number of AVP+ neurons
displaying FG-labelling within the SON and PVN
magnocellular division (Fig. 5). The FG labelling was
mainly accumulated in the perikarya of lysosome-like
granules (Fig. 5, panels F, | and insets), which is a
prominent characteristic reported for long-term weak FG
labelling (Schmued and Fallon, 1986; Wessendorf,
1991; Persson and Havton, 2009). To discard the
possibility of an unspecific FG signal due to leak into
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blood vessels or cerebro-spinal fluid, the choroid plexus
and the subfornical organ (SFO) were carefully
examined. FG signal was not detected in the SFO nor
the choroid plexus of the three examined rats (Fig. 6,
panel E and inserts). In the STIA, a moderate amount of
FG labelled cells were found, a few of which were
double labelled with AVP/FG (Fig. 6, panels A-D). It is
worth mentioning that the AVP-IR in this region is
generally weak and variable.

For dHi, the injection site was the foremost rostral part
of CA2 and CA3 (Bregma —2.20 mm antero-posterior,
2.00 mm lateral and 3.40 mm dorso-ventral) where,
according to the AVP fibre distribution analysis
(Table 2), most of AVP innervations in dHi were found
(Fig. 1D-F). Fig. 7, panels A and B showed the FG
application site of the subject “dHi1” (Table 3), which
was perfused 28 days after the FG injection. Note that
the labelled region, CA2-3 str. or. — str. pyr. was
relatively small and precise. The labelled pyramidal
neurons accumulated FG in both cytoplasm and in the
perikarya lysosome-like granules mentioned above
(Fig. 7B and its inset) and some of the contra-lateral
CA3 pyramidal neurons were labelled (Fig. 7C). Panels
DI (Fig. 7) showed the weak FG labelling patterns in
hypothalamus SON (D-F) and PVN (G-l) seen with
confocal microscope, the perikarya lysosome-like
granules labelling was indicated by * in the insets of
panel F and panel I.
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vHi CA2

vHi CAl1

Fig. 3. Two types of AVP immunoperoxidase labelled fibres and their terminals as shown by light (A, B) or electron (C—N) microscopy. (A) An axon
with large diameter varicosities (thick arrow) amongst thin axons with sparse boutons (thin arrows) in stratum radiatum (str. rad.) of the ventral CA2.
(B) AVP+ axonal network in str. oriens (str. or.) of the ventral CA1. Note large swellings (arrowheads). (C) Example of a thin axon terminal
containing few large AVP + dense-core vesicles (dcv, arrows) along with small clear both round and elongated vesicles. (D) Varicosities of the thick
axons contained mainly the large-granulated vesicles (dcv). (E) Type | synapses (black arrowhead) made by an AVP + bouton with a dendritic spine
(a) and an axon-spine (b). White arrowhead indicates the electron-opaque membrane undercoating — an EM characteristic of axon initial segments
(AIS). Note the proximity of three large-granulated vesicles to the presynaptic membrane in the active zone of synapse b. (F) Type Il synapse
(double arrowheads) made by an AVP + bouton with a dendritic shaft (den). (G) A postsynaptic dendritic shaft receives a labelled type | synapse
and emits several spines (s), one of them receives an unlabelled type | small synapse (arrowhead). Insets G, and G, show the same synapse in
adjacent sections. Note the heterogeneous distribution of the AVP-immuno-positive materials inside the same axon terminal (At). (H and inset)
Serial sections of a type | synapse on a dendritic spine (s) connected to a dendrite (). (J and inset, K, L) Serial sections of an AVP + axon (Ax)
forming a type | synapse with a large spine (Ax-s) originating from an AIS in the ventral CA3. The electron-opaque membrane undercoating of the
AIS is indicated by white arrowhead. The axonal spine contains membranous intracellular organelles (J, K), and receives a type |l synapse from an
unlabelled terminal (L, double arrowhead). (M, N) AVP + boutons making type Il synapses (double arrowheads) onto dendrite shafts (den), which
also receive type | synapses (arrowheads) from unlabelled boutons, suggesting that they originate from interneurons. At: axon terminal, s: spine; Ax:
axon; den: dendrite; dcv: dense-core vesicle. Scale bars for A and B: 10 pm, C-N: 0.5 um.
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Fig. 3.

Neurolucida 3D mapping and visualization coupled
with an anatomical study suggested three main
pathways from SON and PVN to hippocampus

Using computer-aided light microscopy (Neurolucida
workstation), a 3D “one-to-one” reconstruction was
done under a light microscope using objectives from 4 x
to 20x, from 38 alternative serial sections. It is worth
noting that the type A and B fibres, their continuity and
the branching patterns (straight/low branching vs.
winding highly branching) could be clearly distinguished
and documented (Fig. 8). Using this method, together
with line drawings under LM made from the seven sets
of serial sections (sagittal plane: 2; septo-temporal
plane: 2; coronal plane: 2; semi-horizontal plane: 1)
three pathways connecting hypothalamic magnocellular
AVP nuclei and the hippocampus can be clearly seen.

The rostral route of AVP fibres from hypothalamic
magnocellular neurons projecting to hippocampus was
mainly through the fimbria—fornix fibre system. The
fimbria—fornix fibre system provides the major conduit
for hippocampus-subcortical afferent and efferent
connections (Daitz and Powell, 1954; Powell et al.,
1957). It was suggested that the PVN vasopressin fibres
projected to hippocampus through this fibre system
(Buijs, 1978). After analysing the anatomical study
results, it became evident that from both PVN and SON,
AVP-containing fibres followed the fornix dorso-rostrally
(Fig. 9Aa, Ab, Ac) into the dorsal hippocampus. From
there, part of the fibres projected dorsally reaching the
rostral portions of the CA3 and CA2, via the alveus
(Fig. 1, panels B, D). The remaining fibres continued
inside the fimbria descending to ventral hippocampus

(continued)
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(Fig. 9, groups D, E). At Bregma AP —-0.24 mm
(Fig. 9Ba, Bb) and —-0.78 mm (Fig. 9Ca, Cb, Cc)
abundant AVP fibres could be clearly observed inside
the fimbria. The panels Fig. 9Dc and Dd showed the
AVP fibres inside the fimbria in semi-horizontal sections
(Fig. 9Da, Db). Fig. 9Eb and Ec showed the abundant
straight AVP fibres inside the ventral fimbria (Fig. 11Ea).
It was not rare to observe that the straight AVP fibres
inside the alveus made orthogonal turns to go inside the
str. or. (Fig. 9Fa, Fb).

The medial route of AVP fibres from hypothalamic
magnocells projected to hippocampus via the internal
capsule (ic) to join the fimbria. A considerable amount of
AVP axons from both SON and PVN magnocellular
neurons travelled latero-postero-dorsally (Fig. 10A, B)
into the ic. The AVP axons can be clearly seen on the
surface of the white matter ic (Fig. 10C). The fibres
continued caudally and could be clearly seen on the
border between the ic and the reticular thalamic nucleus
in a straight and parallel fashion (Fig. 10F, horizontal
view). In the adjacent fimbria (Fig. 10F and inset), AVP
fibres with the same orientation and straight and parallel
fashion could be observed. In the region of the fimbria
around the coordinates: Bregma AP —-2.70 mm to
—3.10 mm, 3.90 mm lateral and interaural 4.90 mm,
both in the coronal view (Fig. 10D, E) and sagittal view
(Fig. 10H), abundant AVP fibres were observed.

The caudal route of AVP fibres from hypothalamic
magnocellular neurons projecting to ventral hippocampus
via cortico-medial-amygdala and lateral amygdala. AVP
projections originated in SON projecting towards the
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Fig. 4. Confocal images of immunohistochemical labelling of AVP (red), mGluR1a (blue) and parvalbumin (PV, green) taken in stratum oriens (or)
of the ventral hippocampus (vHi). Note that there was a strong-contacting relationship between AVP axons and mGlu1Ra expressing dendritic
segments (A-D, circles). Also a weak-contacting relationship (arrows) with PV expressing somata (F) and dendritic segments (E, arrows) was
observed. The scanning thickness was 3 pum. Scale bars for A—E: 50 um and F: 15 pm.
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Table 3. Fluorogold retrograde labelled subjects: survey and anatomical description

Stereotaxic coords. relative to
Bregma: anteroposterior; lateral;
dorso-ventral (mm)

Subject ID and surgery to
perfusion interval (days)

lontophoretically labelled
hippocampal subfield
and quality™

Retrograde labelled AVP nuclei:
semi-quantitative analysis”

PVN SON SCN BNST
VvHi-1: 14 —5.20; 5.40; 6.00 Ventral CA2: good — - — STIA: +
vHi-2: 35 —5.20; 5.40; 6.00 Ventral CA2: weak — + — STIA: +
vHi-3: 21 —5.20; 5.40; 6.00 Ventral CA2: damaged + + - STIA: +
vHi-4: 14 —4.40; 4.60; 7.60 Ventral CA2/3: good ++ ++ — STIA: +
vHi-5: 21 —4.40; 4.60; 7.60 Ventral CA2/3: damaged n.e. n. e. n.e. n. e.
VvHi-6: 22 —4.40; 4.60; 7.60 Ventral CA2/3: 2 labelled sites n.e. n. e. n.e n. e.
VvHi-7: 22 —4.40; 4.60; 7.60 Ventral CA2/3: damaged n.e. n. e. n.e. n. e.
vHi-8: 28 —4.40; 3.80; 8.00 Ventral CA2/3: excellent + + ++ + STIA: +
VvHi-9: 18 —4.40; 4.60; 7.60 Ventral CA2/3: excellent + + ++ + STIA: +
vHi-10: 18 —4.40; 4.60; 7.60 Ventral CA2/3: excellent + + +++ STIA: +
dHi-1: 21 —2.20: 2.00; 3.40 Dorsal CA2/3: excellent + + + + - STIA: +
dHi-2: 14 —2.20: 2.00; 3.40 Dorsal CA2/3: good ++ ++ STIA: +
dHi-3: 21 —2.20: 2.00; 3.40 Dorsal CA2/3: excellent + + + + + - STIA: +
dHi-4: 21 —2.20: 2.00; 3.40 Dorsal CA2/3: missed n.e. n. e. n.e n. e.
dHi-5: 21 —2.20: 2.00; 3.40 Dorsal CA2/3: missed n.e. n. e. n.e. n.e.
dHi-6: 28 —2.20: 2.00; 3.40 Dorsal CA2/3: excellent +++ + + + — STIA: +

n.e., not evaluated; STIA, stria terminalis intra-amygdaloid division; vHi, ventral hippocampus; dHi, dorsal hippocampus.

" Fluorogold + /AVP + cell number per 0.2 mm?% +, 1-5; + +, 6-10; + + +, >

" The qualitative descriptions “excellent”, “good”, “weak” refer to the strength of labelling, “missed” refers to the precision of targeting, and “damaged’

10.

* refers to the grade of

damage in the tissue surrounding the labelling site, all evaluated at around 3 weeks post-FG application.

amygdala and ventral hippocampus were revealed by
detailed anatomical analysis. Serial section line-
drawings (Fig. 11A—G) under light microscopy and using
Neurolucida 3D mapping (Fig. 8) showed that a
considerable amount of the AVP fibres from SON
projected caudally towards the neurohypophysis through
the medial eminence and infundibular stem. We
observed that quite a few fibres continued caudo-
laterally, passing through the tuberomammillary and
supramammillary areas, entering the cortico-medial
amygdala (CoMeA) and then turning dorsally to the
amygdalo-hippocampal transition area — some of them
entered the ventral hippocampus (Fig. 11A-G,
delineated region by a blue-dashed line). Some of these
fibres made almost orthogonal turns to enter the
amygdalo-hippocampal cortex (Fig. 11D, Da) and these
axons seemed to continue in the vHi, mainly in the str.
or. of CA1 and CA2 where heavy innervation was found
(Table 2 and Fig. 3A, B). The AVP projections from
hypothalamic SON and PVN to vHi were also found
projecting caudo-laterally via the lateral amygdala
division and entered the vHi region through external
capsule-alveus. This pathway could be clearly seen in a
semi-horizontal section (Fig. 10, group H). Another
important feature of this pathway was shown in
Fig. 11He: Two morphologically different axons could be
clearly distinguished, the ones which were straight and
parallel, seemed to project to the external capsule and
alveus of ventral CA1 and CA2 (yellow arrows), and the
winding, locally branched ones (black small arrows).
The latter ones innervate densely the BNST, central and
basolateral amygdala (Fig. 10He). The straight axons,
after entering the alveus of CA1 of vHi, branched locally
or continued in the white matter to CA1-subiculum or to
the CAZ2 directions (Fig. 11Hc, Hd).
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DISCUSSION

In the present study we have provided the first
comprehensive description of AVP-ir fibre-distributions
across the whole septo-temporal extent of the
hippocampus of the Wistar rat. We presented the first
evidence on (1) AVP-ir fibre synapses onto hippocampal

neurons and their postsynaptic targets, namely,
pyramidal neurons and interneurons. Dendrites and
somata of interneurons expressing mGIluR1a and

parvalbumin located in the str. oriens (or.) of CA1-2 in
the ventral hippocampus were identified as possible
targets; (2) the hypothalamic magnocellular AVP
neurons from SON and PVN projected to both dHi and
vHi. Moreover, according to the anatomical study, three
suggested pathways of vasopressin innervation from the
hypothalamus to the hippocampus were described.
Although effects of AVP on the hippocampus
excitability and its receptor distribution had been
extensively reported, the hippocampal AVP innervations
with respect to their subfield-fibre-distribution, synaptic
formation and targets remained unknown. Early
investigation had shown AVP innervations of the rat
hippocampus (Buijs, 1978; Caffe et al., 1987; Rood and
De Vries, 2011), and a recent study in mice found that
the main innervation sites were vHi, while the dHi was
devoid of AVP-ir fibres (Rood and De Vries, 2011). In
this study, we reported a denser innervation pattern by
the  AVP-immuno-positive fibres than previously
reported. Several methodological factors could render
our AVP-IR more sensitive than other studies. As
mentioned above, we used two antisera against AVP
raised in rabbits (see Table 1). The first antibody was
obtained using glutaraldehyde-treated AVP as the
antigen (Buijs et al., 1989) and the second one used
synthetic AVP as the antigen. In our previous
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O
PVN -

Fig. 5. Ventral hippocampus (vHi) received vasopressinergic input from SON and PVN of the hypothalamus revealed by Fluoro-Gold (FG)
neurotracing. Panel A showed a schematic representation with circle indicating the injection site, which was determined according the AVP fibre-
distribution analysis. (B, B’) Fluoro-Gold (FG) injection sites in the vHi CA2. Note that the injection site had a diameter of <350 pum. Panels C-G
illustrate retrogradely labelled cell bodies in SON. (C, D) Confocal images of AVP-ir in SON. (E) Confocal image of FG in SON. (F) Overlay of (D)
and (E). Note that in the inset of (F) the accumulation of FG was in lysosome-like granules (x). Panels H—J illustrate retrogradely labelled cell bodies
in PVN. Green, FG. Red, AVP-ir. Solid arrows indicate AVP labelling. Hollow arrows indicate cells labelled with FG only and double arrows indicate
double labelling. Scale bars: 50 pm if not indicated otherwise.
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Fig. 6. Fluoro-Gold (FG) injection in vHi CA2 resulted in FG/AVP double labelling in the bed nucleus of stria terminalis intraamygdaloid division
(STIA) and no labelling in subfornical organ (SFO). (A) Schematic representation of STIA in a sagittal section. (B—D) Four AVP-containing neurons
in the region were labelled with FG (double arrows). Note that both type A (double arrowhead) and type B (arrowheads) AVP-immuno-positive fibres
were present in this region. Panel E and its inset (confocal photomicrographs) illustrate the no-FG labelling in the SFO, used as negative control in
this experiment. Green, FG. Red, AVP-ir. Solid arrows indicate AVP labelling. Hollow arrows indicate cells labelled with FG only.

experiments, different labelling patterns by those two
antibodies against AVP-containing neuron’s soma,
dendrites and axons were observed. These differences
in labelling between the two antibodies might be due to
AVP’s structural changes, occurring during the synthesis
and transport from the soma to the terminals, and/or
caused by the fixation process. Hence the antiserum
we used for AVP-IR for the anatomical studies (except
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for EM study) was a mixture of those two antibodies.
The AVP-IR was markedly enhanced, especially in the
hippocampal subfields. Another important issue is the
quick processing after perfusion. Our experience
indicates that AVP-IR depends strongly on the
histological procedures (for details, see Zhang et al., 2012).

So far, synapses made by axon terminals containing
AVP immunoreactivity have been described only in rat
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contralateral Hi
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Fig. 7. Dorsal hippocampus (dHi) received vasopressinergic input from SON and PVN of the hypothalamus revealed by Fluoro-Gold (FG)
neurotracing. Panel A illustrates the dHi injection site (rostral CA2-3, diameter <350 pum). Inset showed a schematic representation with circles
indicating the injection sites, which were determined according the AVP fibre-distribution analysis. Panel B illustrates the site with higher
magnification. Inset of (B), confocal photomicrograph shows that after 28 days the labelled pyramidal neurons accumulated FG in lysosome-like
granules in the perikarya (x). Panel C illustrates some of the contra-lateral CA3 pyramidal neurons were labelled with FG. Panels D—F illustrate
retrogradely labelled cell bodies in SON. (D) Confocal image of AVP-irin SON. (E) Confocal image of FG in SON. (F) Overlay of (D) and (E). Note in
the inset of F the accumulation of FG in lysosome-like granules (x). Panels G-l illustrate retrogradely labelled cell bodies in PVN. Green, FG. Red,
AVP-ir. The inset of (I) shows the accumulation of FG in lysosome-like granules (x) and a magnocellular neuron which is not labelled by FG (single
solid arrow). Solid arrows indicate AVP labelling. Hollow arrows indicate cells labelled with FG only and double arrows indicate double labelling.
Scale bars: 50 um if not indicated otherwise.
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Rostral pé’t'hWay
Madial pathway
Caudal pathway

Fig. 8. Computerized 3D “one-to-one” mapping of AVP-ir fibres in sagittal sections (hypothalamic PVN and SON as the medial border, extending to
stratum oriens of ventral CA1 as the lateral border). Three pathways are delineated as follows (see the Results section for detailed descriptions): the
rostral pathway (purple outline, “Hyp-sepfi-dHi path”); the medial pathway (blue outline, “Hyp-ic-fimria path”); and the caudal pathway (green
outline: “Hyp-amyg-vHi path”). Bright red lines delineate the hippocampus; yellow lines denote the AVP-ir fibres and the turquoise lines are the
outlines of the sagittal sections. (A) 30° rotation from the front view. (B) 60° rotation from the front view. (C) Lateral view from lateral edge.
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Lat 1.13mm

Fig. 9. Relevant anatomical features of the rostral pathway: hypothalamo-septo-fimbria-dHi-vHi. (Aa) Tracing showing that AVP-containing fibres
from PVN and SON followed the fornix fibre-system dorso-rostrally into the dorsal hippocampus (dHi) where the CA2 received AVP + fibres. (Ab)
AVP-immuno-positive fibres from SON and PVN projecting dorso-rostrally joining the fornix—fimbria fibre-system (fi). (Ac) AVP-immuno-positive
fibres can be clearly seen on the surface of fi. Panels B (Bregma —0.24 mm) and C (Bregma —0.78 mm) show abundant AVP fibres observed inside
the fimbria (fi) at different coronal levels. Panels D show the AVP fibres inside the fi in semi-horizontal section (insets). Panels E show the abundant
straight AVP fibres inside the ventral fimbria—alveus. It was not rare to observe the straight AVP fibres inside the alveus (Alv) making orthogonal turn
to go inside the str. or. (panels F). Arrows indicate the straight AVP fibres in parallel to the fornix—fimbria—alveus fibre-systems. Is, lateral septum.
The blue pictures are negative digital pictures to enhance the fibre-visualization. Scale bars for Ab, Ba, Ca, Cb: 500 pum; for Ac, Bb and Cc: 100 pm;
others were indicated in the figures.

