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1. Resumen 

La arginina-vasopresina (AVP) se sintetiza en el hipotálamo y es principalmente secretada 
por la neurohipófisis hacia el torrente circulatorio. Sus funciones periféricas principales son 
la regulación de la homeostasis hidroelectrolítica corporal y la presión arterial. La AVP 
pertenece al grupo de señalizadores llamados neuromoduladores peptídicos que, según 
nuestro entendimiento actual, coordinan las actividades neurales para optimizar el 
procesamiento de información a través de modular funciones de diferentes áreas cerebrales, 
tales como comportamiento social, la cognición y la emocionalidad. Por otro lado, los últimos 
años 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 participación del clásico eje de respuesta al estrés (hipotálamo-
pituitaria-adrenal). Sin embargo, las evidencias recientes sugieren que el sistema 
vasopresinérgico podría tener un papel preponderante en la respuesta al estrés durante el 
periodo perinatal. Cabe señalar que durante el desarrollo temprano, el sistema 
vasopresinérgico tiene un papel importante en la morfogénesis de sus órganos diana. Durante 
la transición de la vida fetal a extrauterina, éste ayuda a mantener el equilibrio 
hidroelectrolítico y un adecuado flujo sanguíneo a órganos vitales. Al nacimiento el sistema 
vasopresinérgico aún es inmaduro y continuará desarrollándose hasta la pubertad. 

            Dada la asociación anatomofuncional y neuroquímica entre el sistema 
vasopresinérgico hipotalámico 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 
neuroanatomía funcional del sistema vasopresinérgico neurosecretor y sus cambios 
dinámicos, cuando el organismo se somete a situaciones adversas durante el desarrollo y en 
la adultez. El objetivo es aportar información sobre la influencia del estrés en la edad 
temprana al sistema vasopresinérgico y una descripción detallada enfocada sobre la 
conectómica de este sistema y su consecuencia en el comportamiento. Para ello, empleamos 
técnicas electrofisiológicas (registros in vivo e in vitro), marcajes yuxtacelulares, 
reconstrucciones anatómicas, métodos inmunohistoquímicos y anatómicos, en combinación 
con modelos de estrés perinatal, hipertiroidismo prenatal y separación materna neonatal, y 
pruebas conductuales para evaluar la emocionalidad y cognición. 

            Los resultados de esta tesis consisten en una serie de trabajos científicos publicados 
o en vía de ser publicados. Todos los trabajados fueron realizados por nuestro grupo de 
investigación con una importante participación mía 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 sólo cuando los sujetos experimentales se 
encuentran con el sistema vasopresinérgico regulado a la alta ("ansiedad condicionada"); 2) 
la separación materna neonatal potencia el sistema vasopresinérgico incrementando el 
mRNA de AVP en el hipotálamo tanto en el periodo neonatal como en la adultez, resultando 
un mayor volumen de los núcleos paraventricular y supraóptico; la liberación de ligando 
durante un reto osmótico también se ve incrementado significativamente; 3) la hipertonicidad 
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y la administración de antagonista especifico del receptor V1b (SSR149415) modifica 
diferencialmente el desempeño de los sujetos estresados y control, en el laberinto acuático 
de Morris; 4) las fibras vasopresinérgicas provenientes de los núcleos magnocelulares del 
hipotálamo inervan extensivamente la subregión CA2 del hipocampo tanto ventral como 
dorsal estableciendo sinapsis con neuronas piramidales e interneuronas.  Por último, el uso 
de la técnica de registro extracelular y marcaje yuxtacelular con neurobiotina, en 
combinación con análisis anatómico e inmunohistoquímico post hoc, nos han permitido 
visualizar una gran porción axónica de las neuronas vasopresinérgicas neurosecretoras 
magnocelulares (MNN's, por sus siglas en inglés para homogeneizar la terminología con las 
publicaciones) que antes no se habían podido visualizar. La característica de poseer 
colaterales axónicos que proyectan hacia una extensa área intracerebral ya no es un fenómeno 
esporádico sino común, dejando un desafiante tema de investigación para el futuro cercano 
que es el descubrir sus significados fisiológicos.  

            La relación entre estos resultados experimentales y sus implicaciones para nuestro 
entendimiento sobre la modulación 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, así 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 Inglés:  

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 I 
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 MNNs 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. 
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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 

hipófisis alteraban la presión arterial (Oliver and Schafer, 1895).  En 1925 a través de los 

trabajos pioneros de Starling y Verney se describió el principal efecto de la vasopresina, su 

efecto antidiurético, (Starling and Verney, 1925). Para 1951, el grupo de du Vigneaud logró 

su purificación (Selye, 1936) y la caracterizó como un nona-péptido (Cys-Tyr-Phe-Gln-Asn-

Cys-Pro-Arg-GlyNH2) que consiste de un anillo de 6 aminoácidos con un puente disulfuro 

uniendo la cisteína 1 y 6, y una cola de 3 aminoácidos (Figura 2-1)  (Vigneaud et al., 1953). 

Los estudios de Gottschalk y Mylle mostraron que el efecto antidiurético de la vasopresina 

se ejercía principalmente aumentando la permeabilidad de los túbulos colectores distales del 

riñón (Gottschalk and Mylle, 1959).  

Figura  2-1 Estructura química de la arginina 
vasopresina véase la arginina presente en la octava 
posición (imagen tomada de Wikipedia: 
http://en.wikipedia.org/wiki/Vasopressin).  

 

 

El sistema vasopresinérgico participa en numerosas funciones e.g. regulación del 

equilibrio hidro-electrolítico (Ludwig et al., 1994, Robertson et al., 1976); regulación de la 

presión arterial (Dunn et al., 1973); coagulación sanguínea (Haslam and Rosson, 1972); 

metabolismo energético (Hems et al., 1975); liberación 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 años 

(Acher et al., 1995). 
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 El gen de la vasopresina al igual que el de la oxitocina, de la cual difiere tan solo en 

dos aminoácidos (Ile por Phe en la posición 3 y Leu por Arg en la posición 8), está 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 además neurofisina 

II, y un glicopéptido asociado a vasopresina (Schmale et al., 1983, Land et al., 1982). Para el 

caso del sistema hipotálamo neurohipofiseal, la vasopresina se sintetiza en los somas de 

neuronas magnocelulares neurosecretoras (MNN´s)  de los núcleos paraventricular (PVN) y 

supraóptico (SON) hipotalámicos (Figura  2-2). Posteriormente, este péptido es transportado 

anterógradamente por los axones de las células MNN´s hasta el lóbulo posterior de la 

hipófisis o neurohipófisis donde es liberado de las terminales axónicas ante un aumento de 

la osmolaridad plasmática o por pérdida de volumen sanguíneo (Dunn et al., 1973) 

contribuyendo al control periférico del equilibrio hidroelectrolítico, del metabolismo 

hepático 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 biológicamente activa (Zimmerman and Robinson, 1976, Sachs and 

Takabatake, 1964), además, se desconocen las funciones del glicopéptido asociado a 

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

neurohipófisis.  

 

  

Figura  2-2 El núcleo paraventricular y supraóptico del 
hipotálamo son los principales sitios de producción de 
vasopresina y forman el inicio del sistema hipotálamo 
neurohipofiseal. Panel superior: Esquema que muestra 
la localización de los núcleos PVN y SON así como el 
tracto hipotálamo neurohipofiseal  dirigiendose a la 
eminencia media - tallo hipofisiario y terminando en la 
neurohipófisis. En el esquema están representados 
axones que terminan en la eminencia media, donde 
liberan su contenido hacia la circulación porta-
hipofisiaria. Paneles inferiores: Fotomicrografias de 
reacciones contra AVP en núcleo paraventricular 
(izquierda) y supraóptico (derecha). Barras de escala: 
200 µm. 
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La hipófisis fue descrita desde los tiempos de galeno (AD 129-216), quien proponía que su 

principal papel era el de drenar la flema del cerebro hacia la nasofaringe (Kaplan, 2007), la 

palabra pituitaria deriva del latín pituita que significa flema.  Para 1838, Rathke, describió el 

desarrollo de la hipófisis, como formada a partir de la fusión de una invaginación de la 

cavidad bucal primitiva y una evaginación de la base del cerebro, la estructura interna de la 

hipófisis refleja este origen, la parte anterior que deriva de la bolsa de Rathke está compuesta 

de células secretoras, mientras que la parte posterior de la hipófisis (neurohipófisis)  se 

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

 

La primera observación de fibras nerviosas en el lóbulo posterior de la hipófisis fue 

hecha por Ecker en 1853 y posteriormente fue confirmada por otros investigadores, entre 

ellos Santiago Ramón y Cajal, que en 1894, describió un núcleo situado detrás del quiasma 

óptico como fuente de estas fibras (Harris and Donovan, 1966). Una característica importante 

de estos axones es que son de gran diámetro y que presentan varicosidades o 

ensanchamientos llamados cuerpos de Herring, en honor a quien en 1908 los describió como 

gotas de coloide en el lóbulo neural (Herring, 1908). Además de las neuronas 

magnocelulares, las neuronas parvocelulares cuyos somas se ubican principalmente en la 

parte medial del núcleo paraventricular, envían terminales axónicas a la eminencia media, 

donde la vasopresina liberada entra al sistema porta hipofisario y es transportada a la hipófisis 

anterior (adenohipófisis), donde puede modular la actividad de los corticotropos (Figura 2-

2). 