164



156 L. Zhang, V. S. Hernandez / Neuroscience 228 (2013) 139-162

Coronal view
Bregma -2.70mm

Horizontal view, Interaural 4.90mm 20um

Fig. 10. Relevant anatomical features of the medial pathway. Hypothalamo-ic-fimbria pathway is depicted in coronal, horizontal and sagittal
sections. (A, B) Drawing and low-power photomicrograph showing that considerable amount of AVP-immuno-positive fibres from both SON and
PVN magnocellular nuclei project latero-postero-dorsally into the internal capsule (ic). (C) AVP-immuno-positive fibres (arrows) on the surface of ic.
(D, E) A dense bundle of AVP + fibres was observed in the lateral boarder of fimbria contacting the ic (around the relative coordinates of Bregma
—2.70 mm to —3.10 mm; lateral 3.90 mm, and interaural 4.90 mm). Once entering the fimbria, the fibres travelled in a radial fashion medially (E:
Negative digital photo to enhance the fibre visualization inside the fimbria). (F, G) Horizontal view of the above location, the fibres originating from
SON and PVN travelled caudo-dorso-laterally and can be clearly seen on the border between of the reticular thalamic nucleus (Rt, parvalbumin
immunofluorescence reaction in green) and ic in a straight and parallel fashion (arrows). In the adjacent fimbria (F, inset), AVP fibres (arrows)
continued in the same direction and fashion. Panel H is the same location with a sagittal view. Solid arrows indicate AVP axons; fi, fimbria; ic,
internal capsule; st, stria terminalis; rt, reticulo-thalamic nucleus. Scale bars: B and C: 500 um; and for D, E, F and inset: 100 ptm.
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Fig. 11. Relevant anatomical features of the caudal pathway. The caudal route of AVP fibres from hypothalamic magnocellular neurons projected to
ventral hippocampus was via cortico-medial-amygdala and lateral amygdala. (A—G) Chartings of selective sagittal sections showing AVP projections
originated in SON, towards cortico-medial amygdala (CoMeA) and ventral hippocampus. The outlines showed a coarse separation of two different
types of fibres observed under light microscope: the straight fibres seen in cortico-medial amygdala (CoMeA, blue) and the winding, highly branched
fibres in medial amygdala (red). Some of these fibres in the blue outlined route made almost orthogonal turns to enter the amydalo-hippocampal
cortex (panels D and Da). The yellow arrows indicate the parallel straight fibres and the black arrows indicate the vertical fibres to the cortical
surface. The group H: the AVP projections from hypothalamic SON and PVN to ventral hippocampus (vHi) were also found projecting in a caudo—
lateral fashion via the lateral amygdala division and entered the vHi region through external capsule-alveus (indicated by arrowheads in Ha and Hb).
For panels Hc and Hd, arrows indicate vasopressin-immuno-positive fibres in three fashions: the white ones indicate the fibres inside hippocampus,
the yellow ones indicate the straight fibres projecting to hippocampus through basolateral (BLA) amygdala and the black ones indicate the winding
and highly branched ones in the central and medial amygdala and in the bed nucleus of stria terminalis intraamygdaloid division (BSTIA). AHi,
amygdalo-hippocampal transition zone; BNST, bed nucleus of stria terminalis. Scale bars: Da, Hc, Hd and He 50 pim; Hb: 500 pm.
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Fig. 11. (continued)

lateral septum, medial amygdala and thalamic lateral
habenular nucleus (Buijs and Swaab, 1979; Rood and
De Vries, 2011) and mouse suprachiasmatic nuclei
(Castel et al., 1990; Rood and De Vries, 2011). The
results from our study demonstrated that, in the first
place, both types, the thick axons (type A) with a high
ratio between dense-core vesicles and small clear
vesicles and the thin axons (type B) with a low ratio of
this parameter, were able to establish conventional
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synaptic connections. The large axon terminals
establishing synaptic contact were less frequent than
the small ones according to our observational

experience throughout the EM study as we mentioned in
the Results section. This observation points to the
possibility of the “terminal fields” extrasynaptic release
of AVP, as recently suggested in other study (Rood and
De Vries, 2011). However, pyramidal neuron’s
dendrites, dendritic spines and axonic spines (these last
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ones were from the vHi CA3 subfield) were among the
type | synaptic targets. The presynaptic AVP+
terminals innervating the previous elements were large
and the content of dcv was high (Fig. 3G—K).
Glutamatergic neurons form prominent cell populations
in the SON and PVN (Ziegler et al., 2002) and
neurosecretory nonapeptide/glutamate co-release has
been demonstrated (Ziegler et al., 2002; Hrabovszky
et al., 2007). This experimental evidence corroborates
our observation and altogether suggests that the
hypothalamic magnocellular AVP-containing neurons
may be the source of this excitatory innervation of
ventral hippocampal CA2-3 pyramidal neurons.

The AVP axons establish type Il synapses on the
interneuron dendrites. Although the precise identities of
the postsynaptic interneurons remained unclear,
according to the IR features observed by confocal
microscopy and the location, the “O-LM”, “interneuron
specific type |-llI” and “enkephalin-expressing”
interneurons are amongst the candidates targeted by
AVP + axons (Somogyi, 2010). The thin diameter and
the high content of small clear vesicles of type B fibres
seen under EM, suggest that the soma locations of
these axons should be elsewhere other than the
hypothalamic magnocellular nuclei. The currently
accepted source of vasopressinergic projection to
hippocampus, i.e. the parvocellular AVP-containing
neurons located in the BNST and medial amygdala in
rats (Sofroniew, 1985; Caffe et al.,, 1987; van
Wimersma-Greidanus et al., 2000) could be the sources.

The present study describes for the first time the
hypothalamic source of AVP innervation in the
hippocampus using Fluoro-Gold neurotracing,
immunohistochemical and neuroanatomical methods
coupled with computerized reconstruction. Fluoro-Gold
injection into the hippocampus revealed retrograde
labelled AVP-positive cells in hypothalamic supraoptic
and paraventricular nuclei. There are several technical
issues concerning this observation that we considered
important to discuss here. The iontophoretic application
of FG in the disclosed regions with highest AVP
innervation contributed essentially to the success of this
part of the experiment. The region issue was
corroborated by the fact that our first attempt to label
the ventral-lateral CA2, str. lacunosum moleculare
coordinates yielded almost no FG labelling in
hypothalamic magnocellular nuclei (Table 2, subjects
“vHi1”, “vHi2”, “vHi3”). Concerning the possibility of
indirect capture of FG by the PVN and SON
magnocellular neurons from the cerebral-spinal fluid or
from the bloodstream, we consider that it is highly
improbable in our case, using the protocol we
described. It has been demonstrated that Fluoro-Gold
injected in high concentrationsin the lateral ventricle
produces a diffuse labelling around the ventricles;
however it was reported that there was no retrograde
transport of the tracer from the circumventricular organs
(Schmued and Fallon, 1986). When 50 um of a 5%
Fluoro-Gold solution (or similar dose) was injected i.v.,
labelling in PVN and SON neurons was reported
(Ambalavanar and Morris, 1989). In our case, however,
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the Fluoro-Gold was delivered iontophoretically through
a glass micropipette with an aperture of around 40 pm,
filled with 1% of Fluoro-Gold solution, applied in CA2
region. In the accurate labelled cases, the labelling
regions had a diameter <350 um. Hence, it is very
unlikely that a significant amount of this substance could
reach the general circulation and during a very short
period, before being eliminated, retrogradely label a
significant amount of the magnocellular neurons in the
SON and PVN, still observable 28 days later. This
possibility is also discarded by the observation of no
labelling in the subfornical organ (SFO), a brain region
that lacks a brain—blood-barrier (Fig. 6E). Another
important technical factor is the usage of cacodylate
buffer (Yamaguchi et al., 2011). Sodium cacodylate is
an organic arsenic compound that is metabolized to
produce inorganic, trivalent arsenate in vivo. Because
arsenate is a phosphate analogue, it can enter cells via
phosphate transport systems and interfere with the cell

metabolism through uncoupling oxidative
phosphorylation from energy production. It also
interferes  with glycolysis by forming 1-arseno-3-

phosphoglycerate instead of 1,3-bisphosphoglycerate
(see Sigma product information sheet) (Sigma-Aldrich,
2012). After analyzing the possible VP-pathways, we
realized that if hypothalamic magnocellular neurons
project to hippocampus, the projection length from the
soma to the targets could be as long as 10 mm. Hence,
we considered that there was a need for longer time-
intervals between retrograde tracer FG injection and
perfusion, i.e. 3—4 weeks. In this case, a general
slowdown of cellular metabolic rate, which had taken up
the FG, would help to find the labelling after such long
intervals. The results showed that when the
iontophoretic injection was made precisely into the
densest regions of AVP innervations, a number of AVP-
containing neurons of hypothalamic SON and PVN were
labelled with the characteristic weak long-term perikarya
lysosome labelling (Schmued and Fallon, 1986;
Wessendorf, 1991; Persson and Havton, 2009).

There have been a small number of reports dealing
specifically with the extrinsic inputs and outputs of the
hippocampus CA2 region (Amaral and Lavenex, 2007).
However, it has been demonstrated that CA2 field
received particularly prominent innervation from the
posterior hypothalamus, in particular from the
supramammillary area and tuberomammillary nucleus
(Magloczky et al., 1994; Amaral and Lavenex, 2007). In
a recent study, the group led by W.S. Young had
demonstrated a vasopressinergic projection from the
PVN to the mouse hippocampal CA2 using various
adeno-associated viruses that express fluorescent
proteins (personal communication) that is in agreement
with our observations.

Through the detailed anatomical study of the serial
sections cut in four different planes (i.e. sagittal, coronal,
septo-temporal and horizontal) and 3D Neurolucida
visualization, we could conclude intuitively that the most
significant route for hypothalamic AVP projection to the
hippocampus was the caudal one. AVP fibres from SON
mainly projected caudally to neurohypophysis through
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the medial eminence and infundibular stem. This has
been one of the best-described neurosecretory
pathways (Hou-Yu et al.,, 1986). However, we have
observed that quite a few fibres continued caudo-
laterally, passing through the tuberomammillary and
supramammillary areas entering the CoMeA and then
turned dorsally to the amygdalo-hippocampal transition
area, some of them entered the ventral hippocampus
(Figs. 10 and 11). Haglund et al. (1984) made
anterograde transport studies with the lectin phaseolus
vulgaris leucoagglutinin (PHA-L) and concluded that
fibres from the supramammillary nucleus innervate all
parts of the hippocampal formation. However, Lee et al.
(1988) later demonstrated that PHA-L could also be
retrogradely transported. Hence, the possibility that AVP
passing axons in the supra- and tuberomammillary
areas could also take up the PHA-L and the possibility
of a bi-directional transport of this tracer cannot be
excluded. Furthermore, Inyushkin et al. (2009), using
in vivo electrophysiological recording, demonstrated a
clear dual projection system, neurohypophyseal and
central, from the AVP-immuno-positive magnocellular
neurons of the SON and suggested the existence of
projections from these neurons in the SON that are
much more widespread and longer than had previously
been suspected. On the other hand, a substantial
amount of AVP fibres from magnocellular PVN and
SON, projected caudo-laterally to medial amygdala
(MeA) and bed nucleus of stria terminalis, intra-
amygdaloid division (BSTIA) — region where scattered
AVP-ir parvocellular neurons, were also observed in our
study (data not shown) and FG/AVP retrogradely
labelled cells were presented (Fig. 6). However, in this
region both thick and thin axons were clearly observed
(Fig. 6D) and a great amount of AVP-ir fibres converged
under the lateral ventricle to project caudally to ventral
hippocampus (Fig. 11A-G, dashed red line delineated
zone). Since the region of MeA and BNST also served
as a key intermediate region where the AVP fibres from
the hypothalamus passed through, the previous lesion
and tracer studies (De Vries and Buijs, 1983; Caffe
et al., 1987) suggesting that the BNST and MeA were
the sources of hippocampal AVP fibres cannot exclude
the hypothalamic origin.

FUNCTIONAL IMPLICATIONS

Our results concerning the hypothalamic AVP-containing
magnocellular neurons projecting to the hippocampus
are consistent with experimental evidence of a
significant increase of AVP in the perfusate at both 30
and 60 min after a hypertonic stressor observed by
Landgraf et al. (1988) and behaviour results from our
studies (Hernandez et al.,, 2012) in which i.p.
administration of 900 mM saline (2% of body weight,
b.w.) is able to impair the Morris water-maze
performance 2 h later in young adult male rats with a
potentiated hypothalamic vasopressinergic system, due
to neonatal maternal separation (Hernandez et al.,
2012; Zhang et al., 2012). Administration of an AVP Vg
receptor-selective antagonist, SSR149515, restored the
impaired learning (Hernandez et al., 2012). These data
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indicate a close functional relationship between the
hypothalamic magnocellular vasopressin system and the
hippocampus.

CONCLUSION

Altogether, the present data highlight for the first time
distinctive features that make the vasopressin fibres a
unique subcortical peptidergic innervation to the
hippocampus: (1) the AVP fibres extensively innervate
the ventral hippocampus and sparsely but significantly
innervate the rostral portion of the dorsal hippocampus,
mainly in the CA2 region; (2) the AVP axons in the
hippocampus establish conventional synapses with the
hippocampal neurons: the large axon terminals with a
high content of large-granulated vesicles establish type |
synapses on ventral CA2-3 pyramidal neuron dendrites,
dendritic spines and axon spines whereas the small
axon terminals with a high content of small clear
vesicles establish type Il synapses onto interneuron
dendrites; (3) the AVP axons in stratum oriens maintain
a strong-contacting relationship with mGIuR1a-
expressing interneuron dendrites; (4) FG retrograde
tracing revealed an important AVP projection from the
hypothalamic SON and PVN to the hippocampus. Thus,
it appears that an important source of hypothalamic VP
in the hippocampus are the magnocellular hypothalamic
nuclei, but the AVP-expressing neurons located in the
amygdala and the BNST reported previously may also
contribute.

The synaptic innervation of the hippocampus by the
magnocellular hypothalamic nuclei indicates that in
addition to exerting a modulatory role through V44 and
Vg G protein-coupled receptors, these fibres may have
an additional fast synaptic action, possibly though co-
transmission via ionotropic receptors. Like other
subcortical modulatory pathways to the hippocampus
the magnocellular nuclei may act partly via direct action
on principal cells and partly via modulating GABAergic
action of select populations of interneurons.
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HIGHLIGHTS

» Maternal separation (MS) up-regulates the hypothalamic vasopressin (VP) system.

» i.p hypertonic saline or SSR149415 was used to up or down regulate the VP system.

» The Morris water maze (MWM), was used to test learning, after the i.p. injections.

» MS rats had impairment after hypertonic saline, and control rats after V1b antagonism.
» This data support a role for VP in learning, dependent on the individual background.
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Maternal separation (MS) has been demonstrated to up-regulate the hypothalamic vasopressin (VP)
system. Intracerebrally released VP has been demonstrated to affect several types of animal behaviour,
such as active/passive avoidance, social recognition, and learning and memory. However, the role of VP in
spatial learning remains unclear. In the present study, we investigated the effects of an osmotic challenge
and a V1b receptor-specific (V1bR) antagonist, SSR149415, on spatial learning of maternally separated
and animal facility reared (AFR) adult male Wistar rats. The osmotic challenge was applied by injecting
a hypertonic saline solution, 1 h before the Morris water maze test (MWM). V1bR antagonist SSR149415
Maternal separation (5 mg/kg) was injected i.p. twice (1 h and 30 min) previous to the MWM. A combined treatment with both
SSR149415 osmotic challenge and the SSR149415 was applied to the third group whereas rats for basal condition
Vib were injected with isotonic saline. Under basal condition no differences between AFR and MS groups
Osmotic challenge were observed. MS rats showed severe impairment during the MWM after the osmotic challenge, but not
Morris Water Maze after the administration of SSR149415. For AFR rats, the opposite phenomenon was observed. The joint
application of SSR149415 and osmotic challenge restored the spatial learning ability for both groups.
The differential impairment produced by osmotic stress-induced up-regulation and SSR149415 induced
V1bR blockage in MS and control rats suggested that VP involvement in spatial learning depends on the
individual intrinsic ligand-receptor functional state.

Keywords:
Vasopressin
Spatial-learning

© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The neuropeptide vasopressin (VP) is synthesized primarily in
the paraventricular and supraoptic nuclei of the hypothalamus,
secreted from the neural lobe of the pituitary into the circulation,
and serves various hormonal actions on peripheral tissues: regula-
tion of water-electrolyte balance, hepatic glucose metabolism, and
cardiovascular functions [1,19]. VP secretion is regulated princi-
pally by blood osmolality and volume [14]. VP neurons also project
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intracerebrally to several brain regions, particularly to limbic brain
areas including the septo-hippocampal system [2,6]. It has been
shown that VP and its metabolites can modulate the hippocampal
theta rhythm [27] and facilitate memory processes [10,11] in intact
animals. Ex vivo electrophysiological studies showed that nanomo-
lar concentration of [Arg8 |-vasopressin (AVP) induced a prolonged
increase in the amplitude and slope of the evoked population
response in the presence of 1.5 mM calcium [8]. This AVP induced
potentiation of the excitatory postsynaptic potential (EPSP) per-
sisted following removal of AVP from the perfusion medium. The
AVP induced sustained increase of EPSP is known as long-term
vasopressin potentiation (LTVP) [8].

VP exerts its effects through three subtypes of receptors: Vla
and V1b receptors are associated with phosphoinositol turnover,
while the V2 receptor activates adenylate cyclase [19]. In the brain,
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VP exerts its effects mainly by binding to V1a and V1b recep-
tors. While V1a are widely distributed in the CNS [4,5,22,26],
V1b receptors are much more specifically distributed [17,20,25].
Young et al. performed in situ hybridization histochemistry using a
highly specific vasopressin V1b receptor riboprobe and found that
in mice, vasopressin V1b receptors were prominently expressed
in hippocampal pyramidal neurons located in the CA2 field [29].
Interestingly the short-term effects of VP mentioned before were
blocked by a V1a receptor antagonist whereas the long-term facil-
itatory effects remained despite this antagonism [27]. Moreover,
Engelmann et al., administered either vasopressin or a V1a recep-
tor antagonist via microdialisis into the rat septum, and found a
lack of effect of the antagonist, but an impairment in the Morris
water maze (MWM) performance of rat treated with exogenous
vasopressin [16]. This evidence implied a possible role played by the
V1b receptors. However, some studies showed that V1b receptor-
knockout mice had no impairment on spatial learning performance
[7,15], although VP system differences between rats and mice have
been reported [23].

In the present study, we hypothesized that VP could exert a fine-
tuning effect of spatial learning through the V1b receptor in rat and
these effects could be uncovered with up- or down-regulation of
the VP system in rats.

In order to demonstrate this hypothesis, we used male adult rats
reared in two neonatal conditions: animal facility reared (AFR) and
neonatal maternal separation (MS). These latter ones were demon-
strated to have a persistent potentiated vasopressinergic system
[21,28,30]. MS increase significantly the expression of AVP mRNA
and peptide in the hypothalamus and produced a faster and higher
release of vasopressin to plasma when MS rats are subjected to
water deprivation [30]. By using salt load which is well known to
up-regulate the VP release [14] and to increase its intracerebral
release [18], and a recently characterized non-peptide vasopressin-
ergic V1b receptor antagonist SSR149415 [24] to down-regulate
the VP transmission, we examined VP modulatory effects on spa-
tial learning in both animal facility reared (AFR) and MS male rats.
The results of this study show that spatial learning in MS animals
is vulnerable to an osmotic challenge, while AFR animals show dis-
rupted learning only in presence of a high dose of vasopressinergic
V1b antagonist SSR149415, compared with the literature [24].

2. Materials and methods
2.1. Animals and treatment

Wistar rats from the local animal facility were used in this study.
All animal procedures were approved by the local bioethical and
research committees in accordance with the principles exposed
in the Handbook for the Use of Animals in Neuroscience Research
(Society for Neuroscience, Washington DC, 1991). Rats were housed
four per cage, maintained on an inverted 12 h light schedule in a
room with controlled temperature between 20°C and 24 °C with
ventilation and given access to standard rat chow and water ad
libitum.

Maternal separation (3 h daily, MS3h) procedure was described
elsewhere [30]. Briefly, female and male adult rats were mated
for two 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, post-
natal day (PND) 2, each litter was culled to 7-8 pups, in which 5-6
were males. During the period from PND2-PND16, the pups were
separated daily from their dams between 0900 h and 1200 h, placed
intoanincubatorat29°C+ 1 °C. After this period rats were returned
to their home cages. After ending the maternal separation protocol,
animals were left undisturbed until the weaning at PND28, when

male and female rats were separated. Four littermates were put
in one cage and each one was assigned to one of the four differ-
ent treatment groups. Animals were then left undisturbed until
PND90 when spatial learning assessment was performed during
their activity period. Animal facility reared (AFR) rats were treated
in the same conditions as above mentioned except that these ani-
mals were left undisturbed in their cages during the period when
MS3h rats were separated from their dam. All the cages were
cleaned twice a week with minimum disturbance to the rats.

Ninety-six young adult male rats (PND90, body weight
3504+ 10g) from 12 AFR and 12 MS3h litters, were designated to
4 treatment groups: (A) isotonic (treatment 1, T1): rats received
only a 2% b.w., i.p. injection of NaCl 0.9% 1 h previous to the MWM,;
(B) hypertonic (T2): rats received a 2% b.w, i.p. injection of 900 mM
NaCl 1 h previous to the test; (C) SSR149415 (T3): rats received a
5mg/kg i.p. injection of SSR149415 (Axon 1114, Axon Medchem
BV Amsterdam, Netherland, diluted in dimethyl sulfoxide (DMSO)
first and then diluted in 0.9% saline, 1:20 respectively), twice at
1h and 30min time-points before the MWM test; (D) hyper-
tonic + SSR149415 (T4): rats received combined “hypertonic” and
“SSR149415” treatments as above described. Water bottles were
removed at the moment of first injection for all groups until 10 min
before the MWM.

2.2. Spatial learning assessment

The modified Morris water maze (MWM) procedure has been
described elsewhere [31]. Briefly, a black circular pool (diameter
156 cm, height 80 cm) filled with 30cm of water (2541 °C) with
distant visual cues, was used for this cognitive test. A circular black
escape platform (diameter 12 cm) was submerged 1 cm below the
water surface. Rats were habituated to this swimming task (with-
out the presence of the platform) a week before the MWM. On the
day of the test, rats were allowed up to 60s to locate the escape
platform. If the allowed time ended and the experimental subjects
had not found the platform, they were guided to it. Once on the plat-
form, rats were permitted to stay for 10s and allowed to observe
their location. Each rat underwent 8 sequential trials on the same
day, with an inter-trial interval of approximately 5 min. The time
required to locate the hidden platform in each trial was recorded.

2.3. Statistical analyses

Quantitative results were expressed as mean + standard error of
the mean (SEM). Groups were tested for differences by performing
three and two way mixed models analysis of variance followed by
Bonferroni post hoc test using STATA 11. Differences were con-
sidered statistically significant at a value of ‘p<0.05; “p<0.01;

Hxk

p<0.001.
3. Results

The three way mixed model analysis of variance of the
MWM test showed a significant effect of treatment (F3 704 =17.37
p<0.0001) and trial (F7704=382.15, p<0.0001), whereas no sig-
nificant effect is showed of group (AFR and MS), but the three
factors and all the two factors interactions are statistically sig-
nificant (F21'704 =3.25 p= 0.01, F21'704 =8.21 p< 0.001, F7'704 =3.40
p=0.05, F3 704 =22.32 p=0.001), therefore we used two way mixed
models analysis of variance for each level of (AFR & MS) and each
level of treatment. For the two groups we found that the interac-
tion between treatment and trial is statistically significant whereas
for each treatment only in SSR149415 treatment (T3) (Fig. 1C) this
interaction is statistically significant (Table 1).

No significant difference in spatial learning performance was
observed between the AFR and the MS3h groups when isotonic
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Fig. 1. Spatial learning performance assessed by Morris water maze test (MWM). Tests were performed in adult male rats (postnatal day 90, PND90), from two rearing
conditions: animal facility reared (AFR) and neonatal maternal separation (MS3h), after receiving 4 different treatments: (A) isotonic (T1); (B) hypertonic (T2); (C) SSR149415
(T3); (D) hypertonic + SSR149415 (T4). Panel E and F compare the effects of each of the treatments within the AFR (E) and MS3h (F) groups separately. Detailed statistical
significance is shown in Table 1. Data show mean + SEM (n=12) of escape latency across 8 trials. *, **, *** represent 0.05, 0.01 and 0.001 significance differences between
treatments for different trials and different groups (MS and AFR). #, ##, ### represent 0.05, 0.01, 0.001 significance differences between rearing groups for different

treatments and trials. See Table 1 for details on statistical significance differences.

treatment (T1) was administered (Fig. 1A). In the hypertonic treat-
ment (T2), the MS3h group showed markedly increased escape
latencies compared to AFR group at II, III, VI and VIII trials (Fig. 1B).
The MS3h hypertonic group also showed significant impairment
in spatial learning at the III, VII and VIII trials when compared to
the MS3h isotonic group (Fig. 1F, blue line (T2) vs. black line (T1)
respectively and Table 1, right panel, intersection of T2 and T1 for
trial III, VII and VIII). The hypertonic treatment (T2) had no signif-
icant effect on MWM performance in the AFR group (Fig. 1E, blue
line (T2)vs. blackline (T1) respectively and Table 1, left panel, inter-
section of T2 and T1 for each trial). In the AFR group (Fig 1E), the
V1b receptor antagonist SSR149415 treatment (T3) produced sig-
nificant differences on learning performance when compared to
isotonic treatment (T1) with significant differences at trials II, III,
IV,V, VI and VII (Fig. 1E, red line (T3) vs. black line (T1)), Table 1, left
panel, intersection of T3 and T1 for those trial), whereas in MS3h
animals, the SSR149415 (T3) produced significant differences on
learning performance only at trial I compared to isotonic treat-
ment (T1) (Fig. 1F, red line (T3) vs. black line(T1)). There were also
significant differences at trials III, IV and V if the comparison was
made between AFR and MS3h groups treated with SSR149415 (T3)
(Fig. 1C). Interestingly, an apparent initial improvement (signifi-
cant shorter escape time latencies) of the water maze performance
was observed at the trial II in both AFR and MS3h rats treated
with SSR149415 (T3) (Fig. 1 E and F, red lines (T3) vs. black lines
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(T1)). When combined treatment (T4) was applied, both hypertonic
and SSR149415, deleterious effects on spatial learning performance
were effectively cancelled and performance reversed to the isotonic
levels compared with the same rearing condition groups (Fig. 1E
and 1F, green line (T4) vs. black line (T1)).

4. Discussion

This is the first study in the literature reporting the modulatory
effects by up- and down-regulating the vasopressinergic system on
spatial learning. Our data showed that the application of an osmotic
challenge, which is known to strongly up-regulate the VP system
[14], disrupted spatial learning only in the MS3h subjects, whereas
a high dose of the V1b receptor-specific antagonist, SSR149415,
markedly impaired the water maze performance in AFR subjects,
while little effect was observed on the MS3h performance. Both
impairments were effectively reversed by a combined treatment of
both challenges.

The hippocampus seems to be the site of AVP action on mem-
ory processes [3]. Landgraf et al. showed that an hypertonic saline
challenge caused a significant rise in plasma VP and an increase
in extracellular VP content within the hippocampus, at both 30
and 60min after intraperitoneal injection [18]. VP metabolite
AVP4-9 enhanced learning and memory during a radial maze test
and hippocampal lesions blocked this enhancing effect [12]. The
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Table 1

Significance values table: Left panel shows statistically significant differences
between treatments for different trials in the AFR group. *,**,*** represent 0.05, 0.01
and 0.001 significance differences. #, ##, ###, represent 0.05, 0.01, 0.001 signif-
icance differences between groups (MS3h and AFR) for different treatments and
trials. Right panel shows statistically significant differences between treatments
for different trials in the AFR group. T1: isotonic treatment; T2: hypertonic treat-
ment; T3: SSR149415 treatment; T4 hypertonic + SSR149415 treatment. AFR: animal
facility reared, MS3h: maternal separation 3 h.
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intracerebrovascular administration of vasopressin enhanced LTP
in dentate gyrus [13] and long-lasting enhancement of synaptic
excitability of CA1/subiculum neurons of the rat ventral hippocam-
pus by vasopressin was demonstrated with in vitro preparation [9].
Moreover, Engelmann et al. showed that vasopressin administra-
tion via microdialysis into the septum, interfered with the spatial
learning and memory during the Morris water maze task (MWM)
[16]. Our data obtained under situations where vasopressiner-
gic neurotransmission was up-regulated by osmotic stressor or
down-regulated by V1bR antagonist blockage suggested that VP
involvement in spatial learning depends on the individual intrinsic
ligand-receptor functional state and are in concordance with the
previous data.

Several previous studies have shown that MS produces long-
lasting up-regulation of the vasopressin system [21] but little is
known about the effects of MS on spatial memory in rats. Our results
showed that MS exerted no effect on spatial learning under basal
conditions (T1). However, when rats were subjected to an osmotic
challenge, impairment in the acquisition of spatial learning was dis-
played. This leads to speculate that the enhanced vasopressinergic
system of MS offspring under basal conditions is well regulated by
homeostatic mechanisms during water maze task, but not when the
osmotic stressor is present — the further increase of VP content in
the hippocampus would disrupt this cognitive task. In this study
we show that this rearing-generated differences in AVP system
anatomo-physiology can be exploited as an instrument to uncover
the subtle role of VP played in spatial learning processes.

There are few and controversial studies assessing whether or not
the V1breceptor has influence in hippocampal dependent learning.
For instance, Egashira et al. found that KO mice for V1b receptor
displayed preserved spatial learning in an 8-arm radial maze test
[15], while Murgatroyd et al. [21] showed that mice that underwent
MS3h, presented impairment in the hippocampus dependent step-
down avoidance learning test and treatment with V1b receptor
antagonist, SSR149415, partially reversed the learning impairment.
The obtained results of this study using SSR149415 support the idea
that in rats, V1b receptor is involved in the modulation of spatial
learning.
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HYPOTHALAMIC VASOPRESSIN SYSTEM REGULATION
BY MATERNAL SEPARATION: ITS IMPACT ON ANXIETY IN RATS
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Abstract—Maternal separation (MS) has been used to model
the causal relationship between early life stress and the later
stress-over-reactivity and affective disorders. Arginine
vasopressin (AVP) is among several factors reported to be
abnormal. The role of AVP on anxiety is still unclear. In order
to further investigate this causal relationship and its possi-
ble role in anxiogenesis, male rat pups were separated from
their dams for 3 h daily (3hMS) from post-natal day (PND) 2
to PND15. Fos expression in AVP + neurons in the hypotha-
lamic paraventricular (PVN) and supraoptic nuclei (SON)
triggered by 3hMS, and AVP-mRNA expression, were exam-
ined at PND10 and PND21 respectively, whereas AVP-mRNA
expression, PVN and SON volumes and plasma AVP con-
centration were assessed in adulthood. Elevated plus maze
test (EPM) and Vogel conflict test (VCT) were also performed
to evaluate unconditioned and conditioned anxious states at
PND70-75. At PND10, a single 3hMS event increased Fos
expression in AVP+ neurons fourfold in PVN and six to
twelvefold in SON. AVP-mRNA was over-expressed in whole
hypothalamus, PVN and SON between 122% and 147% at
PND21 and PND63. Volumes of AVP-PVN and AVP-SON
measured at PND75 had marked increases as well as AVP
plasma concentration at 12 h of water deprivation (WD).
MS rats demonstrated a high conditioned anxious state
under VCT paradigm whereas no difference was found
under EPM. These data demonstrate direct relationships
between enhanced AVP neuronal activation and a
potentiated vasopressin system, and this latter one
with high conditioned anxiety in MS male rats. © 2012 IBRO.
Published by Elsevier Ltd. All rights reserved.
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Abbreviations: 3hMS, procedure of maternal separation for 3 h; AFR,
animal facility-reared pups; AVP, arginine vasopressin; DEPC, diethyl
pyrocarbonate; ELISA, Enzyme linked ImmunoSorbent Assay; EPM,
elevated plus maze test; ISH, in situ hybridization; mMRNA, messenger
ribonucleic acid; MS, maternal separation; MS3h, experimental group
of maternal separation 3 h (PND2—-PND14); PND, post-natal day; PVN,
paraventricular nucleus; SON, supraoptic nucleus; VCT, Vogel conflict
test; VP, vasopressin; WD, water deprivation.
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INTRODUCTION

Seymour Levine’s group first reported the effects of early
life experience on emotionality and stress-responsive-
ness in adult rats half a century ago (Levine, 1957; Levine
et al.,, 1957). Following this discovery, rodent maternal
separation (MS) models have been widely used to inves-
tigate the effects of early postnatal adversity at adulthood.
Plotsky, Meaney and others had developed a relatively
standardized handling/MS model for manipulating early
postnatal interaction between mother rats and their pups
(Plotsky and Meaney, 1993; Wigger and Neumann,
1999; Lehmann and Feldon, 2000; Cirulli et al., 2003).
The most widely studied paradigm consists of periods of
daily separation (usually 3 h) performed from post-natal
day (PND) 2 to PND14 (Fumagalli et al., 2007). While it
is a generally accepted idea that MS permanently
changes the offspring’s neuroendocrine and behavioral
stress reactivity, the factors that promote the sustained
effects of early-life stress have not yet been fully eluci-
dated (Wigger and Neumann, 1999; Lehmann and Fel-
don, 2000; Cirulli et al., 2003).

It has been shown that protracted periods (3 h or
more) of separation from the dam may increase the hypo-
thalamus—pituitary-adrenal axis (HPA) activity in pups,
and may also increase the stress reactivity during adult-
hood (Anisman et al., 1998). Our classical understanding
of the HPA axis comprises that the release of corticotropin-
releasing factor (CRF) and vasopressin (VP) from the
paraventricular nucleus (PVN) of the hypothalamus elicits
pituitary adrenocorticotropin hormone (ACTH) secretion,
which in turn, provokes release of the adrenal glucocorti-
coids. In addition to a considerable amount of reports
describing CRF-ACTH-glucocorticoids secretion and their
receptor abnormalities observed in the MS rodent model
(Kuhn and Schanberg, 1998; Kalinichev et al., 2002;
Fumagalli et al., 2007; Korosi and Baram, 2009), VP sys-
tem has been reported to undergo developmental
changes from the perinatal period through adulthood
and MS was shown to disrupt this age-dependent
changes. It is interesting to observe that there is a contro-
versy about levels of AVP in MS rodent models, which
were found either increased (Murgatroyd et al., 2009;
Veenema and Neumann, 2009), decreased (Desbonnet
et al., 2008) or unchanged (Oreland et al., 2010) in the
hypothalamus, whereas no information about the possible
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physiological mechanism(s) underlying this abnormality,
regulated by neonatal recurrent MS, is available.

Vasopressin (VP, also widely known as antidiuretic
hormone, ADH) is nonapeptide synthesized mainly in
magnocellular neurons in the supraoptic nucleus (SON)
and PVN of the hypothalamus. Its foremost physiological
functions are the regulation of water-electrolyte metabo-
lism, hepatic glucose metabolism, and cardiovascular
function in adults (Hatton, 1990). However, together with
another nonapeptide, oxytocin, VP is an important
generator of behavioral diversity (Goodson, 2008) and
provides an integrational neural substrate for the dynamic
modulation of behaviors by endocrine and sensory stimuli
(Goodson and Bass, 2001).

During ontogenesis, VP contributes to the regulation
of proliferation and morphogenesis of the target cells
and organs (brain, pituitary, kidney and liver) (Boer,
1987). VP system is known to be activated around birth
when VP contributes to the establishment of a new equi-
librium in the body fluids and the adaptation of the fetuses
to the stress of the labor (Oosterbaan et al., 1985). Fol-
lowing birth, VP induces a redistribution of the blood flow
via the cardiovascular system in order to increase blood
volume in the vital organs and those responsible for stress
reaction (brain, pituitary gland, heart, adrenals), while
reducing the blood flow in other peripheral organs
(Pohjavuori and Fyhrquist, 1980). Afterward, the physio-
logical role of VP extends to the regulation of the cardio-
vascular system, water re-absorption in kidney (Dlouha
et al., 1982; Siga and Horster, 1991) and glucogenolysis
in liver (Ostrowski et al., 1993). Although the physiological
mechanism(s) underlying the observed modification of
vasopressin system by MS is currently unknown, a recent
surprising report from Makara’s group demonstrated that
AVP was the predominant secretagogue during the peri-
natal period in a maternal deprivation model using VP pro-
ducing (AVP +/—) and deficient (AVP—/—) Brattleboro rat
pups. Both maternal deprivation and ether inhalation
induced remarkable ACTH elevation only in AVP +/—
pups, supporting the role of VP in HPA axis regulation.
However, corticosterone (CORT) elevations were even
more pronounced in AVP—/— pups, suggesting the possi-
bility of an ACTH-independent CORT-secretion regulation
(Makara et al., 2008).

AVP’s promoting role on anxiogenesis is also not
widely accepted yet, although there have been several
reports in the literature suggesting that AVP system is
critically involved in anxiogenesis (Landgraf and Wigger,
2002; Zhang et al., 2010). On the other hand, the role of
MS on anxiogenesis is currently a matter of debate. Sev-
eral studies have shown that MS promotes an increase
in anxiety-like behavior in different anxiety tests (Huot
et al., 2002; Wigger et al., 2004; Aisa et al., 2007) while
others have found no differences (de Jongh et al., 2005;
Slotten et al., 2006; Hulshof et al., 2011; Lajud et al.,
2011).

Therefore, the specific aims of the present study were,
in the first place, to investigate whether the 3hMS para-
digm was capable to modify the neuronal activation of
the magnocellular AVP system using the immediate early
gene product Fos as a marker of AVP neuron activation
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and plasticity (Pirnik and Kiss, 2005) and, in the second
place, to evaluate both short- and long-term effects of
MS on AVP messenger RNA (mRNA) expression by
using in situ hybridization (ISH) with AVP riboprobe and
quantitative analysis at PND21 and PNDG3. It is worth
mentioning that due to a discrepancy in the literature
regarding the AVP-mRNA expression evaluated in adult-
hood of MS offspring (Desbonnet et al., 2008; Murgatroyd
et al.,, 2009; Veenema and Neumann, 2009; Oreland
et al.,, 2010), and the lack of evidences in the neonatal
periods, we used AVP-riboprobe-ISH method, which
allows observing much stronger hybridization signals
due to its greater sensitivity and better signal-to-noise
ratios (Herman et al., 1991; Marks et al.,, 1992; Grino
and Zamora, 1998; Young et al.,, 2006). Moreover,
riboprobes form more stable hybrids than oligo-probes.
Further, the volumes of the magnocellular regions
expressing vasopressin (AVP-SON and AVP-PVN) were
morphometrically and quantitatively characterized at
PND75. Finally, the hypothesis that the persistent
enhancement of hypothalamic magnocellular vasopressin
system should generate in rats a high anxious state, when
the AVP system was selectively up-regulated, was
assessed using the Vogel conflict test (VCT) for condi-
tioned anxiety and comparing with elevated plus maze
(EPM) test for unconditioned anxiety. Plasma AVP
concentration during water deprivation (WD) was also
measured.

EXPERIMENTAL PROCEDURES

Animals and MS procedure

Wistar rats reared from the local animal facility were used in this
study. All animal procedures were approved by the local bioethi-
cal and research committees, with the approval ID 138-2009, in
accordance with the principles exposed in the National Institute
of Health Guide for the Care and Use of Laboratory Animals
(NIH Publications No. 80-23) revised 1996.

MS (3 h daily, 3hnMS) procedure was performed according to
Veenema et al. previously described (Veenema et al., 2006).
Briefly, female and male adult rats were mated for 2 days. During
the last week of the gestation, female rats were single-housed in
standard rat Plexiglas cages and maintained under standard lab-
oratory conditions with 12:12 light—dark cycle (light on 0700),
temperature maintained at 22 + 2 °C, food and water ad libitum.
On the day after parturition, PND2, each litter was culled to 7-8
pups, in which 5-6 were males. During the period from PND2—
PND15, the pups were separated daily between 900 h and
1200 h from their dams. Pups were removed and transferred by
hands previously coated with fine bedding-powder from the same
cage of each litter. They were moved to an adjacent room and
placed individually into a small box filled with bedding, and then
put into a humid incubator with temperature maintained at
29 + 1°C. After the 3 h separation period, the pups were
returned to the home-cage followed by reunion with their respec-
tive dam. Non-separated litters (animal facility-reared pups, AFR)
were left undisturbed except for changes of the bedding twice a
week and served as control groups for this study.