Figura  2-3 El sistema hipotalámico 
neurohipofiseal: Neuronas vasopresinérgicas del 
núcleo paraventricular y núcleo supraóptico 
envían axones a la parte posterior de la hipófisis, 
donde liberan su contenido a la circulación para 
ejercer sus efectos antidiuréticos y vasopresores. 
Modificado de  www.vetbook.org/wiki/ 
cat/index.php/Diabetes_insipidus. 
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 Además de las proyecciones de las neuronas vasopresinérgicas hipotalámicas hacia 

la hipófisis, proyecciones axonales vasopresinérgicas con origen en el núcleo paraventricular 

y supraóptico se dirigen al cerebro posterior y a la médula espinal, donde probablemente 

controlan funciones autonómicas tales como tensión arterial y frecuencia cardiaca 

(Sawchenko and Swanson, 1982). El núcleo supraquiasmático, que también tiene una 

población de pequeñas células vasopresinérgicas, envía axones hacia áreas alrededor del 

tercer ventrículo, probablemente regulando funciones circadianas (Hoorneman and Buijs, 

1982). El núcleo del lecho de la estría terminalis (BNST) y la amígdala medial también 

contienen células que sintetizan vasopresina y se ha mostrado que proyectan a estructuras del 

cerebro anterior, tales como el septum lateral y núcleo de la habénula lateral y a estructuras 

del cerebro medio tales como núcleo rafe dorsal y locus coeruleus (De Vries and Buijs, 1983, 

Caffe et al., 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 ventrículo 

entre el día embrionario 13 (E13) y E15 y migran al núcleo supraóptico y paraventricular  

(E17‐19); durante la migración y una vez establecidas en estos núcleos, las neuronas 

empiezan a producir vasopresina ante estímulos osmóticos. A finales de la etapa fetal y los 

primeros días de vida extrauterina, el número de neuronas que expresan vasopresina y la 

concentración de vasopresina continúa aumentando hasta la pubertad (Figura  2-4). 

 

 

 

Figura  2-4 El contenido cerebral de 
vasopresina aumenta considerablemente 
después del nacimiento. Modificado de 
Ugrumov, 2002 (Ugrumov 2002) 
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Durante el desarrollo temprano, la vasopresina contribuye a la regulación de la 

proliferación y la morfogénesis de las células y órganos diana (cerebro, hipófisis, riñones e 

hígado), alrededor del nacimiento contribuye al establecimiento de un nuevo equilibrio en 

los fluidos corporales y la adaptación del feto en el periodo de parto. Después del nacimiento, 

la vasopresina, induce una redistribución del flujo sanguíneo a través del sistema 

cardiovascular con el fin de aumentar el volumen de sangre en los órganos vitales y en los 

responsables de la reacción al estrés (el cerebro, la glándula pituitaria, el corazón, las 

glándulas suprarrenales), mientras que reduce el flujo sanguíneo en otros órganos periféricos. 

Después del nacimiento el papel fisiológico de la vasopresina se extiende a la regulación del 

sistema cardiovascular, la reabsorción del agua en los riñones y la glucogenólisis en el hígado 

(Ugrumov, 2002). Las fibras extra-hipotalámicas vasopresinérgicas aparecen por vez primera 

el día fetal 17 (Buijs et al., 1980). Una vía ventral directa hacia el bulbo olfatorio comienza 

a desarrollarse el día 18 del feto, fibras AVP-positivas son también demostrables en otras 

áreas extra-hipotalámicas, por ejemplo en la amígdala y en el cuerpo calloso, y con frecuencia 

se ven procesos penetrando en la capa de células ependimarias del tercer ventrículo. Para el 

día postnatal 2 se pueden observar fibras en el hipocampo ventral y en la parte ventral del 

tallo cerebral, para el día postnatal 10 fibras provenientes del núcleo supraquiasmático 

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

 Los efectos de la vasopresina dependen de la unión con sus receptores, de los cuales 

se han caracterizado tres tipos. Periféricamente, el receptor V1a se distribuye principalmente 

en los vasos sanguíneos, corazón, hígado, riñones y plaquetas, el receptor V1b se expresa 

principalmente en los corticotropos de la hipófisis anterior (Laycock, 2010), ambos 

receptores están acoplados a proteínas Gq/11 que se asocian a la activación de la cascada de 

inositol trifosfato (IP3) y la movilización de calcio intracelular. El receptor V2 se ubica 

principalmente en las células principales de los túbulos renales distales y se halla acoplado a 

la activación de la fosfolipasa C (PLC) y a la producción de AMP cíclico (cAMP) (Barberis 

et al., 1998). A nivel del sistema nervioso central, la vasopresina ejerce sus efectos a través 

de la activación de receptores V1a y V1b, los receptores V1a se distribuyen ampliamente en 

todo el cerebro (Szot et al., 1994) mientras que la expresión de los receptores V1b se ha 

demostrado en el hipotálamo, la amígdala, el cerebelo, los órganos circunventriculares, el 
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hipocampo, el cuerpo estriado, la corteza, el tálamo, 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 reabsorción renal de agua y aumentar el tono del músculo liso 

vascular para aumentar la tensión  arterial, principalmente en respuesta a pérdidas de 

volumen sanguíneo o a un aumento de osmolaridad plasmática (Figura  2-5).  

 

Además de los efectos clásicos sobre la homeostasis hidroelectrolítica y la función 

cardiovascular, se han demostrado otros efectos de esta hormona ante situaciones de estrés 

físico o emocional, tales como aumentar la glucemia estimulando la glucólisis (Hems et al., 

1975) y estimulando la actividad del ciclo de Krebs (Patel, 1986); induce hemostasia 

favoreciendo la agregación plaquetaria (Haslam and Rosson, 1972) y estimulando la 

liberación del factor de von Willebrand (Nussey et al., 1986) y la síntesis de factor VIII 

(Mannucci et al., 1977); además sinergiza con el factor liberador de corticotropina (CRF) 

para la estimulación de los corticotropos. En condiciones normales el efecto de CRF es 

predominante, en respuesta ante la mayoría de los estímulos estresantes, sin embargo, en 

algunas situaciones tales como estrés crónico (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 hipotálamo-pituitaria-adrenal (HPA). 

 

 

 

Figura  2-5 Efecto del cambio de osmolaridad plasmática 
y de volumen sanguíneo sobre la  concentración 
plasmática de vasopresina. Modificado de Dunn, F.L. et 
al. 1973 
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 Más aun, tambíen 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 cuál demostró que la remoción del lóbulo posterior 

de la hipófisis evitaba que las ratas pudieran ser condicionadas en una prueba de evitación, y 

que los extractos de pituitaria o la vasopresina restauraban la conducta de evitación  (De 

Wied, 1965, De Wied, 1971). A partir de entonces una plétora de estudios han evaluado los 

efectos de la vasopresina en la modulación de conductas de agresión, 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 crónico (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 modulación de los estados de ansiedad, entre las cuales encontramos que 

con la exposición al estrés hay un aumento en la síntesis y la liberación de vasopresina en el 

hipotálamo, núcleo central de la amígdala 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). Más aún, las ratas Brattleboro, que 

genéticamente no expresan vasopresina, tienen niveles bajos de ansiedad (Williams et al., 

1985), farmacológicamente, antagonistas no selectivos V1a/V1b han mostrado propiedades 

ansiolíticas (Liebsch et al., 1996), y el nuevo antagonista selectivo del receptor V1b, 

SR149415, provocó un aumento selectivo y significativo de respuestas castigadas en la 

prueba de ansiedad de Vogel (VCT) indicando un efecto ansiolítico (Griebel et al., 2002). 

Por último, la aplicación en septum del oligonucleótido anti sentido del receptor V1a suprime 

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

 En relación a los efectos de la vasopresina sobre el aprendizaje y la memoria, los 

trabajos iniciales de De Wied mostraban que la inyección de vasopresina sistémicamente 

mejoraba el desempeño de las ratas en un protocolo de evitación pasiva (De Wied, 1965), 

efecto confirmado con la inyección de vasopresina directamente al hipocampo ventral  

(Ibragimov et al., 1989), múltiples líneas de investigación indican que la vasopresina y sus 
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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 inyección de vasopresina 

por microdiálisis en el septum interfiere con la adquisición de aprendizaje en la prueba de 

aprendizaje espacial del laberinto acuático de Morris (MWM) (Engelmann et al., 1992), otros 

estudios electrofisiológicos han mostrado la facilitación de potenciales postsinápticos 

excitatorios en el giro dentado (Chen et al., 1993) así como un aumento prolongado de la 

excitabilidad de neuronas en el hipocampo ventral ((Chen et al., 1993, Chepkova et al., 2001, 

Urban, 1998). El sistema septo‐hipocampal recibe una importante inervación 

vasopresinérgica (Alescio-Lautier et al., 2000, Buijs, 1978) y se considera que en esta 

estructura las acciones de la vasopresina están mediadas por receptores V1a acoplados a 

proteínas Gq y a la activación de PLC, que se expresan ampliamente en CA1, CA2 , CA3 y 

giro dentado (Barberis and Tribollet, 1996, Bielsky et al., 2005, Raggenbass, 2001, Szot et 

al., 1994).  

 Los receptores V1b también están acoplados a la activación de PLC, pero su 

distribución es más específica (Hernando et al., 2001, Lolait et al., 1995a, Stemmelin et al., 

2005).Young realizó un estudio de hibridación in‐situ utilizando ribosondas marcadas, con 

alta sensibilidad contra el receptor V1b y encontró que en ratones, los receptores V1b sólo 

se expresan prominentemente en neuronas piramidales de CA2 de hipocampo (Young et al., 

2006), la función de dichos receptores V1b aún no ha sido esclarecida. En contraste con la 

gran cantidad de estudios sobre los efectos conductuales y electrofisiológicos de la 

administración de vasopresina en el hipocampo, o los detallados estudios sobre la expresión 

de subtipos de receptores en hipocampo, poco se conoce sobre el origen de las fibras que 

inervan el hipocampo, la distribución de esta inervación dentro de las regiones hipocampales 

o el tipo de sinapsis que forman. 
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2.2 El sistema de respuesta al estrés 

La habilidad que tenga un organismo de responder a amenazas internas o externas es crítica 

para su sobrevivencia. A la serie de  respuestas fisiológicas que se ponen en marcha para 

restaurar el equilibrio cuando el organismo es expuesto a estímulos que lo alejan de la 

homeostasis se le define como estrés (Selye, 1936). El término estresor se refiere a cualquier 

estímulo, real o percibido que induce una respuesta de estrés. Generalmente un aumento 

significativo en la concentración de “hormonas de estrés” (i.e. adrenalina, noradrenalina, 

glucocorticoides) es un indicador de una respuesta al estrés. Es importante notar que hay 

múltiples sistemas que están encargados de orquestar dicha respuesta al estrés y que éstos 

tendrán una mayor o menor participación dependiendo del tipo, severidad y temporalidad del 

estresor.   