Experimental design

Four experiments were performed in 2 postnatal stages, neonatal
and young adulthood. Experiment 1 evaluated the immediate
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early gene product Fos expression in the PVN and the SON at
PND10, 90 min after MS for 3 h (3hMS). Experiment 2 assessed
the effects of MS on AVP messenger RNA expression in the hypo-
thalamus at both PND21 and PND63 under basal conditions. In
experiment 3, hypothalamic AVP nuclei volumes at PND75, under
basal conditions, were quantitatively assessed. In experiment 4,
long-term effects of MS on young adult rat unconditioned and con-
ditioned anxious states were investigated using elevated plus
maze test (EPM) and VCT, respectively. Due to the physiological
up-regulation of the vasopressinergic system by the osmotic
stressor in VCT (48 h of WD), plasma AVP concentration chang-
ing patterns, during the WD, were evaluated.

A total of 162 male rats were used in this study. For experiment
1,20 PND10 rats were taken from five AFR and five MS litters. For
experiment 2, 14 male rats were taken from four AFR and four
MS3h litters, (n = 3 for PND21 ISH and n = 4 for PND63 ISH).
For experiment 3, eight male rats were chosen from four AFR
and four MS3h litters. Finally, for experiment 4, 120 rats from 20 lit-
ters (10 AFR and 10 MS3h) were used (n = 10/group for behav-
ioral tests and n = 10/group for each time-point of plasma AVP
concentration measurement). No siblings were used in the same
experiment or same time-point for plasma AVP measurement.

Experiment 1 Evaluation of the immediate early gene
product Fos expression in the hypothalamic PVN and
the SON at PND10, 90 min after acute 3hMS: Fos/AVP
double labeling and total Fos + nuclei quantification

In order to test whether a single 3hMS procedure affects neuronal
activation in the hypothalamic magnocellular regions containing
vasopressinergic neurons, rats from both AFR and MS3h were
perfused at PND10. Two treatments were applied: (1) no 3hMS
procedure before perfusion-fixation and (2) 3hMS applied
90 min before perfusion-fixation. Twenty pups from ten litters
(five AFR and five MS3h) were used in this experiment. Rats
were deeply anaesthetized with an overdose of sodium pentobar-
bital (63 mg/kg, Sedalpharma, México) and then perfused with
10 ml of 0.9% saline followed by 20 ml of cold fixative containing
4% of paraformaldehyde in 0.1 M sodium phosphate buffer (PB,
pH 7.4) plus 15% v/v of saturated picric acid and 0.05% of glutar-
aldehyde for 15 min. AVP/Fos immunofluorescence reaction was
performed with guinea pig anti-AVP (T-5048, 1:2000, Peninsula
Laboratories) and rabbit anti-Fos (SC52, 1:1000, Santa Cruz Bio-
technology, Santa Cruz, CA) as primary antibodies, incubated
overnight at 4 °C with gentle shaking. After several washings,
sections were further incubated with Alexa Fluor 488 donkey
anti-rabbit IgG (1:1000, Molecular Probes Inc. Eugene, OR)
and Cy3 conjugated donkey anti-guinea pig 1gG (1:1000, Jack-
son ImmunoResearch Laboratories, Inc., Baltimore, PA) as sec-
ondary antibodies, in TBST plus 1% of normal horse serum
(NHS), at 4 °C overnight. At the end of the immunofluorescence
reaction, sections were rinsed and mounted with Vectashield
(Vector Laboratories, Inc., Burlingame, CA) and analyzed by
epi-fluorescence microscopy using a Nikon 50i with a N-2B long-
pass emission filter. Fields in the PVN and SON regions were
randomly chosen with 40x objective, corresponding areas of
0.22 mm? and photomicrographs were taken using a digital cam-
era. Total number of AVP + neurons and the number of Fos +/
AVP + neurons from the PVN and SON (3 matched sections
per rat, n = 15) were counted. Percentages of double-labeled
neurons in total AVP + neurons were calculated.

Experiment 2: Assessment of MS effects on AVP
messenger RNA expression in the hypothalamus in
both postnatal stages under basal conditions

Experiment 2 comprises two sets of rats taken from eight litters
(four AFR and four MS3h): set 1, six PND21 male rats and set
2, eight PND63 male rats.
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Rats were deeply anesthetized with sodium pentobarbital
(Sedalpharma, México, 63 mg/kg b. w., i. p.) and perfused via
ascendent aorta with 0.9% saline followed by cold fixative con-
taining 4% of paraformaldehyde in 0.1 M phosphate buffer
(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 stir
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 + NaNj;. Another
change was done one day before the sectioning and a third
change with fresh sucrose solution was done 1h before the
sectioning.

Serial coronal cryosectioning (12 pm) of whole hypothalamus
(from anterior commissure to the level where ventral hippocam-
pus appears in the rostrocaudal dimension) was 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.

ISH was performed in 1 in 6 coronal sections as previously
described (Morales and Bloom, 1997) using %°S- and *3P-UTP-
labeled ribonucleotide probes. The pT7T3D-Pacl plasmid (acces-
sion number: Al072073, clone ID: 1786383 Thermo Scientific)
containing rat arginine vasopressin (AVP) cDNA (602 bp, Acces-
sion number: NM_016992) 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 107 cpm per ml
hybridization buffer. Sections were mounted on coated slides,
air-dried. Slides were first exposed to autoradiography film and
analyzed on a phosphorimager (Fuji BAS5000, Tokyo, Japan)
and then dipped in nuclear track emulsion (Eastman Kodak,
Rochester, NY), and exposed for 4 weeks prior to development.
Slides were counterstained with Methylene Blue for histological
examination.

Data analysis. The relative abundance of AVP mRNA was
measured in two fashions: (A) for whole hypothalamus AVP
mRNA expression, all 1 in 6 serial sections from each rat were
measured by densitometric quantification on phosphorimager
digital images of autoradiograms. (B) For PVN, SON and SCN
relative AVP mRNA abundances, 3—4 sections which were
matched in the antero-posterior coordinates and containing each
of the above-mentioned regions were digitally photographed from
the counterstained slides and the silver grain precipitation areas
in the studied regions were digitally measured. Fovea Pro 4.0
(Reindeer Graphics, Asheville, NC, USA) plug-in for Adobe
Photoshop was used for both measurements. Data in the figures
are presented as mean + SEM values and expressed as % of
the controls.

Experiment 3: Hypothalamic AVP nuclei volume
quantitative assessment at PND75 under basal
conditions

Perfusion-fixation and immunohistochemistry. Eight male
rats at PND75 taken from eight litters (four AFR and four
MS3h) were deeply anaesthetized with sodium pentobarbital
(Sedalpharma Meéxico, Mexico, 63 mg/kg b. w., i. p.) and per-
fused via the ascending aorta 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 of saturated picric
acid for 15 min. Brains were removed, blocked with the help of
an acrylic adult rat brain matrix (Prod No. 15062, Ted Pella,
Inc, CA, USA), then thoroughly rinsed with PB. Vibratome
coronal sections of 70 pum of hypothalamus (spanning from
Bregma —0.24 mm to —2.64 mm, (Paxinos and Watson, 2007))
were made immediately after perfusion to enhance the
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immunoreaction (in a free floating manner). Alternative sections
were then blocked with Tris buffered saline Triton X100 0.3%
(TBST), plus 20% normal swine serum (NSS) for 1 h at room
temperature and then incubated with rabbit anti-AVP (T-4563,
1:2000, Peninsula Laboratories, San Carlos CA, 94070) in
TBST + 1% NSS at 4 °C over two nights. Finishing this lapse,
sections were rinsed and proceeded for secondary antibody incu-
bation with swine anti-rabbit IgG with horseradish peroxidase
conjugated (P021702, 1:100, Dako, Denmark) in TBST + 1%
NSS over night at 4 °C. This immunoreaction was developed
using 3,3'-diaminobenzidine (DAB, Electron Microscopy Sci-
ences, Hatfield, PA 19440) at 0.5% and hydrogen peroxide
(H202, 0.01%) as substrates. Sections were mounted in gela-
tin-coated slides and allowed to dry for one day. Then were fur-
ther dehydrated by passing through 100% ethanol for 5 min,
then rinsed with xylene and mounted with Permount mounting
medium (Fisher Scientific).

Hypothalamic vasopressinergic nuclei volume measure-
ment. Sequenced AVP immunoreacted sections were viewed,
analyzed and digitally photographed in bright-field using a Nikon
Eclipse 50i microscope with a 4x objective lens and a Nikon DS
digital camera. AVP positive nuclei in the hypothalamic region
were grouped according to Paxinos and Watson (2007) in the
PVN and SON nuclei. The cluster AVP+ neuron area inside
each group was delimitated using Adobe Photoshop and the area
in square millimeters (mm?) was calculated with the Fovea Pro
4.0 (Reindeer Graphics, Asheville, NC, USA) plug-in for Photo-
shop. Volumes of each nucleus/region were determined by inte-
grating all areas inside one group, then multiplying by 0.07 mm
(the thickness of the section), times 2 (only the alternative sec-
tions were AVP-immunoreacted and measured) and times linear
shrinkage constant (K). Linear shrinkage after the histochemical
procedure was determined measuring the fresh brain diameters
at optic chiasm immediately after perfusion (Lf) and the dehy-
drated coronal section widths at the same coordinates after the
permanent mounting (Lq). Hence, K = L¢/Lg.

Representative 3-dimensional reconstruction of PVN. In
order to visualize the directionality of the enlargement of PVN,
a representative 3D digital reconstruction of PVN was made
based on anatomical coordinates determined on digital photomi-
crographs. Briefly, one pair of AVP immunoreacted serial
sections was chosen for 3D reconstruction of PVN. AVP + neu-
rons inside the PVN were labeled using Imaged (NIH, MD,
USA) on sequential digital photomicrographs. Magnocellular
and parvocellular neurons were justified according to their long
axes (magnocells were assigned to those with long axes more
than 20 um, (Armstrong, 2004)). For each of the marked neu-
rons, coordinates (x, y) corresponding the 2D location (obtained
from Imaged, NIH, MD, USA) and z coordinate corresponding
to the slide sequential position were obtained. Three-D plot was
drawn using a computing program written in python (Python
Software Foundation).

Experiment 4: MS effects on unconditioned and
conditioned anxious states and neuroendocrine
reactivity

Anxiety-related behavior could be measured with a variety of
tests. For the purpose of this study, which was to assess the
behavioral influence of the vasopressinergic system reorganiza-
tion, elevated plus maze (EPM) and VCT were chosen due to
their particular characteristics.

EPM. EPM is based on the conflict between the rodent nature
of exploration to new environments vs. the fear of being on open
and elevated alleys (Pellow and File, 1986). Hence, it was used
at PNDG65 to assess the unconditioned acute anxious state as
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described previously (Zhang et al., 2010). Briefly, the maze was
made of wood, consisting of a plus-shaped platform elevated
50 cm above the floor with two closed arms (50 cm x 10 cm x
40cm) and two open arms (50 cm x 10 cm) surrounded by an
upward-protruding edge of 0.5 cm connecting to the central square
of 10 cmx10cm. This latter measure prevents the rat from falling
accidentally, without jeopardizing the elemental features of the
setting, hence enhances the efficacy of the test. The EPM was lit
with dim red light and monitored by CCTV. The maze was cleaned
with water containing a neutral detergent and dried before
each trial.

Prior to the EPM test, 10 MS3h and 10 AFR randomly chosen
rats, one per litter were exposed to a standard open-field box for
5 min during three consecutive days before and immediately previ-
ous to the EPM test. This procedure was made to increase the like-
lihood of entering the open arms of the maze, thus increasing the
sensitivity of the test (Walf and Frye, 2007; Zhang et al., 2010).
Rats from each experimental group underwent the EPM test during
their early activity period. The test starts by placing the rat in the
center of the maze heading to an open arm and then left for free
exploratory activity for 5 min. The time spent on the open arms,
as percentage of total time (300 s) was analyzed as a measure
of unconditioned acute anxious state (exploration vs. avoidance).

VCT. VCT (Vogel et al., 1971; File et al., 2004) involves two
main steps: WD for 48 h and food deprivation for the latter 24 h,
and the conflict test proper. WD as long as 72 h, is well tolerated
by rats with weight loss in an acceptable range (approximately
11%) and no apparent loss of physical vigor (Rowland, 2007).
Completing the WD period, thirsty rats were exposed to a mild
and intermittent electrical shock via a water bottle. This proce-
dure incorporates an element of conflict whereby the subject
experiences opposing and concomitant tendencies of desire of
drinking for reward and of fear of a potentially aversive stimulus.
An indicator of a high conditioned anxious state is when fear pre-
vails in this conflict, where no genuine risk is present (Millan and
Brocco, 2003). Hence, VCT was used to assess the conditioned
acute anxious state as described previously (Zhang et al., 2010).
In contrast to the EPM where the basal physiological parameters
are mainly unaltered, in VCT, the vasopressinergic system is
known to be up-regulated due to the WD. Hence, VCT provided
an interesting paradigm to evaluate the role of a putatively altered
AVP system on anxiety.

One day after the EPM test, the same experimental subjects
were habituated by staying in the conflict chamber described
below, without current application for 30 min each day per 4
consecutive days (started at PND70). The conflict chamber
consisted in a clear Plexiglas cage (20 cm x 30 cm x 20 cm) with
a metal floor and lattice lid, a water bottle with stainless steel
drinking spout, a constant current shock generator with an indica-
tor for counting the number of shocks and a video camera. During
the test, a 10% dextrose-water solution (hypertonic solution) was
used. The shocker leads were attached between the metal drink-
ing spout and the grid floor. The drinking spout was isolated to
avoid contact with the lid of the cage. Different shock levels
(0.1-0.3 mA in steps of 0.02 mA) were assessed previously to
determine the appropriate current to be used during the test
(unpublished data). This was done with a different set of Wistar
rats. A current of 0.22 mA was found to be optimal (i.e. it allowed
animals to drink the solution with minimal discomfort).

Concluding the 48 h of WD period, the test started in a sep-
arate room and a video camera sensitive to low illumination
was used for monitoring and recording the test. The test was per-
formed during the dark period and the test-room was illuminated
solely with a dim red light. At the beginning of the test, each ani-
mal was put in the test chamber and was allowed to drink for 25 s
without electrical current applied. After this period, a current of
0.22 mA with a 50% duty cycle of 5 s was applied between the
metal drinking spout and the floor alternately during 5 min. The
number of shocks received was recorded. Ten rats of each group
undertook this test.
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Plasma AVP concentration measurement during WD. A hun-
dred male rats at PND75 taken from 20 litters (10 AFR and 10
MS3h) contributed to the blood sampling. In order to characterize
the plasma AVP concentration during the WD, blood samples
were obtained from rat tail-tips at five time-points: before WD
as basal point (Basal), after 6 h of WD (6 h WD), after 12 h of
WD (12 h WD), after 24 h of WD (24 h WD) and after 48 h of
WD (48 h WD). Each litter provided one and only one sample
at each time-point. During the blood sampling, experimental sub-
jects were immobilized using a restraint tube. In order to minimize
the stressful effect exerted by this procedure, rats were placed in
the same restraint tube (standard for rats) for 30 min during the 3
previous days of the test. At the corresponding time-point, 500 Ll
of blood samples from each of the respective intact rats was col-
lected into chilled microtubes containing 0.5 mg of EDTA on the
wall (50 pul of EDTA solution of 10 mg/ml was added to each tube,
agitated and then dried inside a fridge). Samples were immedi-
ately centrifuged at 1600x g for 15 min at 4 °C. Plasma superna-
tant (200 p per tube) was transferred to a new tube and stored at
—70 °C until the ELISA test was performed. The Arg8-Vasopres-
sin EIA Kit (Cat. 900-017, Assay Designs, Inc., Ann Arbor, Mich-
igan 48108, USA) was used. The experimental procedure was
the one recommended by the manufacturer of the ELISA vaso-
pressin estimation kit. Each sample was analyzed in duplicate.

Statistical analysis

Quantitative results were expressed as mean + SEM. The soft-
ware package Prism (GraphPad Software, San Diego, CA,
USA) was used. AVP mRNA expression was analyzed between
AFR and MS for each brain region with an unpaired Student’s
t-test. Group normality was validated using D’Agostino & Pearson
omnibus normality test. Groups were tested for differences by
analysis of variance (ANOVA) followed by the Bonferroni test.
Significance was accepted at p < 0.05. (*p < 0.05, **p < 0.01,
and **p < 0.001, vs. the control group).

RESULTS

Experiment 1: Fos expression in vasopressinergic
magnocellular nuclei PVN and SON after 3hMS
compared with basal conditions

An acute 3hMS significantly increased the expression of
the immediate early gene product Fos (a generic marker
of neuronal activation) in both SON (F3 36 = 154.3,
p < 0.0001) and PVN (Fg3, 36 = 179.6, p < 0.0001) in
AFR and MS3h at the PND10, 90 min after the 3hMS.
As expected, there were few Fos+ nuclei in the AVP +
populations in PVN and SON under basal conditions
(Table. 1, treatment 1, and Fig. 1A, B). However, after
the 3hMS (Table. 1, treatment 2) the majority of this
neuronal population was expressing Fos (Table. 1 and
Fig. 1A’, B’). However, one way ANOVA failed to reveal
any differences between AFR and MS3h groups under
both experimental conditions.

Experiment 2: Effects of MS on AVP mRNA
expression in hypothalamic regions in both postnatal
stages

By using AVP antisense riboprobes and compared to AFR
group at PND21, MS3h group showed a marked increase
in the relative AVP mRNA abundance in the whole
hypothalamus (Fig. 2A and A’). Densitometric quantifica-
tion of phosphorimager digital images of the 1/6
serial, 12 pm-thickness-coronal-section’s autoradiograph
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revealed an increase to 147 + 7.6% compared to AFR
(100 + 1.1%), (t = 12.75, df = 4, p = 0.0002) (Fig. 2D).
The relative abundance of AVP-mRNA in the PVN and
SON of MS3h was significantly increased: 139.8 +
13.5% (t = 3.63, df = 22, p = 0.0013) and 122.6 + 9.6%
(t = 2.356, df =22, p=0.0274) compared to AFR
(100 = 3.5% and 100 + 4.7%) respectively (Fig. 2B, B’
and D). SCN had 109 + 10% (MS3h) vs. 100 + 8.4%
(AFR) (Fig. 2C, C’ and D). Statistic analysis with Student’s
t-test failed to reveal a significant difference for SCN
(t = 0.6718, df = 22, p = 0.5084).

At PNDG63, the relative expression level of AVP mRNA
in the whole hypothalamus was significantly increased:
136.3 + 5.9% compared to AFR (100 + 4.8%); t = 8.108,
df = 6, p = 0.0002, (Fig. 3A, A’ and D). The relative
abundance of AVP mRNA in the PVN and SON of
MS3h was 142.8 + 7.3% (t = 3.813, df = 22, p = 0.001)
and 1245 £ 4.4% (t=3.109, df =22, p = 0.0051)
compared to AFR (100 + 8.2% and 100 + 6.5%) respec-
tively (Fig. 3B, B’ and D). SCN had 114.2 + 7.4% (MS3h)
vs. 100 + 3.8% (AFR) (Fig. 3C, C' and D). Statistic
analysis with Student’s t-test revealed no significant
differences for this latter one (t = 1.685, df =22,
p = 0.10).

Experiment 3: Volume analysis of AVP+ PVN, SON
and SCN at PND75

MS significantly increased the volume of AVP-SON and
AVP-PVN nuclei evaluated at PND75 (Fig. 4). The mean
volume of AVP-SON MS3h was 0.2086 mm?® + 0.0064
mm® vs. 0.1671 mm?® £ 0.0055 mm*® of AFR group
(t = 4.883, df = 14, p < 0.001). In AVP-PVN the MS3h
had a volume of 0.0853 mm?® + 0.0062 mm?® vs. 0.0588
mm? + 0.0038 mm® in AFR group (Fig. 4D; t = 4.75,
df = 14, p < 0.001).

In MS3h rats an increase was observed in the number
of neurons expressing AVP in the medial portion of the
PVN (data not shown). There was also an increase in
the extension of the nucleus in the rostro-caudal and
medio-lateral dimensions. (Fig. 4B, B’ and C, C/).