 El sistema autónomo está encargado de la regulación de muchas funciones a través 

de sus conexiones recíprocas con prácticamente todos los órganos 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 simpático y parasimpático, los cuales preparan al cuerpo para un estado de 

escape/lucha o de reposo/síntesis respectivamente. Por ejemplo, ante una amenaza la rama 

simpática promoverá el incremento en la frecuencia y fuerza de contracción del corazón, 

aumento de flujo sanguíneo a músculos esqueléticos, disminución del peristaltismo intestinal, 

y aumento de la glucemia. El sistema nervioso simpático inerva la porción medular de las 

glándulas suprarrenales, y la activación de este sistema simpato-adrenal lleva a la liberación 

de catecolaminas (adrenalina y noradrenalina), lo que induce una respuesta adaptativa rápida 

ante el estresor (Figura 2-6), al mismo tiempo que se ponen en marcha otros sistemas que 

sostendrán esta respuesta por más 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 hipotálamo, una región filogenéticamente antigua del cerebro en 

la que neuronas localizadas en el núcleo paraventricular del hipotálamo (PVN)  integran 

información 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 circulación periférica, la ACTH tiene receptores en células que se hallan  en la 

corteza de las glándulas adrenales, las cuales son capaces de sintetizar glucocorticoides 

(principalmente cortisol en humanos y corticosterona en ratas) (Figura  2-6). Los 

glucocorticoides secretados tienen efectos pleiotrópicos, con un curso temporal diferido y 

más duradero. Entre sus efectos destacan la alteración del metabolismo energético, la 

degradación proteica, efectos cardiovasculares y efectos sobre la conducta (Boron and 

Boulpaep, 2009).  Se considera clásicamente que ante prácticamente cualquier estresor 

respondemos con una activación estereotípica del eje HPA, con liberación de CRF  ACTH 

 glucocorticoides.  

  

 

 

Figura  2-6 El sistema de respuesta 
al estrés puede actuar de una forma 
rápida a través del sistema simpato-
adrenal y la consiguiente liberación 
de catecolaminas por la médula 
adrenal, o más lenta y 
prolongadamente por medio de la 
activación del sistema HPA y la 
consiguiente liberación de 
glucocorticoides. Ante algunos 
estresores, la hormona vasopresina 
juega un papel relevante como 
sinergista de CRF o como 
protagonista en la respuesta al 
estrés. Sistemas de 
retroalimentación negativa 
contribuyen a terminar la respuesta 
cuando se alcanza la homeostasis, 
fallas en dichos sistemas son 
deletéreos para el individuo. 
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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 hipófisis (Aguilera and Rabadan-Diehl, 2000, Antoni, 1993). En casos de 

pérdida de volumen sanguíneo o de aumento de la osmolaridad plasmática, 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 crónico (Zelena et al., 2008, Ducsay et 

al., 2009, Chowdrey et al., 1995). 

 La respuesta individual al estrés está determinada por la  configuración genética del 

individuo  y la influencia del ambiente a las que ha estado sujeto. Cada vez es más claro que 

el estrés durante el desarrollo temprano es un factor importante en la programación de 

distintos aspectos de la fisiología 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 

privación de comida durante la gestación 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 fármacos (talidomida) se ha asociado a defectos en la formación de 

las extremidades (McCredie and Willert, 1999). Por  último, la alteración 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 propensión a sufrir trastornos 

emocionales como depresión 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 psicopatologías. Cada vez es más claro que la interacción entre el ambiente y el 

genoma determinará en qué punto en el contínuum del espectro resiliencia-vulnerabilidad se 

ubicará el individuo  (Figura 2-7). 

 

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 

específicos de tipos celulares, regiones cerebrales y ventanas temporales (diferenciación 

celular, proliferación y migración neuronal, formación de sinapsis, mielinización, apoptosis) 

(Rice and Barone, 2000). Es durante estos procesos que la experiencia puede modelar el 

neurodesarrollo, a este fenómeno se le llama neuro-plasticidad. Los pronunciados efectos 

organizacionales del estrés perinatal pueden deberse a la aumentada plasticidad durante estas 

etapas. La teoría del origen de la enfermedad y salud en el desarrollo, propuesta por Barker 

en 1986 plantea que la adaptación temprana del organismo a las condiciones ambientales 

prevalentes modela la estructura y función de los órganos (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 tendrán mayor posibilidad de alterar su desarrollo 

Figura  2-7. La respuesta al estés durante la vida adulta 
es altamente variable entre individuos, y depende de 
factores tales como la naturaleza del estresor 
(intensidad, duración, predictibilidad, tipo, etc). La 
eficiencia de los individuos para enfrentarse al estrés 
los coloca en algún punto del espectro de resiliencia-
vulnerabilidad, siendo los más vulnerables aquellos 
individuos que ante un estrés tienen más posibilidades 
de desarrollar respuestas mal adaptativas o 
psicopatologías. El lugar que ocupa un individuo dentro 
de este espectro está determinado por la influencia 
modeladora que el ambiente tuvo sobre su genoma 
(neuroplasticidad). Existen etapas críticas en la 
formación de los circuitos de respuesta al estrés (líneas 
curvas) donde hay una mayor neuroplasticidad, durante 
estas etapas sensibles el ambiente puede alterar 
importante y perdurablemente el desarrollo de estos 
sistemas. Estas etapas ocurren sobre la base de etapas 
que previamente fueron críticas en el desarrollo de 
dichos sistemas. Modificado de Wright, L  2012. 
(Wright and Perrot, 2012) 
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normal  (Fumagalli et al., 2007). La identificación de los sustratos neurobiológicos que son 

afectados por los estresores perinatales puede ayudar a esclarecer cómo es que la experiencia 

puede “programar” nuestra personalidad y conducta  y contribuir a identificar blancos para 

el tratamiento de trastornos psiquiátricos.  

 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 mayoría de los modelos de estrés prenatal hembras gestantes se 

exponen a diversos estresores físicos, psicológicos u hormonales y se estudian los cambios 

estructurales y conductuales  a corto y largo plazo. Diversos paradigmas han sido usados 

tales como inmovilización (Maccari et al., 1995), estrés crónico variable (Koenig et al., 

2005), exposición a privación de sueño, choques eléctricos, inmersión en agua fría, entre 

otros. (Weinstock, 2001).  

 En el caso del estrés durante la etapa fetal, se considera que la información 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 aún pequeñas 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 relación a los estresores post-natales, en roedores durante las dos primeras 

semanas de vida extrauterina, las concentraciones basales de glucocorticoides son bajas y 

estímulos nociceptivos o la administración de ACTH inducen sólo 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 

estímulos que han sido exitosos en activar la respuesta al estrés durante este periodo y 

propiciar cambios perdurables se mencionan a continuación. 

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

la interacción entre la madre y las crías (Levine, 1957). Este modelo consiste en separar y 
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manipular a las crías durante periodos de aproximadamente 15 minutos diarios durante las 

primeras dos semanas de vida. Esta breve manipulación induce una respuesta neuroendocrina 

en las crías y una mayor atención 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). 

Separación materna repetida: este protocolo consiste en separar a las crías de sus 

madres por periodos que oscilan entre una y ocho horas al día y entre una y tres semanas. 

Dentro de este paradigma hay variaciones en relación al tiempo de separación, el periodo 

durante el cual son separadas las crías, si las crías se separan individualmente o la camada 

entera, la temperatura y la humedad durante la separación (Heinrichs and Koob, 2006). Las 

consecuencias en conductas emocionales y cognitivas durante la vida adulta son aun materia 

de debate. 

Separación materna por 24 horas: este paradigma consiste en un único episodio de 24 

horas de separación de la madre. Este modelo ha sido usado ampliamente en el estudio de la 

función 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 selección de 

madres que expresan pocas conductas maternas y madres que expresan conductas maternas 

exesivas, en general se ha visto que las crías de madres con pocas conductas maternas 

expresan un fenotipo más ansioso que las que fueron criadas por madres protectoras (Caldji 

et al., 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 aplicación postnatal de dosis 

grandes de glucocorticoides y se ha observado que modela muchos de los efectos que se 

observan a largo plazo en niños prematuros tratados con glucocorticoides, tales como: 

déficits cognitivos, motores y alteraciones neuroendocrinas (Felszeghy et al., 1993, Feng et 

al., 2015).La aplicación exógena de glucocorticoides durante la etapa neonatal induce 

aumento en conductas de ansiedad y depresión en ratas adultas. 

Siendo el hipotálamo una región 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 liberación de CRF y AVP del 

PVN estimula la secreción de ACTH desde la pituitaria y esto a su vez provoca la liberación 

de glucocorticoides adrenales. Además de la gran cantidad de reportes que describen la 

secreción de CRF-ACTH-glucocorticoides y las anormalidades en sus receptores observadas 

en roedores sometidos a separación materna (Fumagalli et al., 2007, Kalinichev et al., 2002, 

Korosi and Baram, 2009, Kuhn and Schanberg, 1998), se ha reportado que lla maduración 

normal del sistema de AVP desde el periodo perinatal hasta la etapa adulta puede  verse 

afectada por la separación materna. Sin embargo no existe un acuerdo respecto al efecto que 

ésta tiene sobre los niveles de AVP, ya que en el hipotálamo 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 

información acerca de los posibles mecanismos fisiológicos detrás 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-organización en el sistema nervioso central de los organismos. 

La mayoría 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 estrés (eje hipotálamo-pituitaria-

adrenal, HPA). Durante el periodo perinatal, el sistema vasopresinérgico participa 

importantemente en las adaptaciones homeostáticas para la transición desde la vida fetal 

hasta la vida extrauterina, por lo que es posible suponer que este sistema también modula el 

desarrollo del eje HPA.  

Aunque 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 organización anatomo-funcional del sistema vasopresinérgico 

neurohipofiseal (i.e. el sistema que incluyen las neuronas vasopresinérgicas neurosecretoras 

magnocelulares, MNN’s). Si lo hacen, sería importante identificar las conexiones funcionales 

alteradas, y los efectos de la activación de dichas conecciones sobre la actividad neural de 

regiones innervadas por neuronas MNN’s  y sobre las conductas asociadas a dichas regiones. 