Experiment 4: Anxiety-like behavioral effects of MS
measured at PND75

Unconditioned and conditioned anxious states were
assessed using two well-validated behavioral tests, the
EPM test and the VCT. EPM tests the exploration vs.
avoidance state placing the rat in an unconditioned envi-
ronment with the closed arm representing safety and
the open-elevated arm denoting novelty, though risky.
Diminished time spent in the open arms and reduced
number of entries imply a higher unconditioned
anxious state. The MS3h rats spent similar time lapses
in the open arms (86.2 s + 6.96 s) as compared to AFR
rats (80.7s = 5.50s) (t = 0.6198, df = 18, p = 0.5432)
(Fig. 5A). Subsequently, rats were subjected to WD, as
an osmotic stressor, for 48 h. Afterward, thirsty rats
underwent the conflict test in which they had to decide
between drinking water (reward) and possibly receiving
a mild electrical shock (punishment) or rather stay apart
from the waterspout (avoidance). MS3h rats showed a
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Fig. 1. Fos expression (green) in AVP containing neurons (red) of PVN and SON observed after a single acute 3hMS procedure at PND10. Panel A
and B: photomicrographs of PVN and SON under basal conditions. Panels A’ and B’: same regions 90 min after an acute 3hMS. Scale

bar = 100 um.

significant reduction in the number of shocks received
during the 5 min of the test (11.60 + 2.56) compared to
AFR (91.4 = 7.58) (t= 10.04, df = 18, p < 0.0001)
(Fig. 5B), which indicates a higher anxious state triggered
by this osmotic challenge. Values are expressed as
mean + SEM.

Experiment 4: Altered plasma AVP concentration
dynamics during WD

The plasma AVP concentration of MS3h group at 12 h
WD had a significant increase (16.14 + 1.15 pg/ml) com-
pared to AFR group (12.23 + 1.12 pg/ml) (p < 0.05).
Two-way ANOVA indicated significant effects for time
(F4, 72 = 46.7, p < 0.0001) and treatment (F4, 72 = 14.35,
p = 0.0013) (Fig. 6).

DISCUSSION

The results of the present study can be summarized as
follows: first, at PND10, a single 3hMS event increased
Fos expression in AVP + neurons, fourfold in PVN and
6- to 12-fold in SON, regardless of the previous 3hMS
exposure. Second, AVP mRNA, revealed by an ISH
method using a vasopressin riboprobe, was over-
expressed in whole hypothalamus, PVN and SON at both
rat neonatal stage and adulthood, which indicate that the
MS produces an immediate up-regulation of the vaso-
pressin system and a persistent re-organization of this
system. The enlarged volumes of PVN and SON mea-
sured at PND75 were coherent with the ISH data. Third,
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we provide evidence for a functional relationship between
MS/AVP abnormalities and the shift toward a high anx-
ious state when the potentiated AVP magnocellular sys-
tem was up-regulated by WD, demonstrated also by
plasma AVP values.

Fos activation triggered by a single 3hMS event and
its relationship with AVP mRNA and volume analysis

The PVN and SON of the hypothalamus are major inte-
grative sites for autonomic function by maintaining

Table 1. Fos + /AVP + neuron percentage in total AVP + neurons in
hypothalamic paraventricular nucleus (PVN) and supraoptic nucleus
(SON) at PND10

Region Group Treatment 1 Treatment 2
(%) (%)
PVN AFR 12.6 + 0.40 56.83 £ 246 p < 0.001
MS3h 1549 + 1.28 63.7 + 2.87 p < 0.001
ns ns
SON AFR 9.87 £ 2.27 58.08 + 2.85 p < 0.001
MS3h  5.02 + 0.89 63.71 £ 2.87 p < 0.001

ns ns

ns: not statistically significant, one-way ANOVA.

AFR: animal facility-reared rat group.

MS3h: maternal separation 3 h daily group.

Treatment 1: no maternal separation was performed before perfusion/fixation for
Fos/AVP immunoreaction.

Treatment 2: Maternal separation 3 h applied in both groups, 90 min before the
perfusion/fixation.

Values represent mean + SEM of percentages of Fos+/AVP+ in total AVP
neurons in the PVN and SON.
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Fig. 2. Effects of maternal separation on AVP mRNA expression in hypothalamus at PND21. Panels A and A’: representative (1/6) coronal section
series of whole hypothalamus from animal facility-reared (AFR) and maternal separation 3h (MS3h) groups respectively. Sections were hybridized
with antisense radioactive AVP riboprobe. Autoradiographs with overnight-exposure were read by phosphorimager. Note that in MS3h group there
was an evident increase of section numbers that contained AVP mRNA, which indicated a rostro-caudal enlargement of the expressing regions.
Panels B, B/, C and C’: representative bright-field photomicrographs of sections from lliford K.5 nuclear tract emulsion dipped slides exposed in the
dark at 4 °C for 4 weeks showing, B and B’, increased areas in hypothalamic paraventricular nucleus (PVN) and supraoptic nucleus (SON). C and
C’, suprachiasmatic nucleus (SCN) had no significant difference compared to AFR. Sections were counterstained with Methylene Blue. 3V: third
ventricle; opt: optic tract. Scale bars for A, and A’ = 10 mm, and for B, B’, C and C’' = 200 pm. Panel D: the relative abundance of AVP mRNA in
selective areas. “WHOLE HYP” (whole hypothalamus), optical density of the autoradiographs of whole series of coronal sections, was related to the
AVP mRNA abundance in three dimensions. PVN, SON and SCN data were obtained by 2-dimension measurement of representative coronal
sections. Data are as mean + SEM, as % of averaged AFR. **p < 0.001, **p < 0.01, *p < 0.05.
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Fig. 3. Effects of MS3h on AVP mRNA expression in hypothalamus at PND63. Panels A and A’: representative (1/6) coronal section series of whole
hypothalamus from animal facility-reared (AFR) and maternal separation 3 h (MS3h) groups respectively. Sections were hybridized with antisense
radioactive AVP riboprobe. Overnight-exposure autoradiographs were read by phosphorimager. Note that in MS3h group there was an evident
increase of section numbers that contained AVP mRNA, which indicated a rostro-caudal enlargement of the expressing regions. Panels B, B/, C and
C’: representative bright-field photomicrographs sections from liford K.5 nuclear tract emulsion dipped slides exposed in the dark at 4 °C for 4 weeks
showing, B and B/, increased areas in hypothalamic paraventricular nucleus (PVN) and supraoptic nucleus (SON). C and C’, suprachiasmatic
nucleus (SCN) had no significant difference compared to AFR. Sections were counterstained with Methylene Blue. 3V: third ventricle; opt: optic
tract. Scale bars for A, and A’ = 10 mm, and for B, B/, C and C’ = 200 um. Panel D: the relative abundance of AVP mRNA in selective areas.
“WHOLE HYP” (whole hypothalamus), optical density of the autoradiographs of whole series of coronal sections, was related to the AVP mRNA
abundance in three dimensions. PVN, SON and SCN data were obtained by 2-dimension measurement of representative coronal sections. Data are
as mean + SEM, as % of averaged AFR. ***p < 0.001, **p < 0.01.
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Fig. 4. Effects of MS3h on the extension of AVP + neurons inside the PVN and SON at PND75. A and A’: representative photomicrographs
showing immunohistochemical staining for vasopressin on hypothalamic coronal sections showing the enlarged areas occupied by vasopressin
neurons in paraventricular (PVN) and supraoptic (SON) nuclei of MS3h (A’) compared to AFR (A). B, B, C, C": showing the coronal (B and B’) and
horizontal (C and C’) views of the 3D computer reconstruction of PVN: AVP + magnocellular neurons are in blue for AFR and in red for MS3h and
parvocellular neurons are in green for AFR and in yellow for MS3h. D. Histogram shows the mean + SEM of the AVP+ volume extension
measurements in SON and PVN regions. 3v, third ventricle, opt, optic tract. ***p < 0.001. Scale bar = 1 mm.
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Fig. 5. MS3h subjects showed differential anxious states compared to AFR under unconditioned and conditioned behavioral tests for anxiety
assessment. Panel A: Elevated plus maze test performed before water deprivation to evaluate the unconditioned anxiety related behavior revealed
by the time spent in the open arms (total test time was 300 s). During this test, the experimental subjects showed similar behavior compared to
control subjects. Panel B: Vogel conflict test (VCT). This test assessed conditioned anxious state posterior to a lapse of 48 h of water deprivation.
During the test, a 0.22-mA current with a 50% duty cycle (5 s) was applied to the VCT apparatus during 300 s. The operational parameter we tested
was the number of shocks the rats received. ***p < 0.001.
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Fig. 6. Time evolution curve of the plasma AVP concentration
(mean + SEM) in function of water deprivation (WD) progression.
*p < 0.05.

homeostasis. Neuroanatomic and electrophysiologic evi-
dences indicate that SON and magnocellular division of
PVN are reciprocally connected to areas of the central
nervous systems (CNS), besides their massive projec-
tions to neurolobe of the pituitary gland (Inyushkin et al.,
2009; Kc and Dick, 2010). Using Fos mapping for AVP
neuronal activation we revealed significant increases in
Fos response to a single 3hMS event in both AFR and
MS3h at PND10 (Table 1 and Fig. 1). No significant differ-
ence was observed between the two experimental groups
in terms of percentage of activation of AVP neurons in
PVN and SON. This no-difference was also observed
under basal conditions (Table 1). These data indicated
that the activation was mainly due to the 3hMS procedure
and not due to the individual past MS experience.
Although it is impossible to rule out a slight variation of
plasma osmolarity during the 3hMS in newborn rats, this
massive activation in magnocellular AVP containing
regions suggested a broader physiological role of AVP
during the early-life. It is known that AVP on its own is
able to induce ACTH secretion from rat pituitary cells
but only in large, supra-physiological concentrations
(Antoni, 1993). Therefore, in adult rats it is accepted that
CRF is the main secretagogue, while AVP modifies its
effects. This seemed not the case during early-life. In
two markedly different early-life stress models (maternal
deprivation 24 h and repeated ether inhalation), Makara
and collaborators reported strong evidence for a dominant
regulating role of AVP on HPA axis during neonatal peri-
od. In the absence of AVP (AVP—/— Brattleboro rats)
there was no measurable ACTH elevation in 10-day-old
rat pups. However, both procedures provoked CORT ele-
vations significantly superior to AVP + /[— Brattleboro rats,
which suggested an ACTH-independent CORT-secretion
regulation during neonatal stage, probably related to AVP
(Makara et al., 2008). In a recent study, Lajud and collab-
orators found a dual phenomenon regarding CORT eleva-
tion as a consequence of 3hMS using the same MS rat
model. At the PND3, the MS group’s elevation was signif-
icantly higher than the one from AFR, but surprisingly this
phenomenon was reversed at PND12 (which correlated to
PND13 of this study where the day of birth was assigned
as PND1 instead of PNDO as in Lajud’s study) (Lajud
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et al.,, 2011), i.e. the MS group’s elevation was signifi-
cantly lower than the one from AFR. It is thus tempting
to speculate that the hyper-activation of AVP system dur-
ing the MS in early postnatal stage represents a homeo-
static mechanism to balance the hyper-activated HPA
axis and may contribute to the so called “stress hypore-
sponsive period or SHRP” (Sapolsky and Meaney,
1986; Lajud et al., 2011).

Enhanced Fos expression in AVP containing magno-
cellular neurons during MS periods implicated an abnor-
mally higher neuronal activity during early post-natal
development. During development, neurons establish
specific synaptic connections to produce highly organized
functional neuronal networks. While the general map of
neuronal connections is encoded by genes, spontaneous
and sensory-driven activities are thought to be equally
important for CNS development (Khazipov and Buzsaky,
2010). Considerable evidence indicates that early electri-
cal activity controls a number of developmental processes
including neuronal differentiation, migration, synaptogen-
esis and synaptic plasticity (for a review see (Ben-Ari,
2001). Moreover, during normal development of the ner-
vous system of most species, large numbers of immature
neuronal and glial cells are lost by a process of pro-
gramed cell death (PCD). For rats, the postnatal massive
process of PCD occurs from PND1 to PND14 (White and
Barone, 2001), the period that overlaps with MS. It is well
know that neuronal activity plays an important role in mod-
ulating neuronal survival (Oppenheim et al., 2010).
Hence, our data regarding an immediate and persistent
over-expression of AVP mRNA in whole hypothalamus
and in particular, in the PVN and SON, and enlarged
PVN and SON observed in adulthood are in accordance
with the Fos results.

Several transcription factors and intracellular signaling
pathways modulate AVP gene regulation. The role of the
Fos/Jun proteins in AVP gene regulation is still unclear.
However, the rat AVP promoter contains a functional acti-
vation protein 1 (AP1) transcription element that consists
of hetero- or homodimers of Fos proteins, including c-Fos,
and Jun proteins that bind to AP1 (Yoshida et al., 2006).
Several studies have shown that Fos/Jun proteins are
rapidly expressed in AVP-positive neurons in response
to multiple stimuli, such as hypertonic saline challenge,
coordinating with the activation of AVP gene expression
(Sharp et al., 1991; Shiromani et al., 1995). Our data
showed a rapid expression of c-Fos protein in AVP neu-
rons in response to an acute 3hMS. These evidences,
together with our results suggest that the expression of
Fos/Jun proteins may be one of the possible mechanisms
mediating the rapid transcriptional induction of AVP gene.

Recently, the increased expression of AVP mRNA,
and protein, in PVN of MS mice was shown to be accom-
panied by hypomethylation of an AVP key regulatory
region (Murgatroyd et al., 2009). One of the proteins
responsible for regulating DNA methylation is methyl
CpG-binding protein 2 (MeCP2), its binding represses
DNA transcription. In a hypothalamic cell line, neuronal
depolarization by K+ was shown to trigger Ca2 +-dependent
phosphorylation of MeCP2 by Ca2 + -calmodulin kinase |l
(CAMKII), causing dissociation of MeCP2 from the AVP
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promoter and an increase in AVP transcription. Further-
more, MeCP2 and CAMKII phosphorylation levels were
found increased in AVP-positive neurons from PND10
MS mice. The authors put forward that MeCP2 phosphor-
ylation, via CAMKII activity, is critical for the repressive
role of MeCP2 at the AVP enhancer of MS mice (Murgat-
royd et al., 2009).

Methodological considerations

It is worth pointing out that we provided, for the first time,
quantitative and morphometric assessments of AVP
mRNA in PVN and SON at both neonatal stage and
young adulthood. Our data are in discrepancy with some
data found in the literature where observations of
no-differences under basal condition in SON and PVN
were reported (Veenema et al., 2006; Veenema and
Neumann, 2009). In our study, we used an AVP riboprobe
for ISH for whole hypothalamus, PVN and SON, analyzed
through both densitometric and morphological measure-
ments of silver grain precipitation areas on histological
slides with Methylene Blue counterstaining. This method
allowed observing much more anatomical details with
much stronger hybridization signals due to its greater
sensitivity and better signal-to-noise ratios. Moreover,
riboprobes form more stable hybrids than oligo-probes.
Hence we could analyze the histological slide under
bright-field microscope and digitally measure the hybrid-
ized areas in the respective regions (PVN, SON and
SCN). Veenema and collaborator’s data were obtained
using oligonucleotide probe-ISH (Veenema et al., 2006;
Veenema and Neumann, 2009) with lower sensitivity
compared with this riboprobe-ISH method.

Regarding the volume assessment of the AVP con-
taining neurons inside PVN and SON (AVP-PVN and
AVP-SON), we found a remarkable increase in the vol-
umes of both magnocellular nuclei at rat young adult
stage (PND75). This observation is in accordance with
data from Veenema and Neumann (2009) but in discrep-
ancy with results from another study in which a decreased
AVP + cell density in the PVN was found in MS adult rats
(Desbonnet et al., 2008). We consider that this could be
due to methodological discrepancies. Our experience
indicates that AVP immunoreaction depends strongly on
the histological procedures. A series of factors increases
the AVP immunoreaction, such as a relatively short perfu-
sion/fixation period (15 min approximately) with fixative
containing 4% paraformaldehyde fixative and 15% v/v pic-
ric acid, followed by same day slicing of freshly fixed brain
block by vibratome and thorough rinsing of the sections to
remove the fixative. These actions enhanced AVP immu-
noreaction while post-fixation and freeze—thaw proce-
dures dampen the AVP immunoreaction (data not
shown).

Functional considerations

We assessed anxiety-like behavior in this MS3h animal
model in rat young adulthood. We used two well-validated
behavioral models. The EPM assesses internal conflict
between voluntary approach and withdrawal tendencies
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that is related to unconditioned anxiety. We did not
observe any significant difference regarding the uncondi-
tioned anxious state between MS3h and AFR rats. This
observation supports data published by Lajud et al.
(2011). The Vogel thirsty rat conflict test (VCT) assesses
conditioned anxiety-behavior under WD conditions (Millan
and Brocco, 2003), which involve intrinsically the activa-
tion of AVP magnocellular system due to the WD proce-
dure which represents an osmotic stressor. Following
the WD, AVP is greatly released in the blood circulation,
which was found significantly increased in the MS3h at
12 h. During the last step of the VCT, MS3h rats exhibited
a significantly higher anxiety-related behavior than AFR
rats. Although the intra-cerebral AVP release under VCT
experimental conditions was not measured in this study,
this parameter is likely to be increased, according to pre-
vious evidence such as intra-PVN release of AVP during
stress coping (Engelmann et al., 2004; Leng and Ludwig,
2008). The possible release mechanisms include den-
dritic release by exocytosis in the PVN and lateral hypo-
thalamus, as previously demonstrated by Pow and
Morris at electron microscopy level (Pow and Morris,
1989). Since the high anxious behavior was only detected
with VCT, once osmotic stressor was applied and not with
the EPM test, it is rational to consider that the main cause
of the expressed high anxious state was due to the major
physiological mechanism to cope with this sfressor, i.e.
vasopressinergic system activation. Experimental evi-
dences have shown that intra-PVN administration of an
AVP V1 receptor antagonist resulted in a decrease of
anxiety-related behavior of the high anxiety bred rats
(Engelmann et al., 2004) and increased AVP release with-
in PVN, measured by microdialysis, was observed during
anxious situations (Wotjak et al., 1996). These data sup-
port the assumption that higher contents of released AVP
within PVN serve as a physiological substrate for anxio-
genesis, which is in concordance with the results from this
study. It is worth mentioning that the pain sensitivity was
assessed using a warm water tail withdrawal test in a
separate study and the observations indicated that under
basal condition this parameter remained unchanged
compared to AFR subjects (unpublished data).

There has been broad literature exploring the physio-
logical and anatomical substrates underlying the fear
response observed during the VCT (conditioned anxiety-
like behavior, (Millan and Brocco, 2003)). It is well known
that the amygdala plays an important role in anxiety and
fear behavior, integrating emotionally relevant sensory
information and encoding the aversive affect of fearful
stimuli. Subsystems of the amygdalar complex are known
to mediate different aspects of anxiety-related behaviors,
as observed in the elevated plus-maze or in the VCT
(Graeff et al., 1993; Killcross et al., 1997).

Previous evidence has shown that VCT triggers the
expression of c-fos specifically within the central nucleus
of the amygdala (Moller et al., 1994). In addition, lesions
only to the central nucleus (CeA), but not to the basolat-
eral nucleus (BLA), extraordinarily increased the pun-
ished component of the VCT (Moller et al., 1997). Also,
lesions to the CeA were observed to produce anxiolytic
effects only during the VCT, but not in other anxiety tests
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(Kopchia et al., 1992). In this line, CeA has been reported
to be mainly involved in the encoding of the anxiety-like
behavior when subjects are confronted with an aversive
stimulus, i.e. punished drinking (Pesold and Treit, 1995),
while BLA has clearly shown a role in unconditioned or
basal innate fear as measured by EPM (Green and Vale,
1992; Pesold and Treit, 1995). In this study, behavioral
experiments clearly demonstrate a marked divergence
between unconditioned (EPM) and conditioned (VCT)
anxiety-like behaviors induced by MS, as a significant
increase was only observed in the MS3h rats after an
aversive stimulus was applied. Based on this divergence,
CeA is probably playing a crucial role in the increased
anxiety-like behavior observed during the VCT in the
MS3h subjects.