 

 

  

21 
 



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

 

 

 

 

 

 

 

 

 

 

4. Hipótesis 
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• La activación temprana del sistema vasopresinérgico hipotalámo -

neurohipofiseal por estresores durante el periodo perinatal genera  

modificaciones perdurables en su estructura y función.  

 

• Las neuronas hipotalámicas vasopresinérgicas magnocelulares 

neurosecretoras (MNN´s) proyectan a diversas estructuras corticales 

involucradas en conductas emocionales y cognitivas. 

 

• La modulación a la alta del sistema vasopresinérgico neurohipofiseal de 

los individuos que se han sometido a estrés temprano, con el sistema 

vasopresinérgico re-organizado, generará cambios en los patrones de 

activación de las regiones inervadas por MNN’s y modificará el 

comportamiento en que dichas regiones participan.  
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5. Objetivos 

24 
 



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

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 regulación del eje hipotálamo-pituitario-adrenal (HPA) y la 

modulación de la cognición y emocionalidad.  

 

Objetivo específicos: 

 
1. Determinar si la exposición a estresores perinatales (hipertiroidismo materno 

y separación materna) alteran el desarrollo normal del sistema 

vasopresinérgico hipotalámico neurohipofiseal (HNS). 

 

1.1. Determinar por ELISA si el hipertiroidismo prenatal modifica las 

concentraciones séricas de AVP en condiciones basales o ante un reto 

osmótico. 

1.2. Determinar por medio de la expresión de Fos (producto del gen de 

expresión temprana c-fos) si el hipertiroidismo prenatal modifica el 

patrón de activación de neuronas MNNs ante un reto osmótico, o 

estímulos ansiogénicos. 

1.3. Determinar por inmunohistoquímica si el hipertiroidismo prenatal 

modifica la expresión de vasopresina en el sistema hipotálamo 

neurohipofiseal. 

1.4. Determinar por ELISA si la separación materna modifica las 

concentraciones séricas de AVP en condiciones basales o ante un reto 

osmótico. 
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1.5. Determinar por medio de la expresión de Fos, si los episodios de 

separacíon materna pueden activar al sistema vasopresinérgico desde 

etapas tempranas del desarrollo. 

1.6. Determinar por hibridación in-situ e inmunohistoquimica si la 

separación materna induce modificaciones en la expresión del mRNA y 

el péptido de vasopresina en los núcleos PVN y SON del hipotálamo. 

 

2. Determinar los patrones de innervación intracerebral de neuronas 

vasopresinérgicas magnocelulares neurosecretoras (MNN’s). 

 

2.1. Determinar por inmunohistoquímica la densidad y el patrón de 

innervación vasopresinérgica en hipocampo. 

2.2. Identificar el fenotipo inmunohistoquímico de los blancos postsinápticos 

de los axones AVP+ en hipocampo. 

2.3. Determinar por medio de trazadores neurales, si los núcleos PVN y SON 

del hipotálamo participan en la innervación vasopresinérgica del  

hipocampo. 

2.4. Caracterizar por medio de inmunohistoquímica y trazado auxiliado por 

computadora el trayecto que toman los axones de proyección central de 

neuronas MNNs vasopresinérgicas que se dirigen hacia hipocampo. 

2.5. Caracterizar por medio de marcaje yuxtacelular, las vías de proyección 

intracerebral de axones de neuronas MNN’s vasopresinérgicas y sus 

blancos regionales. 

 

3. Determinar las consecuencias de la activación del sistema HNS sobre 

conductas emocionales y cognitivas que sean moduladas por áreas inervadas 

por neuronas MNN´s. 
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3.1. Evaluar la conducta de ansiedad condicionada (bajo estrés osmótico, 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 separación materna  

(sistema AVP modificado) en condiciones de modulación a la alta (estrés 

osmótico agudo) o modulación a la baja (antagonista de receptor 

vasopresinérgico). 

3.3. Evaluar el efecto de la activación del sistema vasopresinérgico 

(inyección de solución hipertónica), sobre las conductas pasivas o 

activas de enfrentamiento a un estrés por predador. 

3.4. Determinar si las áreas cerebrales que reciben innervacion AVP por 

neuronas MNNs, modifican su patrón de activación 

(inmunohistoquímica anti Fos) inducido por el predador, cuando el 

animal es sometido a un estrés osmótico. 
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6. Métodos 
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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 Guías para el 

Cuidado y Uso de Mamíferos en Investigación en Neurociencias y Conductual, editada por 

el National Research Council (National Research Council, 2003), los animales fueron 

alojados en un cuarto con adecuada ventilación y temperatura controlada entre 20 y 24 oC, 

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 cirugías donde los animales se recuperasen, éstos se 

mantuvieron con temperatura controlada y se les administró un analgésico mientras se 

recuperaban de la anestesia, posteriormente se dejaron una semana en cajas individuales 

durante la recuperación y posteriormente se regresaron a las condiciones iniciales. En caso 

de registros yuxtacelulares, los animales se mantuvieron profundamente anestesiados hasta 

su sacrificio. 

 

6.2 Inserción de bombas de liberación prolongada de 

hormonas tiroideas 

Ratas hembras en el día postnatal 90 (P90) fueron  sometidas a cirugía para la inserción de 

una bomba osmótica Alzet (modelo 2ML4, tasa de bombeo de 2.5 µl/h, durante 28 días, 

DURECT Corporation), las bombas  se implantaron de forma subcutánea en la región 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 solución salina o con una solución de L-

tiroxina (T4, Sigma-Aldrich Inc. T2501, St. Louis, MO, EE.UU), calculada para liberar 15 

µg/día por kg de peso. Con esta dosis la concentración plasmática de T4 libre en la rata fue 

de aproximadamente 2.26 ± 0.14 ng/dl (n=4), mientras que las ratas controles tenían 

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 plasmáticas 

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 día 10 de gestación, las ratas fueron anestesiadas profundamente y se 

sacrificaron antes de que despertaran. 

6.3 Apareamiento y selección de grupos control y HM 

Después de dos días de recuperación de la cirugía, las ratas hembras se aparearon con machos 

normales durante tres días consecutivos. Las hembras fueron alojadas individualmente 

durante el período gestacional. Las crías nacieron entre 19 y 21 días después de los 3 días de 

apareamiento y los tamaños 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 período de lactancia evitando manipularlas salvo 

para el cambio de cama y la administración de alimento y agua. Las bombas osmóticas fueron 

extirpadas de las ratas 1 día después del parto (P1), bajo anestesia local (0.2 ml de lidocaína 

al 1%). Después de la extracción  la piel se suturó y fueron devueltas a sus jaulas. Las suturas 

se retiraron después de 4 días. Todos estos procedimientos duraron como máximo 20 min. 

No observamos anomalía alguna respecto a la atención 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 

más 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 

glucemia y el nivel de T4 en suero fueron evaluados en el día P90 y no se hallaron diferencias 

significativas entre HM y controles. Los experimentos conductuales se llevaron a cabo entre 

P90 y P100. 

6.4 Inmunohistoquímica para Fos y AVP  en ratas sometidas 

a hipertiroidismo materno 

Los sujetos de experimentación para este experimento fueron perfundidos 90 min después de 

6 horas de privación de agua (WD6h) y posterior a la prueba de conflicto de Vogel  (PVCT).  

Se realizó 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 región magnocelular principal del núcleo paraventricular (PVNlm), 

la zona dorsal del PVN (PVNmpd, principal región de expresión del mRNA para CRF (Viau 

and Sawchenko, 2002)) y al núcleo supraóptico (SON); este criterio se aplicó para hacer 

comparaciones válidas entre los datos obtenidos. Las rebanadas se bloquearon en suero 

normal de caballo (NHS) al 20%, en buffer de Tris (TB, 0.05 M, pH 7.4), más solución salina 

(0.9%), más Tritón X -100 al 0.3% (TBST) por una hora, a temperatura ambiente. 

Posteriormente se hizo la reacción inmune con los siguientes anticuerpos: conejo anti-AVP 

(cortesía de Buijs RM, 1:1000) y cobayo anti-CRF (T-5007, 1:2000, Península Laboratories, 

Torrence, CA, USA); para el marcaje de Fos se usó 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 agitación 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 reacción inmune las rebanadas 

se enjuagaron y se montaron con Vectashield (Vector Laboratories Inc., Burlingame, CA, 

USA) y se analizaron por microscopía de epifluorescencia. 

 Para la cuantificación de neuronas Fos/AVP doble marcadas y para la cuantificación 

de Fos total, se contó el número de neuronas AVP+ y Fos+/AVP+ en el PVNlm y en el SON, 

por rebanada, se calculó el porcentaje de neuronas doble marcadas en relación al número 

total de neuronas AVP+, para la cuantificación de la activación total de Fos se contaron todos 

los núcleos Fos+ dentro de la región magnocelular inmunoreactiva (PVNlm y SON AVP+). 

Para PVNmpd, se hizo el conteo con la ayuda de un tubo de dibujo: se colocó un cuadrado 

dibujado de 0.04 mm2 en el campo visual del tubo, coincidiendo con la zona PVNmpd de tal 

manera que los núcleos 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 hipotálamo-neurohipofiseal (HNS) antes de la aplicación 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 midió la densidad óptica asociada al tracto hipotálamo-
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neurohipofiseal (HNT) en el área hipotalámica anterior (AHA-zona dorsal y ventral) de cada 

grupo, pareando rebanadas coronales antero-posteriormente (n=10) del hipotálamo anterior 

(Bregma -1.08 a -1.86 mm). Los campos (zona dorsal y ventral, correspondientes al HNT) 

con un área de 0.22 mm2 se eligieron con el objetivo 40X y se fotografiaron, usando una 

cámara digital. Las fotografías 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 producción masiva de AVP, formada por la síntesis intermitente de 

este péptido (Yukitake et al., 1977). 