AVP is a key component in the regulation of stress
response and complex behaviors, such as anxiety, social
cognition and fear conditioning (Meyer-Lindenberg et al.,
2011). Hypothalamus, specifically PVN and SON nuclei,
has been recognized as the principal source of extra-
and intra-cerebral AVP projections (Buijs, 1978). More-
over, AVP receptors are distributed throughout the central
nervous system, finding a significant expression of V1b
subtype in the adenohypophysis and within limbic struc-
tures (Lolait et al., 1995). In addition, the anxiogenic effect
of AVP has been demonstrated in broad different studies
(Landgraf and Neumann, 2004; Zhang et al., 2010; Mak
et al.,, 2011). Likewise, a recent report has found that
the systemic administration of a non-peptide V1b antago-
nist (SSR149415) is able to produce anxiolytic effects in
classical (EPM, VCT) and atypical rat models of anxiety,
suggesting a crucial role of AVP V1b receptor in the
production of anxiogenic states (Griebel et al., 2002).

A number of previous studies have suggested that the
amygdala is an important target of AVP to exert its stress-
responsive and anxiogenic action. Amygdaloid nuclei
present extensive AVP innervation with fibers coming
from hypothalamic sources (Buijs, 1978; Sofroniew,
1980), and recent immunohistochemical studies have
demonstrated the presence of V1b receptors throughout
the entire amygdalar complex: central, medial and baso-
lateral divisions (Hernando et al.,, 2001; Stemmelin
et al., 2005). Activation of amygdalar AVP receptors has
been shown to enhance fear and anxiety-like behaviors,
as well as aggressiveness, stress levels and the
consolidation of fear memory (Bielsky and Young, 2004)
(Landgraf and Wigger, 2002). At the cellular level, it has
been demonstrated that AVP increases the probability
of provoking postsynaptic action potentials in specific
populations of neurons within the CeA. This latter finding
suggests that the endogenous balance between the acti-
vation of the vasopressinergic system and the expression
of AVP receptors, paralleled with oxytocin system, may
set and tune the levels for the activation of the fear
response and anxiety behavior (Huber et al., 2005). In this
context, it has been reported that AVP levels within the
extracellular fluid of the amygdala increase after WD
(Epstein et al., 1983), and during stressful behavioral
situations (i.e. FST, (Ebner et al., 2002)). In our study,
higher concentration of plasmatic AVP after WD and
potentiation of the vasopressinergic system is
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demonstrated. This hyper-active AVP system observed
in the MS animals could be releasing higher levels of
AVP within CeA, increasing the excitability of the network
after the application of the osmotic stress in the VCT, thus
tuning the endogenous balance of the network toward
activation of fear and anxiety responses, with the second-
ary functional effect of reduced avoidance latency at the
conflict test.

CONCLUSION

In the present study, we could demonstrate for the first
time a direct relationship between a potentiated vasopres-
sin system induced by MS, evidenced by the enlarged
AVP-SON and AVP-PVN volumes and abnormal high
level of AVP-mRNA expression and significant increase
of AVP release under WD, and the high conditioned
anxiety revealed by VCT. The present data not only
extended the previous knowledge that MS potentiates
the vasopressin systems in adulthood, but they also
clearly showed that a single 3hMS event was capable of
activating the majority of the AVP neurons inside the
SON and PVN, showed by Fos expression analysis.
Hence, the data provided a physiological substrate for
the observed AVP up-regulation by MS.
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VASOPRESSINERGIC NETWORK ABNORMALITIES POTENTIATE
CONDITIONED ANXIOUS STATE OF RATS SUBJECTED TO

MATERNAL HYPERTHYROIDISM

L. ZHANG,* M. P. MEDINA, V. S. HERNANDEZ,
F. S. ESTRADA AND A. VEGA-GONZALEZ

Departamento de Fisiologia, Facultad de Medicina, Universidad Na-
cional Auténoma de México, México 04510, D. F., Mexico

Abstract—We have previously reported that a mild maternal
hyperthyroidism in rats impairs stress coping of adult off-
spring. To assess anxiogenesis in this rat model of stress
over-reactivity, we used two behavioural tests for uncondi-
tional and conditional anxious states: elevated plus maze test
(EPM) and Vogel conflict test (VCT). In the latter one, arginine
vasopressin (AVP) release was enhanced due to osmotic
stress. With the EPM test no differences were observed be-
tween maternal hyperthyroid rats (MH) and controls. How-
ever, with the VCT, the MH showed increased anxiety-like
behaviour. This behavioural difference was abolished by di-
azepam. Plasma AVP concentration curve as a function of
water deprivation (WD) time showed a marked increase,
reaching its maximal levels within half the time of controls
and another significant difference after VCT. A general in-
crease in Fos expression in hypothalamic supraoptic and
paraventricular nuclei (PVN) was observed during WD and
after VCT. There was also a significant increase of AVP im-
munoreactivity in anterior hypothalamic area. A large number
of Herring bodies were observed in the AVP containing fibres
of MH hypothalamic-neurohypophysial system. Numerous
reciprocal synaptic connections between AVP and cortico-
tropin releasing factor containing neurons in MH ventrome-
dial PVN were observed by electron microscopy. These re-
sults suggest that a mild maternal hyperthyroidism could
induce an aberrant organization in offspring’s hypothalamic
stress related regions which could mediate the enhanced
anxiety seen in this animal model. © 2010 IBRO. Published by
Elsevier Ltd. All rights reserved.

Key words: anxiety, Vogel conflict test, arginine vasopressin,
corticotropin releasing factor, electron microscopy, synapse.

Thyroid hormones (TH) play an important role in the de-
velopment of the fetal brain. TH cross the placenta reach-
ing the fetus and it is vital up to the first trimester of
pregnancy during which time the fetal thyroid gland is not
functional (Vulsma et al., 1989). Deficiency of maternal
thyroid function at the beginning of fetal neocorticogenesis

*Corresponding author. Tel: +52-55-56232348; fax: +52-55-56232348.
E-mail address: limei@unam.mx (L. Zhang).

Abbreviations: AHA, anterior hypotalamic area; AT, axon terminal;
AVP, arginine vasopressin; CRF, corticotropin releasing factor; DAB,
3,3-diaminobenzidine; EPM, elevated plus maze test; HNS, hypo-
thalamic—neurohypophysial system; HPA, hypothalamic—pituitary—ad-
renal axis; MH, maternal hyperthyroid rats; PVCT, post Vogel conflict
test; PVN, paraventricular nucleus; PVNIm, PVN lateral magnocellular
part; PVNmpd, PVN medial parvocellular part, dorsal zone; SON,
supraoptic nucleus; VCT, Vogel conflict test; WD, water deprivation.

alters neuronal migration (Auso et al.,, 2004) and mild
maternal hyperthyroidism in rats leads to an increased
dendritic arborization of hippocampus CA3 pyramidal neu-
rons (Zhang et al., 2008). Maternal hyperthyroid rat models
have shown that the expression of cytoskeletal proteins is
affected, indicating an accelerated neuronal differentiation
(Evans et al., 2002).

Wistar rat male offspring of mild hyperthyroid females
bred in our laboratory were similar to control animals in a
number of physiological parameters when tested in non-
stressful conditions. However, their responses to mild
acute and sub-chronic stressors were markedly enhanced,
leading to an impaired cognitive function and depression-
like behaviours (Zhang et al., 2008). However, anxiety-like
behaviour measured as unconditioned explorative behav-
iour showed no difference to controls (Hernandez et al.,
2007).

On the other hand, the arginine vasopressin (AVP),
also referred as antidiuretic hormone, acts both as a hor-
mone and as a neurochemical. AVP is largely synthesized
by hypothalamic magnocellular neurons localized in para-
ventricular (PVN) and supraoptic (SON) nuclei. Through
the hypothalamic—neurohypophysial system (HNS) AVP is
transported to the neurolobe of the pituitary gland and
further released upon osmoreceptor/baroreceptor activa-
tion. Peripherally circulating AVP is responsible for the
classic endocrine functions ascribed to this neurohormone
(e.g. vasoconstriction, antidiuresis) (Ring, 2005). The cen-
tral vasopressinergic system includes the sites of AVP
synthesis and release, where AVP acts as a neuromodu-
lator/neurotransmitter regulating a variety of CNS-medi-
ated functions (e.g. learning and memory, neuroendocrine
reactivity, social behaviours, circadian rhythmicity, thermo-
regulation, and autonomic function) (Ring, 2005; Caldwell
et al., 2008; Frank and Landgraf, 2008). AVP is also criti-
cally involved in stress-related anxiogenesis (Millan, 2003;
Landgraf, 2005).

Early studies considered AVP originating from magno-
cellular neurons of the HNS as a major modulator of the
hypothalamic—pituitary—adrenal (HPA) axis (Antoni, 1993).
However, it is now generally accepted that the parvocellu-
lar neurons of the PVN trigger corticotropin (ACTH) secre-
tion via the release of corticotropin-releasing factor (CRF)
and AVP. As a consequence, less attention was paid to the
contribution of the HNS to the HPA axis regulation (En-
gelmann et al., 2004). The involvement of vasopressiner-
gic magnocellular neurons in the control of the ACTH
secretion has been a much-debated issue. This study was
designed and carried out with this issue in mind.
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Using an osmotic stressor we aimed to assess the
anxiogenesis in maternal hyperthyroid offspring. We com-
bined behavioural characterizations with analysis of
plasma AVP variations and the protein product of the
immediate early gene c-fos (Fos) expression in PVN and
SON during the 48 h of water deprivation (WD) and after
the conflict test used in this study. Furthermore, AVP im-
munoreactivity, morphology and synaptic connectivity of
AVP containing fibres in PVN and HNS were analyzed
under light and electron microscopy.

EXPERIMENTAL PROCEDURES
Animals

Wistar rats were used in this study. All animal procedures were
approved by the local bioethical and biosecurity committees in
accordance with the principles exposed in the Handbook for the
Use of Animals in Neuroscience Research (Society for Neuro-
science. Washington, D.C.1991). Animals were housed on a 12-h
light schedule in a room with temperature between 20 and 24 °C
with adequate ventilation and given access to standard rat chow
and water ad libitum, unless otherwise specified.

The breeding of the maternal hyperthyroid rats offspring has
been described elsewhere (Zhang et al., 2008). Briefly, 32 female
rats of postnatal 90 days (P90) were implanted, under general
anaesthesia (pentobarbital, Barbithal, Holland de Mexico, S. A. de
C. V., 50 mg/kg i.p.), with s.c. Alzet osmotic pumps (Model 2ML4,
pumping rate 2.5 ul/h for 28 days, DURECT Corporation, Cuper-
tino, CA, USA) infusing either L-thyroxine or vehicle (n=16). L-
thyroxine (T4, Sigma-Aldrich Inc. T2501, St. Louis, MO, USA)
dose was 1.5 ug/100 g/d of pre-mating body weight. With this
dose, the female rat serum free T4 concentration was about
2.26+0.14 ng/dl (n=4) whereas the control females was about
1.34+0.11 ng/dl (n=4), which represents a mild hyperthyroid
experimental condition (Varas et al., 2001; Evans et al., 2002).
This measurement was made through blood samples obtained
from sacrificed rats under general anaesthesia at day 10 of ges-
tation and determined with chemiluminescent microparticle immu-
noassay (CMIA, ARCHITECT®, Abbott Laboratories, Abbott Park,
IL, USA).

After 2 days of recovery from the implantation, female rats
were mated with normal males for three consecutive days. The
females were then singly housed during the gestational period.
The dams gave birth between 19 and 21 days after the 3 day-long
mating period and the litter sizes were 11.8+0.82 (mean*=SEM) in
maternal hyperthyroid rats (MH) group versus 11.6+0.66 for con-
trols. The dams were then housed with their own litter during the
lactation period with minimum disturbances. Osmotic pumps were
surgically removed from the females on offspring postnatal day 1
(P1) under local anaesthesia (0.2 ml of 1% lidocaine). After the
extraction was completed, skin was surgically sutured and dams
were returned to their home cages. The sutures were removed
after 4 days. All these procedures lasted at most 20 min. We did
not observe any abnormalities regarding maternal care.

On P30, 96 offspring male rats were chosen from both ma-
ternal hyperthyroid and control litters (n=12) to form MH experi-
mental group and control. Four male offspring from each litter
were separated from their dam and housed together in one stan-
dard rat Plexiglas cage. Each sibling was designated to a different
experiment except for plasma AVP concentration measurement.
In this latter one, two siblings were chosen to form the group of 24
rats but they were allocated in different time points. Spontaneous
locomotor activity, body weight, glycaemia and serum T4 level
were tested on P90, as previously described (Zhang et al., 2008)
and showed no significant differences between MH and controls.
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Experimental design

Experimental procedures were performed on male offspring rats in
young adult stage (starting on P100, body weight 350+10 g). Two
sets of experiments were carried out separately. (1) Behavioural
tests to assess the anxiogenesis threshold, plasma AVP levels
and Fos expression during WD and Vogel conflict test (VCT)
proper of MH compared to control. (2) Immunohistochemical and
morphological characterizations of AVP labelled fibres in the an-
terior hypothalamus from MH and control rats under basal condi-
tions by light and electron microscopy.

For the first set of experiments, we used the elevated plus
maze test to assess the natural (unconditioned) exploratory be-
haviour of MH, compared to control subjects, to set a baseline for
anxious state, and the VCT as both an osmotic stressor and a
measure of trained (conditioned) anxious state (Vogel et al., 1971,
Millan, 2003; Millan and Brocco, 2003).

Elevated plus maze test (EPM)

We used EPM to assess first the unconditioned acute anxious
state. This experimental procedure was done 1 week before the
VCT. The maze was made of wood, consisted of a plus-shaped
platform elevated 50 cm above the floor with two closed arms
(50x10x40 cm?®) and two open arms (50x10 cm?) surrounded by
an upwards-protruding edge of 0.5 cm connecting the central
square of 10X 10 cm?. This latter measure prevents the rat falling
accidentally without jeopardizing the elemental features of the
setting, hence enhances the efficacy of the test. The EPM was lit
with dim red light and monitored by CCTV. The maze was cleaned
with water containing a detergent and dried before each trial.

Prior to the EPM test, rats were exposed to a standard open-
field box (40x40%x40 cm® made of wood (Pierce and Kalivas,
2007)) during 5 min for three consecutive days before and imme-
diately previous to the EPM test. This procedure was made to
increase the likelihood of entering the open arm of the maze, thus
increasing the sensitivity of the test (Walf and Frye, 2007). Rats
from each experimental group underwent the EPM test during
their early activity period. The test started by placing the rat in the
centre of the maze heading to an open arm and then left for free
exploratory activity for 5 min. The percentages of both time spent
on the open arms and the number of entries to the open arm in
relation to the total number of entries (closed arms plus open
arms) were analyzed as a measure of unconditioned acute anx-
ious state (exploration vs. avoidance).

Vogel conflict test (VCT)

We used VCT (File et al., 2004) to assess the conditioned acute
anxious state. VCT involves two main steps: WD for 48 h and food
deprivation for the latter 24 h, and the conflict test proper. WD as
long as 72 h, is well tolerated by rats with weight loss in an
acceptable range (approximately 11%) and no apparent loss of
physical vigour (Rowland, 2007). Completing the WD period,
thirsty rats were exposed to a mild and intermittent electrical shock
via a water bottle. This procedure incorporates an element of
conflict, whereby the subject experiences opposing and concom-
itant tendencies of desire (drinking behaviour for reward) and of
fear (avoidance of a potentially aversive stimulus). An indicator of
a conditioned anxious state is when fear prevails in this conflict,
where no genuine risk is present (Millan and Brocco, 2003). We
chose the number of shocks received as our operational param-
eter for anxious state assessment, according to File et al. (2004).

Before the VCT, the experimental subjects were habituated
by staying in the conflict-chamber described below, without cur-
rent application for 30 min each day during four consecutive days.
The conflict chamber consisted in a clear Plexiglas cage
(20x30%20 cm®) with a metal floor and lattice lid, a water bottle
with stainless steel drinking spout, a constant current shock gen-
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erator with an indicator for counting the number of shocks and a
video camera. During the test, a 10% dextrose—water solution was
used. The shocker leads were attached between the metal drink-
ing spout and the grid floor. The drinking spout was isolated to
avoid contact with the lid of the cage. Different shock levels
(0.1-0.3 mA in steps of 0.05 mA) were assessed previously to
determine the appropriate current to be used during the test
(unpublished data). This was done with a different set of Wistar
rats. A current of 0.15 mA was found to be optimal (i.e. it allowed
animals to drink the solution with minimal discomfort).

Concluding the 48 h of water deprivation period, the test
started in a separate room and a video camera sensitive to low
illumination was used for monitoring and recording the test. The
test was performed during the dark period of the artificial light—
dark cycle and the test-room was illuminated solely with a dim red
light. At the beginning of the test, each animal was put in the test
chamber and was allowed to drink for 25 s without electrical
current applied. After this period, a 0.15 mA current with a 50%
duty cycle of 5 s was applied between the metal drinking spout
and the floor during 5 min. Rats received shocks only when the
spout licking coincided with the current applied intervals. The
number of shocks received was recorded. Eight rats of each group
undertook this test without any anxiolytic treatment and another
eight rats per each group received a dose of 1,4 benzodiazepine
(Diazepam Valium® Roche Syntex, Mexico City, Mexico, 2.5
mg/kg b.w, i.p.) 30 min before the test, aiming at evaluating the
reversibility of this high anxiety-related behaviour, if any, by this
classical anxiolytic. The procedure carried out after the test was
denoted as post-VCT time point (PVCT).

Plasma AVP concentration measurement during
water deprivation and after the VCT

In order to characterize the plasma AVP concentration during the
48 h of WD and PVCT, blood samples were obtained from rat
tail-tips at six time points: before WD as the basal point, 6 h of WD
(WD6h), 12 h of WD (WD12h), 24 h of WD (WD24h), 48 h of WD
(WD48h) and immediately after VCT (PVCT). During the blood
sampling, experimental subjects were immobilized using a re-
straint tube. In order to minimize the stressful effect exerted by this
procedure, rats were placed in the same restraint tube (standard
for rats, (Heinrichs and Koob, 2006)) during 30 min each day
during the three previous days to the test. Four rats per each
group were tested at each time point (n=4) (two male offspring per
each litter for this test completing each group with 24 rats). Each
rat provided only one blood sample. This criterion was imple-
mented aiming to isolate the stimulus for AVP release, being only
the osmotic stressor, not the possible additional AVP release
secondary to the stress produced by previous sampling proce-
dures. Especial attention was paid in not putting the subjects from
the same litter at the same time point.

At the corresponding time-point, 500 ul of blood samples from
each of the four respective intact rats were collected into chilled
microtubes containing 0.5 mg EDTA on the wall (50 ul of EDTA
solution of 10 mg/mL was added to each tube, agitated and then
dried inside a fridge). Tubes with samples were immediately cen-
trifuged at 1600 g for 15 min at 4 °C. Plasma supernatant (200 ul
per tube) was transferred to a new tube and stored at —70 °C until
the ELISA test was performed. The Arg8—Vasopressin EIA Kit
(Cat. 900-017, Assay Designs, Inc., Ann Arbor, Ml 48108, USA)
was used. The experimental procedure was the one recom-
mended by the manufacturer of the ELISA vasopressin estimation
kit. Each sample was analyzed in duplicate. The coefficients of
variation (CV: standard deviation/mean) for the intra and inter
assay variability were 11.28% and 9.9% respectively. This latter
parameter was obtained calculating the CV of three standard
curves done to the three kits used.
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Perfusion-fixation and immunohistochemistry for
Fos and AVP double labelling

Subijects (n=6) for this experiment were perfused 90 min posterior
to time points WD6h and PVCT (i.e. 7.5 h of water deprivation and
90 min after the conflict test respectively). Briefly, rats were deeply
anesthetized with an overdose of pentobarbital and perfused tran-
scardially 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 of saturated picric acid and 0.05% of glutaral-
dehyde for 15 min. Brains were removed, blocked, then thor-
oughly rinsed with PB. Vibratome coronal sections of 70 wm of
hypothalamus (spanning from Bregma —0.96 to —2.20 mm) were
collected.

Immunofluorescence double-labelling method was used.
Briefly, two alternated sections between Bregma —1.60 and
—1.80 mm, (Paxinos and Watson, 2007) from each rat were
chosen. These sections contain the main PVN lateral magnocel-
lular part (PVNIm) which can be easily identified as a grey circular
region with higher transparency under a low power stereoscopic
microscope, as well as the medial parvocellular part, dorsal zone
of the PVN (PVNmpd, main region of CRF mRNA expression,
(Viau and Sawchenko, 2002)), and the SON. This criterion was
applied to select data for a valid comparison. Sections were
blocked with 20% normal horse serum in Tris—buffered (TB, 0.05
M, pH 7.4) saline (0.9%) plus 0.3% of Triton X-100 (Tris buffered
saline) for 1 h at room temperature and then immunoreacted with
the following primary antibodies: rabbit anti-AVP (courtesy of RM
Buijs, 1:1000) and Guinea pig anti-CRF (T-5007, 1:2000, Penin-
sula Laboratories, Torrence, CA, USA) for AVP/CRF double im-
munohistochemistry for region references and rabbit anti-Fos
(SC52, 1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and guinea pig anti-AVP (T-5048, 1:2000, Peninsula Laborato-
ries). Sections were incubated overnight at 4 °C with gentile
shaking. After corresponding washings, sections were further in-
cubated with Alexa Fluor 488 donkey anti-rabbit 1gG (1:1000,
Molecular Probes Inc. Eugene, OR, USA) and Cy3 conjugated
donkey anti-guinea pig 1gG (1:1000, Jackson ImmunoResearch
Laboratories, Inc., Baltimore, PA, USA) as secondary antibodies,
in Tris buffered saline plus 1% of horse serum, at 4 °C overnight.
At the end of the immunofluorescence reaction, sections were
rinsed and mounted with Vectashield (Vector Laboratories, Inc.,
Burlingame, CA, USA) and analyzed by epi-fluorescence micros-
copy.

For Fos/AVP double labelling and total Fos+ nuclei quantifi-
cation, total number of AVP+ neurons and the number of Fos+/
AVP+ neurons from the PVNIm, and SON per each section were
counted. Percents of double-labelled neurons in total AVP+ neu-
rons were calculated. For quantification of total Fos activation, all
of Fos+ nuclei inside the AVP immunoreactive magnocellular
nuclei (SON and PVNIm) were counted. For PVYNmpd, the count-
ing was made with the help of a drawing tube: a drawn square of
0.04 mm? was placed on the visual field of the drawing tube
coinciding with the PVNmpd zone so that Fos+ nuclei inside the
square can be clearly identified and counted.

The second set of experiments was aimed at evaluating AVP
content in the HNS before osmotic stressor application. Four rats
per each group under basal conditions were processed for AVP
immunofluorescence reaction using guinea pig anti-AVP (T-5048,
1:2000, Peninsula Laboratories) as the primary antibody and Al-
exa Fluor 488 donkey anti-guinea pig 1gG (1:1000, Molecular
Probes) as the secondary antibody. Optical density of immunore-
activity mainly related to hypothalamic—neurohypophysial tract
(HNT) was measured in the anterior hypothalamic area (AHA,
dorsal and ventral zones) of each group from antero—posterior-
paired coronal sections (n=10) collected from the anterior hypo-
thalamus (Bregma —1.08 mm to Bregma —1.86 mm). Fields in the
regions (dorsal and ventral zone corresponding to the hypotha-
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lamic—neurohypophysial tract) were chosen with 40X objective
corresponding areas of 0.22 mm? and photomicrographs were
taken using a digital camera with fixed sensibility. Digital pictures
were analyzed using Fovea Pro 4.0 (Reindeer Graphics,
Asheville, NC, USA). Herring bodies (axonal swellings in the
hypothalamic—neurohypophysial tracts) in the fields were quanti-
fied. It has been suggested that Herring bodies function as a buffer
for the massive vasopressin production, formed by the intermittent
synthesis of this neuropeptide (Yukitake et al., 1977).

Double immunoperoxidase labelling of AVP
and CRF for electron microscopy

Coronal sections of anterior hypothalamus containing PVN were
cryoprotected with 10% sucrose for 10 min and 20% sucrose for
4 h at room temperature with gentle shaking and then underwent
quick freeze-thaw procedure using liquid nitrogen and room tem-
perature phosphate buffer (PB 0.1 M). Sections were then blocked
with tris buffered saline without Triton X100, plus 20% normal
swine serum for 1 h and incubated with rabbit anti-AVP and
guinea pig anti-CRF antisera (T-4563 and T-5007, respectively,
1:2000 for both antibodies, Peninsula Laboratories) in Tris buff-
ered saline plus 1% swine serum over two nights at 4 °C with
gentile shaking. (Some of the sections underwent firstly incubation
with fluorescent secondary antibodies: Alexa 488 conjugated don-
key anti-rabbit and Cy3 anti-guinea pig to evaluate the efficacy of
the immunoreaction before proceeding to the next step). For
immunoperoxidase reaction, sections were rinsed and proceeded
for the first secondary antibody incubation with swine anti-rabbit
IgG with horseradish peroxidase conjugated (P021702, 1:100,
Dako, Denmark) in Tris buffered saline+1% swine serum over-
night at 4 °C. This immunoreaction was developed using 3,3’'-
diaminobenzidine (DAB, 0.5%, Electron Microscopy Sciences,
Fort Washington, PA, USA) and hydrogen peroxide (H,O,, 0.01%)
as substrates and intensified with nickel (400 ul 0.05 M nickel
ammonium sulfate and 400 ul of ammonium chloride 0.4% in 20
ml TB) (black reaction product) ((Freund et al., 1990) for method
reference). Due to the magnetic field of nickel, this product has a
more efficient electron shielding. Hence, the labelling seen at
electron microscopy is blacker, more homogeneous compared
with the sole DAB labelling. For the second immunoreaction,
sections were further incubated with goat anti-guinea pig IgG
biotinylated antibody (Vector BA9500, 1:100) overnight at 4 °C
followed by the incubation for 2 h at room temperature with
avidin—Dbiotin—peroxidase (ABC, 1:100 in TB; ABC Elite Kit, Vector
Labs.). The immunolabelling was developed with DAB (0.05%)
and 0.01% H,O, in tris buffer (brown reaction product). Peroxi-
dase reaction was stopped by rinsing the sections in TB.

Transmission electron microscopy

Selected coronal sections containing PVNIm and parvocellular
medial part (Bregma —1.56 to —1.72 mm) were fixed with 1%
osmium tetroxide in 0.1 M PB for 1 h and dehydrated through a
series of graded alcohols (including 45 min of incubation of 1%
uranyl acetate in 70% ethanol), then rinsed with propylene oxide.
Sections were flat embedded in Durcupan ACM epoxy resin (Elec-
tron Microscopy Sciences) following a period of resin penetration
for more than 4 h at room temperature. Embedded sections on
slide were polymerized at 60 °C for 2 days. Fragments of sections
containing labelled Herring bodies in HNT and medial PVN were
re-embedded in capsules and undertook further polymerization for
24 h. Ultrathin sections (70 nm) were cut with an ultramicrotome
using a diamond knife. Sections were collected onto Pioloform-
coated single slot grids. Sections were examined with a Philips
CM100 transmission electron microscope. Digital electron micro-
graphs were obtained with a digital micrograph 3.4 camera (Ga-
tan, Inc., Pleasanton, CA, USA) and scaled with ImageJ (Image
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Processing and analysis in Java, NIH, USA) and Adobe Photo-
shop.

Statistical analysis

Quantitative results were expressed as mean=standard error of
mean (SEM). Groups were tested for differences by analysis of
variance followed by the Bonferroni test, using Prism (GraphPad
Software, San Diego, CA, USA). Differences were considered
statistically significant at £<0.05 (* P<0.05, * P<0.01, and
*** P<(0.001, vs. the control group).

RESULTS

Significantly potentiated anxious state in MH
occurred only after water deprivation

Unconditioned and conditioned anxious states were as-
sessed using two well-validated behavioural tests, the
EPM and the VCT. EPM evaluates the exploration versus
avoidance state placing the rat in an unconditioned envi-
ronment with the closed arm representing safety and the
open-elevated arm denoting novelty, though risky. Dimin-
ished time spent in the open arm and reduced number of
entries implies higher unconditioned anxious state. The
MH showed no significant differences in these two mea-
sured parameters (Fig. 1A). Subsequently, rats were sub-
jected to WD, as an osmotic stressor, for 48 h. Then, thirsty
rats underwent the conflict test in which they had to decide
between drinking and possibly receiving a mild electrical
shock or rather staying apart from the drinking spout. MH
showed a significant reduction in the number of shocks
received during the 5 min of the test (11.20+1.68,
mean+SEM) compared to controls (37.50+1.5) (Fig. 1B).
Diazepam administration 30 min before the test effectively
increased the punishing shocks received by both MH
(240.6+47.17) and control (258.2+48.6) rats, resulting in
no-significant difference between them.

Altered plasma AVP concentration dynamics during
water deprivation and enhanced neuronal activation
in PVN and SON of MH

Both plasma osmolarity or plasma AVP content generally
reach their maximal levels between 12 and 16 h of WD and
then both physiological parameters remain stable for a
relatively long period (Rowland, 2007). As illustrated in
Fig. 2, WD during this experiment effectively increased
plasma AVP concentration, as analyzed with a commer-
cially available Vasopressin ELISA kit (Assay Designs,
Inc., Ann Arbor, MI, USA). The time course of this variation
had a non-linear pattern. In both groups the baseline AVP
plasmatic concentrations were around 4.8 pg/mL (control:
4.94+0.26 pg/mL; MH: 4.74x0.27 pg/mL). The value from
control at WD6h was little changed compared to the basal
level (5.55+0.19 pg/mL). It reached its maximal levels at
WD12h (17.18+1.53 pg/mL), then slightly decreased at
WD24h (13.73+2.70 pg/mL) and remained substantially
unchanged after VCT. In contrast, MH AVP plasma con-
centration had a steep increase already at WD6h ap-
proaching its maximal level (14.79+0.71 pg/mL). From
WD12h, the AVP levels in MH remained comparable to



420
Citrl
A 601 [ -60
~ v =
= =®
%] 1
£ 1 o
= 401 : o +40 g
5 ! 2
o £
o | &
£ 20 i oo 2
Q 1 [7]
£ ! o
(= ! o
0 ! 0
B s, ] cul 400
B vH
40
2 =5 L300 @
3 — &
2 301 | 2
- ! Looo &
= 20+ ke ! e
o | 5
10 I +100
|
|
' I
VCT WD 48h VCT with BZP

Fig. 1. MH offspring showed differential anxious states compared to
control under unconditioned and conditioned behavioural tests for
anxiety assessment. (A) Elevated plus maze test performed before
water deprivation (WD) to evaluate unconditioned anxiety-related be-
haviour revealed by the percentages of both, left panel, time spent in
the open arms related to the 5 min lapse and right panel, the entries to
the open arms in the total entries to both open and closed arms. There
are no-significant differences between control and MH groups regard-
ing both metrics. (n=16); (B) Vogel conflict test (VCT) with 48 h of WD
to assess conditioned anxious state which is reflected in the number of
shocks received during the given time lapse (5 min) under the condi-
tion specified in the method section. Left panel: without any anxiolytic
administration, MH rats showed a significant decrease in the number
of shocks received during the test. (n=8). Right panel: with adminis-
tration of benzodiazepine (BZP) (Diazepam, 2.5 mg/kg b.w, i.p) 30 min
before the test, the shocks received by both MH and control subjects
were greatly increased and the intergroup-difference observed without
BZP disappeared. (n=8), mean*=SEM, *** P<0.001.

those of the control until WD48h. Immediately after VCT,
AVP plasma concentration in MH further increased as
compared to controls (Fig. 2 PVCT time point).

In order to make a quantitative assessment of Fos
induction in SON, PVNIm and PVNmpd and specifically the
induction in AVP containing neurons, experimental sub-
jects were perfused at 90 min posterior to the time points
where plasma AVP concentrations showed significant dif-
ferences. A significant increase in Fos/AVP double la-
belled neuron numbers was observed in MH at all exper-
imental conditions (Fig. 3F). In all the three anatomical
regions, a larger difference was revealed at PVCT, when
experimental subjects underwent the conflict test and ex-
hibited high anxious behaviours. Regarding the densities
of the total Fos+ nuclei per regions, significant increases
were observed except in PVNIm at WD6h. This phenom-
enon was heightened at the PVCT time point, when MH
exhibited higher anxiety behaviour, that is larger difference
was observed in the magnocellular nuclei, with P<0.001
for SON and P<0.01 for PVNIm, compared to P<0.05 for
PVNmpd (Fig. 3G).
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Abnormal AVP storage and some unusual features
revealed by morphological analysis were observed
in MH under basal condition

An increased AVP content in the AHA corresponding to
hypothalamic—neurohypophysial tracts was observed by
immunofluorescence (reflected as increased optical den-
sities). Both ventral and dorsal parts of anterior hypotha-
lamic areas (Fig. 4F) revealed increased immunoreactivity
to AVP in MH subjects (dorsal AHA: MH 18.84+0.67, vs.
control 16.57+0.49; ventral AHA MH 14.34+0.61, vs. con-
trol 11.72+0.87, arbitrary units), which implied either in-
creased number of vasopressinergic axons passing
through the region or an increase in AVP content inside the
fibres, or both (Fig. 4).

The number of Herring bodies throughout hypothalam-
ic-neurohypophysial tracts was significantly higher in MH
group than in control under basal condition (MH 7.2+0.73,
vs. control 1.2+0.20, per 0.22 mm?). In the electron mi-
croscope, the AVP-immunoperoxidase labelled Herring
bodies were seen as un-myelinated large varicosities with
diameters mainly ranging from 1 to 4 um. Herring bodies
contain highly compacted labelled dense core vesicles

(Fig. 5).

MH AVP+ axon terminals make synapses on soma
and dendrites of both CRF immunopositive and
immunonegative neurons inside the PVN

We also addressed the ultrastructural features of the neu-
roendocrine fibres inside the PVN region and the possibil-
ity of reciprocal synaptic connections between AVP and
CRF containing neurons. Tissue from the ventromedial
part of the PVN (Fig. 6A) was re-embedded and examined
under electron microscopy. AVP and CRF immunoreactiv-
ities (Nickel-DAB “black” and DAB “brown” reactions re-
spectively) were found in both axon terminals and dendritic
segments. Concerning the AVP labelled (AVP+) axons
and axon terminals (AT), the labelled structures contained
small clear as well as dense-core vesicles at highly vari-
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Fig. 2. MH had altered dynamics in plasma vasopressin concentration
during water deprivation and post-Vogel conflict test (PVCT). MH time
evolution curve of the plasma AVP concentration (mean=SEM) in
function of WD progression showed an abnormal shape separating
from the control at 6 h of WD and PVCT (n=4 for each time point).
*** P<0.001, * P<0.05.
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Fig. 3. Changes of Fos expression in paraventricular nucleus, lateral magnocellular part (PVNIm), medial parvocellular part, dorsal zone (PVNmpd)
and supraoptic nuclei (SON) at 90 min posterior to the time points WD6h (6 h of water deprivation) and PVCT (Post Vogel conflict test, PVCT).
Microphotographs illustrate the increased Fos expression at PVCT. (A) Microphotograph showing CRF/AVP immunoreactivity in PVN which
corresponds to the sites where Fos+ nuclei were counted. Circle: PVNIm; square: PVNmpd. Arrowheads indicate AVP containing axons in the
PVNmpd. (B, C) correspond to PVN of control and MH respectively; (D, E) SON of control and MH respectively. (F) Percentages of AVP+/Fos+ cells
in relation to all AVP+ cells. (G) Densities of all Fos+ nuclei in the three anatomical regions at each experimental time point. 3V, third ventricle; Opt,
optic tract. Scale bars=100 um. (n=6), mean+SEM, * P<0.05, ** P<0.01, *** P<0.001. For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.

able ratios. AVP+ AT in MH were observed making syn- apses (62.5%) between AVP+ AT and PVN neuron den-
aptic contacts with CRF+ neuronal somata (Fig. 6E) and drites are Gray's type | (asymmetric, characteristic of glu-
medium-sized dendrites (Fig. 6F-J). Five out of eight syn- tamatergic excitatory synapses, Fig. 6F—I). These AT ex-
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hibited a high content of small clear vesicles. On the other
hand, AT which were more homogenously labelled by
AVP-DAB-Nickel were observed to establish Gray’s type Il,
(symmetric) synapses on CRF+ dendrites (Fig 6J). Two
CRF+ AT having high content of small clear vesicles
formed Gray’s type |, asymmetric, synapses onto AVP+
dendritic segments (Fig 6K, L). We could not observe this
type of synaptic connectivity in the same region of control
subjects. Reciprocal synaptic connectivity between AVP
and CRF containing neurons in PVN has not been previ-
ously described, to the best of our knowledge. However, a
detailed quantitative assessment and a characterization of
the precise origins (magnocellular vs. parvocellular and
also suprachiasmatic nucleus or bed nucleus of the stria
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Fig. 4. Increased AVP immunoreactivity in hypothalamic—neurohypophysial tract under basal conditions. Photomicrographs show the AVP immu-
nofluorescence labelling in PVN, (A) and (B), and the hypothalamic—neurohypophysial tracts in the anterior hypothalamic area (AHA), (C) and (D), from
control and MH rats respectively. (An increase of AVP+ soma and dendritic area in MH rats compared to control was observed in PVN magnocellular
division (for example see A and B)). (E) Histogram shows the optical density (OD) analysis of AVP immunoreactivity, mean+SEM, in which MH group
showed a significant increase in both ventral and dorsal AHA. (F) Schematic representation of AHA (Bregma —1.08 to —1.86 mm according to Paxinos
and Watson, 2007) where the measurement was performed (n=10 sections from four rats per group). 3V, third ventricle; PVN, paraventricular nucleus;
Opt, optic tract; SON, supraoptic nucleus; Fx, fornix; NC, nucleus circularis. —1.8: 1.80 mm posterior to Bregma. Scale bars=200 um. * P<0.05.

200

S

terminalis) of the AT making synapses onto CRF soma/
dendrites remains to be carried out.

DISCUSSION

Maternal hyperthyroidism due to Grave’s disease and ges-
tational transient thyrotoxicosis is a common endocrine
condition during human pregnancy. Besides, inadequate
doses for hormone replacement and insufficient monitoring
could also put the fetal development under an iatrogenic
hyperthyroid environment. In consonance with our previ-
ous study reporting that maternal hyperthyroid offspring
possess a more reactive neuroendocrinological stress-
coping system (Zhang et al., 2008), the results from this
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Fig. 5. Abundant Herring bodies throughout hypothalamo-neurohypophysial tract (HNT) were observed in MH anterior hypothalamus. (A, B)
Photomicrographs of HNT from control and MH subjects, respectively. Arrowheads indicate Herring bodies. Scale bar: 20 um. (C) AVP-immunoper-
oxidase-Nickel labelled Herring body seen by electron microscopy (EM). (D) EM photomicrograph to show a Herring body from a non-immunolabelled
but lead citrate counterstained axon in order to better visualize the dense core vesicles (arrowheads, about 80—100 nm of diameter). Scale bar:

0.5 um.

study clearly indicate that these subjects possess an al-
tered hypothalamic vasopressinergic system resulting in
expression of high anxious behaviour under a stressful
condition.

Our previous work showed that maternal hyperthyroid
adult offspring rats exhibited normal physiological and be-
havioural parameters unless they were exposed to a sub-
chronic mild stressful condition, which triggered cognitive
impairment and depression related behaviours. Enhanced
serum corticosterone levels after an acute restraint test
indicated an over-activated HPA axis (Zhang et al., 2008).
In the present work, we tested whether this HPA over-
activation could be triggered by an over-activated HNS.

Under basal conditions, an enhanced AVP immunore-
activity in the anterior hypothalamic area and a large
amount of Herring bodies in the hypothalamic-neurohy-
pophysial tracts in MH were observed. Herring bodies
have been described as axonal swellings, containing neu-
rosecretory and synaptic-like vesicles, and other subcellu-
lar components. It has been suggested that Herring bodies
function as a buffer for the massive vasopressin production
(Yukitake et al., 1977). Under water deprivation, MH
plasma concentration of AVP increased dramatically al-
ready at WD6h which is consistent with a greater amount
of AVP stored under basal condition readily to be released
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upon stimuli arrival. At PVCT time point, another significant
increase of plasma AVP concentration was observed.
These observations clearly indicate that these individuals
possess an altered AVP system, not only due to a greater
storage but also inferred a more reactive system for a more
active synthesis and/or an easier release. It is worth men-
tioning that in both groups the baseline AVP plasmatic
concentrations were around 4.8 pg/mL (control: 4.94+
0.26; MH: 4.74+0.27), which is slightly higher than re-
ported in the literature using the same kit (Haley and Flynn,
2006). This phenomenon could be due to the sampling
procedure—samples were obtained from the tails of re-
straint-tube immobilized rats. In spite of previous habitua-
tion described in the method section, this procedure could
still induce a slight increase of plasma AVP concentration
due to the immobilization, as can be observed in previous
reports in the literature (Hashimoto et al., 1989; Aguilera
and Kiss, 1993). Data obtained from naturally AVP-defi-
cient Brattleboro rats showed a significant deficiency of
increase of plasma adrenal corticotrophin during restraint
stress (Zelena et al., 2009), which suggest a critical role of
AVP in this stress coping processes, hence, indirectly
support this explanation.