6.5 Medición de concentraciones plasmáticas de vasopresina  

(para animales sometidos a hipertiroidismo materno y 

separación materna) 

Para determinar los niveles plasmáticos de vasopresina (AVP) durante la privación 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 la WD,  a las 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 inmovilizó a las ratas 

usando un tubo de restricción. Para minimizar el efecto estresante de este procedimiento las 

ratas fueron puestas en el mismo tubo (estándar para ratas (Heinrichs and Koob, 2006)) 

durante 30 min, los 3 días 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 proveyó sólo una muestra de 

sangre; esto con la intención de medir la liberación de AVP en respuesta a la WD como único 

estresor osmótico, y evitando que el estrés de la pérdida de sangre ocasionara una mayor 

liberación 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 µl de sangre en micro-tubos enfriados, 

con 0.5 mg de EDTA en las paredes (se agregaron 50 µl de solución 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 

µl por tubo) fue recolectado en otro tubo y almacenado a -70 °C hasta realizar la prueba de 

ELISA. Se utilizó 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 analizó por duplicado. Los coeficientes de variación (CV: desviación 

estándar/promedio) para la variabilidad intra- e inter-ensayo fueron de 11.28% y 9.9%, 

respectivamente, este parámetro se obtuvo calculando el CV de 3 curvas estándar  de los 3 

kits utilizados. 

6.6 Protocolo de separación materna (3hSM) 

El protocolo de separación materna por 3 horas diarias (3hSM), se realizó 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 días. Durante la última semana de 

gestación, las hembras se colocaron cada una en una caja estándar de plexiglás y se 

mantuvieron en condiciones estándar 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 día siguiente al 

parto, P2, cada camada fue ajustada para tener 7 a 8 crías, siendo machos 5 a 6 de cada una. 

Durante el período P2 al P15 las crías fueron separadas diariamente de la madre entre las 900 

horas y las 1200 horas. Las crías fueron removidas de la cama manualmente, las manos del 

manipulador previamente cubiertas por aserrín del nido. Posteriormente se colocaron 

individualmente en una caja pequeña llena con material de su propio nido, se colocaron en 

una incubadora húmeda mantenida a 29 ± 1 °C. Después de 3 horas las crías 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 Inmunohistoquímica para determinar el  volumen de los 

núcleos AVP+ hipotalámicos en animales sometidos a  

separación materna 
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Perfusión, fijación e inmunohistoquímica. Ocho ratas en el día P75 fueron profundamente 

anestesiadas con pentobarbital sódico (Sedalpharma, México, 63 mg/kg i.p.) y perfundidas 

vía aorta ascendente con solución salina 0.9% seguida por 15 minutos de fijador frío 

(compuesto de paraformaldehído 4% en buffer de fosfato de sodio 0.1 M (PB, pH 7.4), más 

15 % v/v de ácido pícrico saturado). Los cerebros fueron removidos, bloqueados y lavados 

con PB. Con el fin de favorecer la inmunoreacción, inmediatamente después de la perfusión 

se obtuvieron, con la ayuda de un vibratomo, secciones coronales de 70µm del hipotálamo 

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 Tritón 100x al 0.3% (TBST) 

más 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 rábano (P021702, 1:100, Dako, Alemania) en TBST + 

1%NSS toda la noche, a 4 °C. La inmunoreacción fue revelada con 3.3’-diaminobencidina 

(DAB, Electron Microscopy Sciences Hatfield, PA, 19440) al 0.05% y H2O2, 0.01% como 

sustratos. Las secciones fueron montadas en cubreobjetos cubiertos de gelatina y dejadas a 

secar por un día. Posteriormente fueron deshidratadas pasándolas por etanol 100% durante 5 

minutos, y xileno 2 veces por 5 minutos, por último fueron montadas con medio de montaje 

Permount (Fischer Scientific).  

6.8 Medición del volumen de los núcleos hipotalámicos 

vasopresinérgicos en animales sometidos a separación 

materna 

Las rebanadas reveladas por inmunohistoquímica fueron observadas, analizadas y 

fotografiadas digitalmente en campo claro usando un microscopio Nikon Eclipse 50i con un 

objetivo 4X y una cámara digital Nikon DS. Los núcleos AVP positivos en la región 

hipotalámica fueron clasificados como SON o PVN  de acuerdo a Paxinos y Watson (Paxinos 

and Watson, 2007). El grupo de neuronas AVP+ de cada región fue delimitado usando Adobe 
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Photoshop y él área en mm2 fue calculado con el plug-in Fovea Pro 4.0 (Reindeer Graphics, 

Asheville, NC, USA). Los volúmenes de cada núcleo/región fueron determinados integrando 

todas las áreas dentro de cada región, multiplicando por 0.07 mm (el grosor de cada 

rebanada), por dos (ya que se tomaron rebanadas alternadas) y por una constante de reducción 

(k). La reducción lineal del tejido después de la reacción de inmunohistoquímica fue 

determinada midiendo el diámetro del cerebro fresco en el quiasma óptico inmediatamente 

después de la perfusión (Lf) y del ancho de la sección coronal deshidratada en las mismas 

coordenadas, después del montaje permanente (Ld). Por lo tanto, k=Lf/Ld. 

6.9 Reconstrucción tridimensional representativa del PVN. 

 Para poder visualizar la dirección del crecimiento del PVN, se hizo una reconstrucción 

tridimensional basada en las coordenadas anatómicas determinadas en microfotografías 

digitales. Se eligió un par de series de rebanadas post-inmunoreacción. Las neuronas AVP+ 

dentro del PVN fueron marcadas usando ImageJ (NIH, MD, USA) en microfotografías 

secuenciales. Las neuronas parvocelulares y magnocelulares fueron diferenciadas de acuerdo 

a sus ejes longitudinales, considerándose magnocelulares aquellas con ejes longitudinales 

mayores a 20 µm, (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 

ubicación bidimensional (x, y) se obtuvieron de ImageJ, (NIH, MD, USA) y la coordenada z 

correspondía a la posición secuencial de la rebanada. La gráfica tridimensional fue dibujada 

usando un programa escrito en Python (Python Software Foundation).  

6.10 Evaluación de la activación de neuronas 

vasopresinérgicas en el PVN  y SON al día P10, tras una 

exposición aguda a 3hSM 

Para determinar el efecto de una sola exposición a 3hSM en la activación neuronal de los 

núcleos magnocelulares vasopresinérgicos en la región hipotalámica, se perfundieron ratas 

de camadas AFR y MS en el día P10. Se evaluaron dos condiciones: (1) perfusión y fijación 

en condiciones basales (2) perfusión y fijación 90 minutos después de un episodio de 3hSM. 
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Se usaron en total 20 crías de 10 camadas, cinco AFR y cinco MS. Las ratas fueron 

profundamente anestesiadas con una sobredosis de pentobarbital sódico (63 mg/kg, 

Sedalpharma, México) y perfundidas con 10 ml de solución salina 0.9% seguida de 20 ml de 

fijador frío, compuesto de paraformaldehído 4% en buffer de fosfato de sodio 0.1 M (PB, pH 

7.4), ácido pícrico saturado 15% v/v y glutaraldehído 0.05%. Posteriormente se extrajo el 

cerebro, se realizaron cortes coronales de 70 micras que contuvieran la región hipotalámica 

y se realizó sobre estas secciones una reacción 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 agitación leve. Después de varios lavados las secciones 

fueron incubadas con los anticuerpos secundarios: Alexa Fluor 488 burro anti-conejo IgG 

(1:1000, Molecular Probes Inc. Eugene, OR) y Cy3-burro anti-cobayo IgG (1:1000, Jackson 

Immuno Research Laboratories, Inc., Baltimore, PA), en TBST más 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 microscopía 

de epifluorescencia, usando un microscopio  Nikon 50i con un filtro  de emisión pasa-altos 

N-2B. Se escogieron campos al azar en las regiones PVN y SON con el objetivo de 40x, 

correspondientes a áreas de 0.22 mm2 y se tomaron microfotografías con una cámara digital. 

Se contó el número total de neuronas AVP+ y el número de neuronas Fos+/AVP+ de los 

núcleos PVN y SON (en tres secciones coincidentes por rata, n=15). Se calculó el porcentaje 

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

6.11 Inmunohistoquímica para análisis por microscopía de luz 

de densidad de fibras vasopresinérgicas y trayectorias hacia 

hipocampo. 

Para estos experimentos se utilizaron 10 ratas, observaciones previas del laboratorio habían 

mostrado que existen variaciones individuales importantes en la inmunoreactividad anti 

vasopresina, probablemente debido a una regulación circadiana o a las demandas fisiológicas 

que experimenta el individuo al momento de la perfusión.  Con esto en mente, inyectamos 
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intraperitonealmente una solución hipertónica 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 inyección,  posteriormente se les permitió a las ratas beber ad-libitum por las dos horas 

previas a la perfusión, esto con el fin de poner en marcha los mecanismos de síntesis de 

vasopresina (Robertson et al., 1976, Summy-Long et al., 1978), evitando la liberación de 

vasopresina en las dos horas previas a la perfusión, es de notar que se ha reportado que el 

estrés osmótico produce un aumento en la expresión hipotalámica de Fos que es un inductor 

transcripcional temprano del gen de la vasopresina (Yoshida, 2008). Tomando estas medidas 

hallamos una mayor y más homogénea inmunoreactividad de vasopresina. 

Para la perfusión se anestesió profundamente a las ratas con una sobredosis de 

pentobarbital sódico (Sedalpharma, Mexico), se perfundieron con solución salina al 0.9% por 

via trans-aórtica y posteriormente 400 ml de fijador a 4 °C: (4% paraformaldehído (PFA) en 

buffer de fosfatos (PB 0.1M, pH 7.4), más 15% v/v de ácido pícrico saturado). Los cerebros 

fueron inmediatamente removidos del cráneo, lavados varias veces en PB y posteriormente 

fueron seccionados a 70 µm 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 realizó 

la inmunohistoquimica de dos series de rebanadas alternas. En la serie uno (reacción 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% tritón)  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, conejillo de indias anti-mGluR1α y ratón anti-parvalbúmina 

en TBST más 1% del suero del animal de origen del anticuerpo secundario, durante dos 

noches a 4° C. Para la reacción de inmunoperoxidasa, las secciones se lavaron tres veces con 

TBST y se incubaron con anticuerpo cerdo anti-conejo conjugado con peroxidasa de rábano 

(HRP) (P021702, 1: 100, Dako, Dinamarca) en TBST más 1% de suero normal de cerdo a 4° 

C toda la noche. La reacción fue revelada usando 3, 3’-diaminobencidina (DAB, 0.05%) y 

peróxido de hidrógeno 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-ratón y DyLight-649 burro anti-conejillo de indias 

(dilución 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 50I) y por microscopía 

confocal (Leica TCS-SP5). 