At the same time points where plasma AVP concen-
tration showed significant differences, Fos expression in
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Fig. 6. Reciprocal synaptic connections between AVP and CRF neurons in the ventromedial part of the PVN. (A) A representative photomicrograph
of a dual-immunoperoxidase reaction of a MH PVN (Bregma —1.80 mm) to illustrate the whole region of PVN and the sub-region (ventromedial division
of PVN, indicated by a square) where tissue was taken for EM examination. DAB only (brown): CRF containing neurons, mainly located in the medial
parvocellular part of the PVN; DAB-Nickel (black): AVP containing neurons mainly located in lateral magnocellular part of the PVN. The insert shows
a representative light microscopy image of the region with dual-immunoperoxidase reaction prepared for EM examination. Arrowheads indicate
AVP(+) black nickel DAB immunoreaction (ir) and arrows indicate CRF(+) brown-DAB—ir. (B, C) Aimed to show the different aspects of DAB-Nickel
(AVP+, B) and sole DAB (CRF+, C) axonal labelling. AT, axon terminals. The DAB-Nickel labelling exhibits more homogenous and darker features
because of the magnetic shield of Nickel, which deviates electrons more efficiently. De, dendrite. (D) Shows the different aspects of labelling in
dendritic segments. (E) An AVP(+) AT making asymmetric synapse (black arrow) to a CRF(+)-neuron somata. NB, Nissl bodies; mit, mitochondrion.

AVP containing neurons in the SON, PVNIm and PVNmpd
showed a significant increase in the counts of double
labelled cells indicating an enhanced activation of vaso-
pressinergic system. Concerning the total Fos activation in
the three regions, it is interesting to observe that in the
PVNmpd, where the main cellular population of CRF con-
taining neurons is located (see Fig. 3A and also (Viau and
Sawchenko, 2002)), the difference of expression is already
evident at WD6h. It remains possible that PVNIm Fos/AVP
hyperactivition is passively fed forward from PVNmpd.
However, this seems unlikely given that there were not
other external stimuli for the activation of the HPA axis
(PVNmpd) except the osmotic stressor at WD6h. Hence, it
is rational to consider that there is a greater influence from
the PVN lateral magnocellular part to the medial parvocel-
lular part, dorsal zone, without excluding possible recipro-
cal influences between these two PVN divisions. More-
over, at the PVCT time point when the MH showed a
higher anxiety behaviour, a larger difference of Fos counts
was observed in the magnocellular nuclei (P<0.001 for
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SON and P<0.01 for PVNIm, compared to P<0.05 for
PVNmpd, main location of CRF neurons). This finding
further confirmed our hypothesis that the main influence of
this activation of PVYNmpd comes from PVNIm AVP neu-
rons. In the PVNIm no significant difference was found for
total number of Fos+ nuclei density, at WD6h time point
although the Fos/AVP double labelled cell count of MH
was significantly enhanced. This phenomenon could be
attributed to the Fos activation of other cell populations in
the region.

In our MH model, unconditioned anxiety measurement
showed no significant difference with control groups. We
have tested anxiety-like behaviour with the EPM test in
both basal condition (from this study) and under sub-
chronic mild stress (Hernandez et al., 2007). In both cases
we did not observe an increased unconditioned anxious
state compared with control. The Vogel thirsty rat conflict
test (VCT) assesses conditioned anxiety-behaviour under
WD condition (Millan, 2003; Millan and Brocco, 2003),
which involved intrinsically the activation of HNS and an



L. Zhang et al. / Neuroscience 168 (2010) 416—428

425

Fig. 6. (Continued.) (F-H) Serial photomicrographs from three adjacent sections (ultramicrotome setting for 70 nm) of an AVP(+) AT with abundant
small clear vesicles establishing a type | synapse (black arrow) with a CRF(+) dendrite. A non-labelled dendrite is marked for comparison purposes.
White arrowheads indicate dense core vesicle (dcv) containing AVP. (1) Another AVP(+) AT making type | synapse (black arrow) onto a non-labelled
dendrite. White arrowheads: dcv-containing AVP. (J) A strongly labelled AVP (+) AT making a type Il, symmetrical, synapse (white arrow) onto a
CRF(+) dendrite. An AVP(+) dendrite was also marked for comparison purpose. This synapse was followed by three more sections, which showed
similar features. Hence they are not showed here. (K) A weakly labelled CRF(+) axon containing abundant small clear vesicles and large dcv
containing CRF (indicated by black arrowheads) making an asymmetric synapse on to an AVP(+) dendrite (black arrow). (L) Another example of the

later phenomenon. Scale bar: 0.5 um.

increase in the plasma concentration of AVP. During the
last step of the VCT, MH rats exhibited a significantly
higher anxiety-related behaviour than control rats. These
high anxiety behaviours showed by MH coincided with
another significant increase of AVP plasma concentration
(PVCT time point), indicating that the MH HNS is respon-
sive to this mild stressor capable to further increase their
plasmatic release of AVP. This observation was consistent
with the significant increase of Fos expression in the three
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regions above mentioned. Although the intracerebral AVP
release under VCT experimental condition was not mea-
sured in this study, this parameter is likely to be increased,
according to previous evidence found in the literature. For
instance, with microdialysis Ludwig et al. (Ludwig et al.,
1994) found increased intra-SON AVP release upon a
local hyperosmotic NaCl infusion, which indicates that the
osmotic receptor activation of the vasopressinergic mag-
nocellular nucleus indeed elicits the central release, in
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parallel to the peripheral release. In this sense, intra-PVN
AVP release is likely increased in this animal model. Evi-
dence from in vitro extracellular recordings following bath
application of 1077 M of AVP showed that the majority of
recorded cells located in the medial PVN present excita-
tory responses (Inenaga and Yamashita, 1986). Since the
high anxious behaviour was only detected with VCT, once
osmotic stressor was applied and not with the EPM, it is
rational to consider that the main cause of the expressed
high anxious state was due to the major physiological
mechanism to cope with this stressor, that is vasopressin-
ergic system activation. This evidence is in concordance
with our finding of significant augment of Fos+ neurons in
the medial parvocellular dorsal zone of PVN region, at 90
min post-VCT, suggesting that the hypothalamic part of
HPA axis is more activated in correlation with the en-
hanced activation of HNS. The medial parvocellular divi-
sion of the PVN is the key neural part of the HPA axis. It is
a target region for benzodiazepines as anxiolytic agents
(Cullinan, 2000). The fact that this phenomenon was ef-
fectively reversed by benzodiazepine administration sup-
ports this explanation.

There is extensive evidence about intra-PVN release
of AVP during stress coping (Engelmann et al., 2004; Leng
and Ludwig, 2008). The possible release mechanisms in-
clude dendritic release by exocytosis in the PVN and lat-
eral hypothalamus, as previously demonstrated elegantly
by Pow and Morris at electron microscopy (EM) level (Pow
and Morris, 1989). Experimental evidences have shown
that intra-PVN administration of an AVP V1 receptor an-
tagonist resulted in a decrease of anxiety-related behav-
iour of the high anxiety bred rats (Engelmann et al., 2004)
and increased AVP release within PVN, measured by mi-
crodialysis, was observed during anxious situations (Wot-
jak et al., 1996). These data support the assumption that
higher contents of released AVP within PVN serve as a
physiological substrate for anxiogenesis, which is in con-
cordance with the results from this study.

AVP over-expression in hypothalamus and potentiated
activation and release of AVP observed in the present
study could be generated due to an increased number of
neurons or extensive wiring due to the maternal hyperthy-
roidism. Data obtained from cell culture of cerebellar gran-
ule cells showed that thyroid hormone promoted Bcl-2
expression, preventing apoptosis of newly formed and
early differentiated neurons in a dose-dependent manner
(Muller et al., 1995). But, could synaptic connections be-
tween AVP and CRF containing neurons play a role in high
anxiety MH rats?

The most relevant finding of this study is the identifi-
cation of the reciprocal synaptic connections between AVP
and CRF neurons in ventromedial PVN in MH. The major-
ity of the synapses found are Gray’s type | (asymmetric,
characteristic of glutamatergic excitatory synapses) with
colocalization of small clear and dense-core vesicles, be-
ing the latter ones localized mainly in the perisynaptic re-
gions. This observation is in concordance with other studies
in the literature reporting short axon collaterals (Sofroniew
and Glasmann, 1981) or second axon branched from soma
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or proximal dendrite of magnocellular neurosecretory neu-
rons which project intracerebrally. Previous reports have
shown that glutamatergic neurons formed prominent cell
populations in several hypothalamic nuclei including vari-
ous parvocellular and magnocellular subdivisions of the
PVN (Ziegler et al., 2002; Hrabovszky et al., 2007) and
AVP receptors are localized preferentially in perisynaptic
regions (Landgraf and Neumann, 2004). AVP release is
reported to influence the activation of intracellular Ca®*
storage and modify the input synaptic strength as well as to
alter the interaction between transcription factors and gene
promoters (Landgraf and Neumann, 2004). Moreover, it
has been found that among the AVP metabolite, the pen-
tapeptidic fragment AVP(4-8), which did not possess
classical endocrine effects, has high effectiveness on be-
haviour response since its potencies in CNS were hun-
dreds fold higher than those of AVP itself (Burbach et
al., 1983). G-protein-coupled receptors for AVP(4-8)
were identified on rat hippocampal synaptosomal mem-
brane (Yan and Du, 1998) and its binding resulted in the
accumulation of the second messenger IP3 (Yan et al.,
2002). Other neurotrophic and branching promoting ef-
fects of this AVP metabolite have also been reported
(Zhou et al., 1997; Yan et al., 2002). Although, the
meaning of the frequent observation of reciprocal syn-
aptic contacts between AVP and CRF containing neu-
rons inside PVN of MH rats remains yet unclear, it
suggested the existence of abnormal synaptogenesis
which produces short-circuit-like aberrant reciprocal
synaptic connections in this neuro—hormonal stress-
coping related brain region that could serve as a patho-
physiological substrate for the exhibited stress over-
reactivity and high anxiety behaviours.

CONCLUSION

In conclusion, the initial EM observation of the reciprocal
synaptic connections between AVP and CRF containing
neurons in the hypothalamic paraventricular region from
this study suggests the existence of synaptic pathways
between these two main stress-coping related neuropep-
tidergic systems in stress over-reactive MH. Hence, our
findings open a potential research area for the investiga-
tion of the anatomo-functional substrates underlying stress
related emotional disturbances in MH offspring. Further-
more, this study demonstrated that hyperthyroidism in an
early window of development leads to persistent changes
in structure and function of the rat brain, which result in a
reduced ability of coping with certain stressful conditions.
Due to the possible relevance of this disorder to public
health, further detailed studies should be encouraged to be
pursued.
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Maternal Hyperthyroidism in Rats Impairs
Stress Coping of Adult Offspring
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Pablo Valle-Leija,1 Arturo Vega-Gonze'llez,l and Teresa Morales’
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Given the evidence that maternal hyperthyroidism (MH)
compromises expression of neuronal cytoskeletal pro-
teins in the late fetal brain by accelerated neuronal dif-
ferentiation, we investigated possible consequences of
MH for the emotional and cognitive functions of adult
offspring during acute and subchronic stress coping.
Experimental groups consisted of male rat offspring
from mothers implanted with osmotic minipumps infus-
ing either thyroxine (MH) or vehicle (Ctrl) during preg-
nancy. Body weight and T4 level were monitored during
the first 3 postnatal months, and no differences were
found with the controls. We analyzed hippocampal CA3
pyramidal neurons and dentate granular cell morphol-
ogy during several postnatal stages and found
increased dendritic arborization. On postnatal day 90 a
modified subchronic mild stress (SCMS) protocol was
applied to experimental subjects for 10 days. The Mor-
ris water maze was used before, during, and after
application of the SCMS protocol to measure spatial
learning. The tail suspension test (TST) and forced-
swimming test (FST) were used to evaluate behavioral
despair. The MH rats displayed normal locomotor activ-
ity and spatial memory prior to SCMS, but impaired
spatial learning after acute and chronic stress. In both
the FST and TST we found that MH rats spent signifi-
cantly more time immobile than did controls. Serum
corticosterone level was found to increase after 30 min
of restraint stress, and corticotropin-releasing factor
immunoreactivity was found to be increased in the cen-
tral nucleus of the amygdala. Our results suggest that
MH in rats leads to the offspring being more vulnerable
to stress in adulthood. © 2007 Wiley-Liss, Inc.

Key words: depression; spatial learning; corticotropin
releasing factor; corticosterone

Hormones markedly affect neuronal structure and
function in various ways throughout life. During preg-
nancy, maternal thyroid hormones [trilodothyronine
(T3) and thyroxine (T4)] cross the placenta in rat
(Obregon et al., 1984; Morreale de Escobar et al., 1988)
and human (Vulsma et al.,, 1989) and are postulated to
regulate fetal brain development. The relatively inactive

© 2007 Wiley-Liss, Inc.

T4 1s converted to the more active form, T3, in brain
tissue by the action of the enzyme deiodinase type II
(Tanaka et al., 1981; Courtin et al., 1988). Thyroid hor-
mone (TH) appears to regulate those processes associated
with terminal brain differentiation such as dendritic
and axonal growth, synaptogenesis, neural migration,
and myelination (for a review, see Oppenheimer and
Schwartz, 1997). TH also plays a significant role in the
proliferation and survival of brain cells. A deficiency of
TH alters the expression of several members of the Bcl-
2 family, down-regulating proapoptotic genes and up-
regulating antiapoptotic ones (Singh et al., 2003), and
increases pro—nerve growth factor and p75 neurotrophin
receptor levels associated with enhanced apoptosis
(Kumar et al., 2006) in developing rat cerebellum and
cerebral cortex, respectively.

Most studies of prenatal thyroid disorders, both in
humans and in rats, have centered on hypofunction
because of the high incidence of hypothyroidism and the
severe consequences it has for offspring. Nevertheless,
maternal hyperthyroidism (MH) is a significant endo-
crinologic disorder in pregnancy. The prevalence of thy-
rotoxicosis, predominantly Graves’ disease, has been
reported to be 0.05-0.2%, with an additional 3% of
mothers exhibiting gestational transient thyrotoxicosis
(Burrow, 1993; Glinoer, 1997; Polak et al., 2006).
However, according to clinical reports, only 1% of chil-
dren born to women with Graves’ disease are described
as having hyperthyroidism, and overt neonatal hyper-
thyroidism is rare and concerns only 1 of 50,000 neo-
nates (Polak, 1998). On the other hand, studies in an
animal model of MH have shown that this condition
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compromises expression of neuronal and astrocytic
cytoskeletal proteins in the late fetal brain, suggesting
accelerated neuronal differentiation (Evans et al., 2002).
This aberrant timing of the central nervous system
(CNS) development might lead to subtle but irreversible
changes in its synaptic wiring, which could exert crucial
influences on neural plasticity in adulthood, although the
individual might be seen as normal in an unaltered situa-
tion. Despite numerous studies on the molecular and
neurochemical effects of hyperthyroidism in the prenatal
period, little is known about the long-term consequen-
ces of such postulated early-developmental acceleration
of the CNS in the adulthood of offspring.

Any physical or psychological stressor that threatens
the homeostasis of an organism can initiate a set of
behavioral and neuroendocrine responses intended to help
the organism to adapt to the altered situation. In conduct-
ing this neuroendocrine response, the limbic-hypothal-
amo-pituitary-adrenal axis and the sympathoadrenal axis
are two major pathways mediating the major compo-
nents of the stress response (Gulpinar and Yegen, 2004).
Recent opinions on stress emphasize that there are indi-
vidual differences and several response patterns in coping
with these challenges (McEwen and Sapolsky, 1995).
The role of stress in induction, maintenance, and relapse
of psychiatric dysfunction is well established, and there is
good evidence that changes in glutamatergic and dopa-
minergic neurotransmission in the prefrontal cortex and
hippocampus may be responsible for behavioral abnor-
malities seen in emotional disturbances (Moghaddam,
2002). A recent hypothesis on the pathophysiology of
depressive disorders involves adaptive plasticity of the
neural system. As proposed by Duman et al. (1999),
depression could result from an inability to make the
appropriate responses to stress, as a consequence of a
dysfunction of the normal mechanisms underlying neural
plasticity.

The goal of the present study was to investigate
whether MH produces anatomocytochemical relatively
stable lifelong changes during development that could
influence or alter the adulthood behaviors of offspring,
especially their vulnerability to stress. We used the well-
validated chronic mild stress protocol to produce mild
and unpredictable daily stressful situations for the rats.
This protocol is regarded as closely modeling the human
situation, consisting more of daily hassles than traumatic
events (for reviews, see Willner, 1997, 2005).

MATERIALS AND METHODS
Animals

Wistar rats from the animal house of our Faculty of
Medicine were used in this study. All animal procedures were
performed in accordance with the principles presented in the
“Guidelines for the Care and Use of Mammals in Neuro-
science and Behavioral Research” by the National Research
Council. Ten postnatal day 90 (P90) female rats were
implanted subcutaneously with Alzet osmotic pumps (Model
2ML4, pumping rate 2.5 pL/hr for 28 days) infusing either
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thyroxine (to progenitors of MH subjects) or vehicle [to pro-
genitors of control (Ctrl) subjects]. The dose of thyroxine
(T4; T2501, Sigma-Aldrich Inc.) was 1.5 pg/100 g of premat-
ing body weight per day (for detailed chemical preparation
procedures, see Evans et al., 2002). With this dose, the female
rat serum T4 concentration was about 2.26 * 0.14 ng/dL
(n = 4) , whereas that of the control females was about 1.34
* 0.11 ng/dL (n = 4). This measurement was made with the
chemiluminescent  microparticle  immunoassay  (CMIA,
ARCHITECT®, Abbott Laboratories, Abbott Park, IL). After
a 2-day recovery period, females were mated with normal
males. Osmotic pumps were removed from the females on
offspring postnatal day 1 (P1). At the end of lactation (off-
spring P30), four male offspring rats per progenitor were ran-
domly chosen to form either the MH group (n = 20) or the
Ctrl group (n = 20). Further selection for experimental
manipulations was performed randomly. All animals were
maintained in an artificial 12-hr light:12-hr dark cycle (lights
on at 16:00) in a room at 22°C with food and water ad libi-
tum, except when the subchronic mild stress protocol
required deprivation. Body weight was monitored, and plasma
T4 level was measured with the CMIA microparticle immu-
noassay as above mentioned.

Experimental Design and Stress Procedure

Experimental procedures were performed when rats
were in the young adult stage (starting at P90, body weight
350 £ 10 g) except for morphological analysis, in which brain
samples were collected at P7, P30, and P75 and processed
with the Golgi-Cox impregnation method (see detailed
description below). A modified subchronic mild stress proto-
col (SCMS) lasting 10 days was used in this study (Table I).
The regimen consisted of the application of a variety of
unpredictable stressors, one per day, which included: 30 min
of restraint stress (confinement into a cylinder 20 ¢cm long and
7.5 cm in diameter), habitat changing with increased light and
noise, one light cycle of sleep deprivation (four rats housed in
cages 39 X 75 X 34 cm with a 3-cm water level and four
islands made of cylinders 8 cm in height and 7.5 cm in diame-
ter), 1 day of food and water deprivation, one 10-min period
of electric foot-shock stressor (0.2 rnA, 0.5-sec pulse, 2 per
min over 10 min for a total of 20 shocks; Heinrichs and
Koob, 2005). The behavioral and cognitive tests specified
below also served as unpredictable stressors during the 10-day
protocol. A summary of the experimental design is shown in
Table 1.

Morris Water Maze

The Morris water maze (MWM; Morris, 1984) assesses
spatial learning and memory retention. A black circular pool
(diameter 156 cm, height 80 cm) filled with 30 cm of water
(25°C £ 1°C) with visual cues was used for this cognitive
test. A circular black escape platform (diameter 12 cm) was
submerged 1 cm