6.12 Análisis de densidad de fibras vasopresinérgicas en 

hipocampo 

La observación de la densidad de fibras vasopresinérgicas en distintas subregiones de 

hipocampo y amígdala se realizó bajo microscopía de luz, las regiones se definieron en base 

al atlas de Paxinos y Watson (Paxinos and Watson, 2007). Para evaluar la distribución 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 microfotografías en diferentes planos focales, posteriormente, en estas 

microfotografías, se trazó 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 

máxima hallada (2460 µm) fue a nivel de CA1 stratum oriens (str. or.) en la sección sagital 

5.72 mm (Tabla 1) y fue asignada como la longitud máxima (100%, ++++).   El mismo 

procedimiento de trazado y cálculo 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 había fibras observadas en esa región se calificó como (-) y 

cuando no fue aplicable realizar el análisis en dicha sección (NA) . Los esquemas de la 

distribución de densidad de fibras vasopresinérgicas fueron realizados sobre microfotografías 

digitales con ayuda de observación microscópica. El mapeo tridimensional (1:1) de los 

axones vasopresinérgicos fue realizado usando 38 secciones alternativas de 70 µm cada una, 

por medio de una estación de trabajo Neurolucida la cual incluye un microscopio Nikon 

OptipHot 2, el software Neurolucida versión 9.14 y Neurolucida Explorer versión 9.14. 
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6.13 Aplicación de trazadores retrógrados en hipocampo 

ventral y dorsal 

Se utilizó un método modificado de trazador retrógrado 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 realizó 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 

estereotáxico y se procedió a la aplicación 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 análisis de 

densidad axónica en las subregiones de hipocampo, utilizando los sitios con mayor densidad 

de fibras, el sitio A se escogió antes de hacer este análisis. Otro punto a notar es que 

utilizamos una bomba de iontoforesis (Value Kation SCI vab-500) para aplicar el FG a través 

de una micro pipeta de vidrio (WPI 1.65/1.1 mm, OD/ID) con una punta de aproximadamente 

40 µm y aplicando una corriente de 0.1 µA y un ciclo de trabajo de 50%, con una duración 

del pulso de 5 s durante 20 min. La pipeta se dejó en el sitio por 15 min adicionales para 

evitar el reflujo del trazador. Tras la cirugía se aplicó un analgésico y un antibiótico 

intraperitonealmente por tres días; tres a cuatro semanas después se perfundió a las ratas 

como se describió anteriormente y se realizó una inmunohistoquímica en rebanadas 

coronales y sagitales de 70 µm con un anticuerpo conejo anti-vasopresina y un anticuerpo 

secundaria Cy5 burro anti-conejo. Las observaciones de estas muestras se hicieron bajo 

microscopía de epifluorescencia y confocal; para observación confocal del FG se utilizó un 

láser de argón de 452 nm.  
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6.14 Marcaje  yuxtacelular 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, vía intraperitoneal), con dosis suplementarias de xilazina 

(30 mg / kg) según sea necesario. La temperatura corporal se mantuvo a 36 ºC con la ayuda 

de un dispositivo de calefacción. Una vez anestesiados, los animales se colocaron en un 

marco estereotáxico y se realizó una craneotomía alrededor de las coordenadas -1,7 mm 

posterior del bregma y 0,4 mm lateral. Un electrodo de vidrio de resistencia (8-10 MΩ) lleno 

de 1% neurobiotina en NaCl 0.15 M se colocó 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 obtención del registro 

electrofisiológico (datos no mostrados aquí), 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 número de picos en 

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

6.15 Procesamiento anatómico y reconstrucción de las células 

marcadas. 

Aproximadamente cinco horas después del marcaje los animales fueron perfundidos 

transcardialmente con solución salina seguida por 15 min de solución fijadora de 

paraformaldehído  al 4%, 15% v/v ácido pícrico saturado, y 0.05% de glutaraldehído 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 contenían 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, Japón). 

Para la reconstrucción, 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 Microscopía, Hatfield, PA). Cinco células magnocelulares neurosecretoras 

(MNN’s)  marcadas yuxtacelularmente dentro del núcleo paraventricular  (EV40, VH52, 

EV16, MM15 y VH25) fueron seleccionadas para la reconstrucción (proyección 2D) bajo el 

microscopio de luz con un tubo de dibujo.  

Para MM15, usamos un microscopio confocal para realizar una reconstrucción 3D que 

permite ilustrar la presencia de  el tracto hipotálamo-neurohipófisis y de colaterales axónicas 

de proyección. Los criterios de inclusión fueron que las células tenían que ser positivas a 

AVP, que se encontrasen dentro de la PVNlmd y que poseyeran axones que se unieran al 

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

6.16 Laberinto elevado en cruz (EPM) - evaluación de  

ansiedad no condicionada 

Se utilizó el EPM para analizar el estado de ansiedad agudo no condicionado, una semana 

antes de la prueba de VCT. El laberinto consistió en una plataforma en forma de cruz, elevada 

50 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 parámetros 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 televisión. Antes de cada prueba se limpió el laberinto 

con agua y detergente. 
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 Antes del EPM se puso a las ratas en una caja de campo abierto estándar (40x40x40 

cm, de madera (Pierce and Kalivas, 2007)) durante 5 min en los tres días previos y el mismo 

día 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 realizó en la 

etapa temprana del periodo de actividad de las ratas y consistió en depositar a la rata en el 

cuadro central del laberinto viendo hacia un brazo abierto y después se dejó que explorase 

libremente durante 5 minutos. Tanto el porcentaje de tiempo transcurrido en los brazos 

abiertos como de entradas a ellos, en proporción al número total de entradas (entrada a brazos 

cerrados más entradas a brazos abiertos) fueron tomados como una medida inversamente 

proporcional al estado de ansiedad no condicionada (exploración vs. evitación). 

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

ansiedad condicionada 

La prueba de  VCT (File et al., 2004) se usó para estudiar el estado de ansiedad aguda 

condicionada, esta prueba involucra dos pasos básicamente: privación de agua  (WD) durante 

48 h + privación de alimento durante las últimas 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 (gratificación al tomar 

agua) y de miedo (evitación de un estímulo potencialmente dañino). 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 número de descargas 

recibidas como nuestro parámetro operacional para medir ansiedad condicionada, de acuerdo 

con File. (File et al., 2004). 

 Antes de la prueba de VCT se habituó a los animales a la cámara descrita a 

continuación, metiéndolos diariamente 30 min, sin aplicación de corriente, durante 4 días 

consecutivos. La cámara del conflicto consistió de una caja de plexiglás translúcida (20 cm 
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x 30 cm x 20 cm), con piso metálico y tapa, una botella de agua con bebedero de acero 

inoxidable, un generador de corriente constante, un indicador para contar el número de 

descargas eléctricas y una cámara de video. Para la prueba se utilizó una solución 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 óptimo y se determinó que a 

0.15 mA las ratas podían beber de la solución con molestia mínima. 

 Al concluir las 48 h de WD, la prueba de conflicto se realizó en otro cuarto y fue 

grabada por una cámara sensible a la baja intensidad de luz; la prueba se realizó durante el 

periodo de oscuridad del ciclo de iluminación artificial. Para iniciar la prueba se introdujo a 

cada animal a la cámara de conflicto y durante los primeros 25 s de la prueba se le dejó beber 

de la solución sin aplicar ninguna corriente, posteriormente se dieron descargas de 0.15 mA 

con un ciclo de trabajo del  50% con una duración de 5 s, entre el piso laminado y el bebedero 

metálico durante 5 min. Las ratas recibirían un toque sólo cuando coincidiera el intervalo de 

descarga con que estuvieran en contacto con el bebedero; se contó el número de toques 

tolerados.  

6.18 Evaluación del aprendizaje espacial: MWM (Morris 

Water Maze) 

Al día P90 (peso 350 ± 10 g), 12 ratas Ctrl y 12 SM se designaron a 4 tratamientos: (a) 

isotónico (tratamiento 1, T1): las ratas recibieron sólo una inyección i.p. de solución salina 

al 0.9%, el 2% de su peso corporal, 1 h previa al MWM; (b) hipertónico (T2): las ratas 

recibieron una inyección i.p. de 900 mM NaCl, 2% de su peso corporal, 1 h previa al MWM; 

(c) SSR149415 (T3): las ratas recibieron una inyección de SSR149415 (Axon 1114, Axon 

Med Chem, Amsterdam, Netherlands, diluido en DMSO y posteriormente en salina 

0.9%,1:20) i.p. al 2% de su peso corporal, 1 h y 30 min previo al MWM; (d) hipertónico + 

SSR149415 (T4): las ratas recibieron la combinación de los tratamientos T3 y T4. Las 

botellas de agua fueron removidas al momento de la primera inyección hasta 10 minutos 

antes del MWM. 
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Se utilizó la prueba de MWM (Zhang et al., 2008): una alberca circular de color negro 

(diámetro 156 cm) llena con 30 cm de agua a 25 °C con pistas visuales distantes. Una 

plataforma circular con un diámetro 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 día de la prueba se permitió 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 permitía observar su 

localización durante 10 s, cada rata realizó ocho ensayos en el mismo día, con un intervalo 

inter ensayo de 5 min. El tiempo para hallar la plataforma fue evaluado. 

6.19 Exposición al gato vivo y puntuación conductual 

Se realizó la prueba de comportamiento durante el período 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 solución salina isotónica (inyección i.p. de 

vehículo)  el grupo de solución hipertónica (inyección 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 inhalación de vapor de sevoflurano (Sevorane, Abad, México) para reducir las 

molestias causadas por la manipulación durante las inyecciones. Las ratas se recuperaron de 

este procedimiento después de 1 a 3 min. 

Para la prueba conductual, cada rata se colocó individualmente en una jaula de rejilla (28,5 

× 21 × 30 cm), por lo que la rata podrían trepar. La jaula se colocó dentro de una cámara de 

plástico transparente ventilada más grande (60 × 80 × 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 / inmóvil durante la mayor 

parte del experimento. Una ventaja de esta disposición es que las ratas fueron expuestas a  

estímulos fisiológicamente relevantes el olor, la apariencia de un depredador  vivo y  dichos 

estímulos eran relativamente constante para todos los sujetos experimentales. Cada rata 

permaneció en la cámara antes descrita durante un único periodo de 10 min. Una vez que el 

tiempo se completó, las ratas fueron devueltas a sus jaulas. 
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Los comportamientos relevantes se cuantificaron fuera de línea, dando una de las seis 

puntuaciones cada cinco segundos: 1) "congelamiento" se le asignó a la conducta de la 

inmovilidad más de 2 seg con piloerección; 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) 

"Orientación": cuando los cuatro miembros de las ratas estaban inmóviles pero presentaban 

movimientos de  extensión 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, 

3 y 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 Inmunohistoquímica contra c-Fos después de exposición 

al predador 

Noventa minutos posteriores al periodo de exposición al depredador, 5 ratas de cada grupo 

fueron profundamente anestesiadas con una sobredosis de pentobarbital y transcardialmente 

perfundidas con 0,9% de solución salina seguida por 15 min de fijador frío que contiene 4% 

de paraformaldehído y el 15% (v / v) de ácido pícrico saturado en PB.  

Se obtuvieron secciones de 50 micras con un vibratomo (Leica VT 1000 vibratome). Para la 

inmunotinción, 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 solución 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 ºC 

durante la noche. Posteriormente, las secciones se enjuagaron tres veces por 10 min con 

TBST y 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 último, 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 detectó usando DAB 0,05% como cromógeno. Las 

secciones fueron lavadas y montadas permanentemente con medio de montaje Permount 

(Electron Microscopy Ciencias, Hatfield, PA). 

Las siguientes regiones del cerebro se evaluaron: hipotálamo,  tálamo,  amígdala y habenula 

lateral. El análisis cuantitativo se realizó con ImageJ software (NIH) 

(http://rsb.info.nih.gov/ij/macros/). Los datos se expresaron como el promedio del número 

de núcleos positivos c-Fos por 0,02 mm2. Los resultados cuantitativos se expresaron como 

media ± error estándar de la media (SEM). Se realizaron las pruebas de diferencias por el 

análisis de  t-test, utilizando GraphPad Prism Software®. (GraphPad Software, San Diego, 

CA). Las diferencias se consideraron estadísticamente significativas a P <0,05 (“*”: P <0,05, 

“**”: p <0,01 y “***”: P <0.001). 

6.21Análisis estadístico 

Los resultados se expresaron como promedio ± error estándar 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 evaluación por pruebas post-hoc de Bonferrioni. 

Para la mayoría de los cálculos Se utilizó el programa  Prism (GraphPad), para la prueba de 

ANOVA de tres vias realizada en análisis de datos de MWM, se usó el programa Stata11 y 

se consideraron diferencias significativas valores de: *p<0.05; **p<0.01; ***p<0.001.  
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Los resultados de esta tesis doctoral se dividen en 3 secciones. En la primera, "La estructura 

y función del sistema vasopresinérgico hipotalámico neurosecretor puede modificarse por 

estresores perinatales", se reportan datos que indican que los paradigmas de estrés prenatal 

y postnatal, i.e. hipertiroidismo materno y separación materna, respectivamente, alteran la 

ontogenia del sistema vasopresinérgico neurohipofiseal y generan cambios perdurables en la 

estructura y función de dicho sistema. 

En la segunda sección, "El sistema vasopresinérgico hipotalámico magnocelular 

tiene proyecciones intracerebrales más 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 última sección, "La modulación a la alta o a la baja del  sistema 

vasopresinérgico produce deterioro en conductas emocionales y cognitivas", usamos varias 

pruebas conductuales y herramientas farmacológicas para determinar si la activación del 

sistema vasopresinérgico neurosecretor aberrante podía traer consecuencias para el 

comportamiento en la edad adulta, que servirán como sustratos de algunos trastornos 

emocionales y cognitivos. 
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Sección I: 

La estructura y función del sistema 

vasopresinérgico hipotalámico neurosecretor 

puede modificarse por estresores perinatales 

a) Hipertiroidismo Materno 

b) Separación 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 exposición 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-crónico. 

Los resultados que a continuación presentaré fueron publicados en el artículo  

“Vasopressinergic network abnormalities potentiate conditioned anxious state of rats 

subjected to maternal hyperthyroidism”. Aquí reportamos que ratas sometidas a HM 

presentan durante la edad adulta un cambio más rápido en la concentración de vasopresina 

plasmática cuando los animales son sometidos a privación de agua, una mayor activación de 

las neuronas vasopresinérgicas magnocelulares hipotalámicas (medido con la proteína c-Fos) 

ante un estrés osmótico y  una mayor inmunoreactividad contra la proteína vasopresina en el 

tracto hipotálamo-neurohipofiseal. 

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

concentraciones de hormonas tiroideas. 

En los días 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 rápido aumento en las 

concentraciones plasmáticas de AVP ante un estímulo osmótico. 

Las mediciones de vasopresina plasmática 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 última sección de los resultados: 

"La modulación 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 concentración de AVP 

plasmáticas alcanzan su máximo entre las 12 y las 16 h de privación de agua (water 

deprivation, WD), después de eso ambos parámetros fisiológicos permanecen relativamente 

estables (Rowland, 2007).  Como se puede observar (Figura  7-1), la cantidad de AVP 

circulante medida alcanzó su máximo 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 cambió poco respecto al basal (5.55 

± 0.19 pg/ml), mientras que las concentraciones plasmáticas de AVP en los animales HM ya 

se encontraban elevadas a las 6 hrs (14.79±0.71 pg/mL). Después de alcanzar el máximo 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).  

 

 

 

 

 

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

activación de neuronas AVP+ en animales HM. 

Para evaluar la inducción de Fos en el SON, PVNlm y el PVNmpd, los sujetos experimentales 

se perfundieron 90 min después del punto temporal donde la concentración plasmática de 

AVP mostró diferencias significativas. Se observó un incremento significativo en el número 

de neuronas AVP+ que expresaban Fos en los animales HM (Figura 7-2). En las 3 regiones 

anatómicas analizadas se observó una mayor diferencia en el punto PVCT.  

 

Figura  7-1 Los animales HM muestran una 
cinética alterada en la curva de  concentración de 
vasopresina en plasma durante la privación de 
agua y posterior a la prueba de conflicto de Vogel 
(PVCT). Promedio ± SEM  (n = 4 para cada punto 
de tiempo). *** P <0,001, * P <0,05. Modificado 
de (Zhang et al., 2010) 
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Figura  7-1. Expresión de Fos 
aumentada en sujetos HM 
respecto a control 90 min 
posterior a  6hWD y PVCT. 

Se evaluó la expresión de Fos a 
los puntos de tiempo WD6h (6 h 
de privación de agua) y PVCT 
(posterior a la prueba VCT, 
PVCT). (A) Microfotografía que 
muestra la expresión de  CRF 
(verde) / AVP (rojo) en PVN, 
correspondiente a los sitios 
donde los núcleos Fos + fueron 
contados. Círculo: PVNlm 
(parte magnocelular del PVN); 
cuadrado: PVNmpd (parte 
parvocelular de PVN). Las 
puntas de flecha indican axones 
AVP en el PVNmpd. (B, C) 
fotografías de PVN en control y 
HM respectivamente, (D, E) 
Fotografías de SON en control y 
HM respectivamente. (F) 
Diagrama de barras que muestra 
los porcentajes de neuronas 
vasopresinérgicas activadas  
(AVP+Fos+) respecto a todas 
las células AVP+. (G) Conteo de 
los núcleos Fos+ en las tres 
regiones anatómicas para WD6h 
y PVCT . 3V, tercer ventrículo; 
opt, tracto óptico. Escala = 100 
micras. (n = 6), promedio ± 
SEM, * P <0,05, ** P <0,01, *** 
P <0,001. Microfotografías A-E  
realizadas en punto PVCT. 
Modificado de (Zhang et al., 
2008). 
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7.1.4 El hipertiroidismo materno induce un almacenamiento anormal 

de AVP bajo condiciones basales 

Se observó por inmunofluorescencia un incremento en la expresión de AVP (aumento en la 

densidad óptica)  en el tracto hipotálamo-neurohipofiseal (HNT) tanto en su parte ventral 

como  dorsal  (Figura 7-3). Este aumento en la inmunoreactividad puede deberse a un número 

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

  

 

Figura 7-3 Aumento en la inmunoreactividad de AVP en el tracto hipotálamo-neurohipofiseal  
(HNT) de sujetos HM en condiciones basales.  Las fotomicrografías 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 análisis de densidad óptica (OD) de 
inmunoreactividad anti AVP.  El grupo HM muestra un aumento significativo tanto en la parte 
dorsal como ventral del tracto HNT. (F) Representación esquemática del tracto HNT donde se 
realizaron las mediciones de la densidad óptica (círculos grises) 3V, tercer ventrículo; PVN, núcleo 
paraventricular; opt, tracto óptico, SON, núcleo supraóptico; Fx, fornix, NC, núcleo circularis. 
Escala = 200 micras. * P <0,05. Modificado de (Zhang et al., 2010) 
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También el número de cuerpos de Herring, contados en un área de 0.22 mm2 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 vesículas de núcleo denso, se consideran sitios de almacén 

de péptidos.  

 

  

Figura 7.4 Abundantes cuerpos de Herring se ven en condiciones basales en los sujetos 
que fueron sometidos a HM. (A y B) fotomicrografía 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 vesículas de núcleo denso típicas de peptidos. Barra de escala 
0.5µm 
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7.2 Efectos de la separación materna sobre el desarrollo del 

sistema vasopresinérgico. 

En esta segunda parte,  reportamos los efectos que un estrés postnatal  (separación materna  

durante las dos primeras semanas de vida), produce en la morfogénesis del sistema 

vasopresinérgico hipotalámico. En resumen las ratas que fueron así estresadas, presentan 

durante la vida adulta un mayor y más rápido aumento en las concentraciones de vasopresina 

plasmática ante un estrés osmótico, una mayor cantidad de mRNA de vasopresina y un mayor  

volumen ocupado por neuronas vasopresinérgicas en los núcleos paraventricular y 

supraóptico. En este mismo estudio reportamos que dichas alteraciones anatómicas se 

observan desde los últimos días del protocolo de separación materna y proponemos que son 

consecuencia de la activación homeostática del sistema vasopresinérgico durante los 

episodios de separación materna. Los resultados de este trabajo fueron publicados en el 

artículo “Hypothalamic vasopressin system regulation by maternal separation: its impact on 

anxiety in rats”. 

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

a las neuronas vasopresinérgicas hipotalámicas magnocelulares. 

La exposición aguda a un episodio de 3 horas de separación materna (3hSM) incrementó 

significativamente la producción de la proteína Fos, producto del gen de expresión temprana 

c-fos, (un marcador genérico de activación neuronal) tanto en SON (F(3,36)= 154.3, p < 0.001) 

como en PVN ( F(3, 36)=179.6, p<0.0001) en animales AFR y SM al día P10. Como se 

esperaba, se observaron pocos núcleos Fos+ en la población AVP+ en PVN y SON en 

condiciones basales (Tabla 1, y Figura 7-5 A, B). Sin embargo, después de 3hSM, la mayoría 

de esta población neuronal expresó Fos  (Tabla 1, y Figura 7-5 A´, B´). La ANOVA no  

mostró diferencias entre los grupos AFR y 3hSM después de las dos condiciones 

experimentales.  
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Figura 7.5 Activación de neuronas AVP+ por el protocolo de separación 
materna. Expresión de Fos (verde) en la neuronas AVP+ (rojo) de PVN y SON. 
(A, B) En condiciones basales y (A´.B´) después de un episodio único de 3hSM 
en P10. Barra de escala = 100 micras. . Modificado de (Zhang et al., 2012) 

Tabla 1  Activación neuronas por un episodio de separación materna. ns: no 
significativo estadísticamente; AFR: animal control criado en el bioterio (animal 
facility reared); SM: Animales sometidos a separación materna por 3h diarias; 
Basal: En el día de la perfusión no se realizó separación de la madre; 3hMS: se 
llevó a cabo el procedimiento de separación materna por 3 horas previo a la 
perfusión. Los valores representan el promedio +/- el error estándar 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 separación materna induce un aumento en la expresión 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 expresión del mRNA de vasopresina  al final del 

protocolo de 2 semanas de separación materna y este aumento persistía en la edad adulta, 

(Figura 7-6) y  figuras 2 y 3 del artículo (Zhang et al., 2012). (Resultados obtenidos por las 

doctoras Limei Zhang y CIaudine Irles, en el laboratorio de la doctora Maricela Morales del 

Instituto Nacional de Salud de los Estados Unidos).  

 

Para evaluar si a nivel traduccional también se observaba dicho efecto, se realizaron 

inmunohistoquímicas contra AVP. Los resultados mostraron un aumento significativo en el 

volumen ocupado por neuronas inmunoreactivas para AVP en el núcleo PVN y SON de ratas 

SM evaluadas en P75 (Figura 7.7 A y A´). El volumen promedio de AVP-SON fue de 0.2086 

mm3 +/- 0.0064 en el grupo SM, contra 0.1671 mm3 +/-0.0055mm3 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 mm3 +/- 0.0062 mm3 contra 0.0588 mm3 +/- 0.038 mm3  en los animales AFR 

Figura  7-6 La separación materna 
(MS), induce una mayor expresión 
de mRNA de vasopresina en el 
núcleo paraventricular (PVN) y 
supraóptico (SON), desde el día 
postnatal 10 (A y A’) y perdura 
hasta edad adulta (B y B´). A’ y 
B´: muestran una mayor expresión 
de mRNA de AVP en los núcleos 
PVN y SON en animales 
sometidos a separación materna 
respecto a los animales controles 
(A y B). 
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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 (Figura 7.7  B, B´ y C, C´). 

Figura  7-7 Efectos de MS3h sobre la extensión ocupada por neuronas  AVP +  dentro 
del PVN y SON, en PND75. (A y A ') fotomicrografías representativas que muestran la 
tinción inmunohistoquímica para vasopresina en secciones coronales donde se observa 
el incremento en las  áreas ocupadas por las neuronas de vasopresina en paraventricular 
(PVN) y supraóptico (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 ventrículo; opt, tracto óptico. *** P <0,001. Escala = 1 
mm. Modificado de (Zhang et al., 2012). 
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7.2.3 La separación materna modifica la dinámica de cambio en las 

concentraciones plasmáticas de AVP en respuesta a un estrés 

osmótico 

La concentración de AVP en plasma se midió en ambos grupos durante el periodo de 

privación de agua requerido para la prueba de VCT (Figura 7-8).  El grupo SM a las 12 horas 

de  WD mostró 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 vías indicó un efecto significativo 

del tiempo (F4, 72 = 46.7, p < 0.0001) y del grupo (F1, 72 = 14.35, p = 0.0013).  

 

 

  

Figura  7-8 Curva de evolución de las concentraciones 
plasmáticas de  AVP en función de la privación de agua (WD   
(promedio ± SEM)). * P <0,05.Modificado de (Zhang et al., 
2012). 
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Sección II: 

El sistema vasopresinérgico hipotalámico 

magnocelular tiene proyecciones 

intracerebrales más extensas de lo 

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

del hipotálamo inervan el hipocampo dorsal y ventral. 

En los resultados que a continuación expongo, caracterizamos la distribución y densidad de 

la innervación 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 

inmunohistoquímica,  reconstrucción anatómica auxiliada por computadora (Neurolucida) y 

trazadores neurales para identificar el origen de dicha inervación, concluimos que neuronas 

magnocelulares vasopresinérgicas hipotalámicas son una fuente importante de inervación 

hacia el hipocampo dorsal y ventral y demostramos contactos sinápticos entre axones AVP+  

y dendritas de interneuronas en hipocampo. 

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

una densidad de innervación 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 cuantificación (Tabla 

1), se calculó la densidad de diferentes regiones del hipocampo con el programa NeuronJ. La 

región con máxima densidad midió 2460 µm y se tomó como referencia (100%, ++++, figura 

7.9 C). Regiones en el cuartil superior se consideraron como con inervación densa (++++), 

en el cuartil superior como densidad moderada (+++), en el tercer cuartil como diseminada 

(++) y en el cuartil inferior como inervación escasa (+). Como se observa en la Tabla 1 los 

campos conteniendo inervaciones densas o moderadas incluyeron CA2, vHi (str. or. y str. 

rad.); CA1, vHi (str. or.); CA3, vHi (str. or. y str. rad.). El hipocampo dorsal mostró mucha 

menor inervación, localizada principalmente en la parte rostral (Figura 7.9 D-F).  Esquemas 

representativos de la inervación AVP en vHi y dHi se muestran en la figura 7.10. 

61 
 



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

 

 

Figura  7-9. Visualización por inmunohistoquímica de la expresión 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 señaladas con 
flecha gruesa) y las tipo B (fibras delgadas señaladas con flechas delgadas). Las 
puntas de flecha indican terminales axónicas gigantes que no se observan 
comúnmente.  pyr: stratum piramidale; or: stratum oriens; fi: fimbria; alv: alveus; 
LV: ventrículo 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 microscopía de luz, de acuerdo a su diámetro, 

tamaño y varicosidades. Las fibras gruesas (tipo A) presentaban diámetros grandes y 

varicosidades frecuentes (Figura 7-9  y   Figura 7-11 flechas gruesas), mientras que las fibras 

delgadas (tipo B) presentaban diámetros pequeños y varicosidades escasas (Figura 7, y  

Figura 7-11 flechas delgadas). Sin embargo, algunas fibras mostraron un diámetro axonal 

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

Bajo el análisis de microscopía electrónica las varicosidades contenían tanto vesículas claras 

pequeñas como vesículas grandes granuladas (vesículas de núcleo denso, dcv) en una 

frecuencia muy variable, ambos tipos de terminales hacían sinapsis con neuronas 

hipocampales. Fue menos frecuente la presencia de sinapsis de varicosidades grandes que 
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pequeñas. Respecto al tipo de sinapsis, la mayoría (72%, n=18) fueron simétricas (Gray tipo 

II).  De acuerdo con características estructurales de los blancos postsinápticos, pudimos 

observar que axones de diámetro grueso formaban sinapsis asimétricas (Gray tipo I, 

generalmente excitatorias) sobre tallos dendríticos de neuronas piramidales (Figura 7-11C)  

y que axones AVP+ de diámetro delgado formaban sinapsis simétricas (generalmente 

inhibitorias) sobre procesos de  interneuronas (Figura 7-11 D). Para más 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 microscopía de luz (A) un axón con varicosidades de diámetro 
grueso (flecha gruesa) entre otros axones con botones pequeños (flechas delgadas), en 
stratum radiatum de CA2 ventral. (B) una red de fibras axónicas en CA1 de hipocampo 
ventral. (C) sinapsis asimétrica de una terminación de un axón de diámetro grueso sobre un 
tallo dendrítico con abundantes espinas que reciben otras sinapsis tipo I, no marcadas con 
vasopresina (característica indicativa de que es un proceso proveniente de una neurona 
piramidal), observese la gran cantidad de vesículas de nucleo denso “DCV” generalmente 
asociadas a vesículas que contienen peptidos, y algunas vesículas redondeadas pequeñas, 
generalmente asociadas a vesículas de glutamato. (D) Algunas terminaciones provenientes 
de axones con diámetro delgado hacen sinapsis simétricas sobre tallos dendriticos sin espinas 
adjacentes a sinápsis asimétricas, características 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 mGluR1α en stratum oriens de hipocampo son 

posible blanco de axones AVP+. 

Encontramos en stratum oriens una fuerte correlación entre axones AVP+ y segmentos 

dendríticos expresando mGluR1α (Figura 7-12 A-D) y una correlación débil con segmentos 

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

 

Figura 7-12. Algunas interneuronas mGluR1α+ en hipocampo son posibles blancos de axones 
AVP. Imágenes confocales tomadas en stratum oriens (or) de hipocampo ventral. Mostrando 
inmunoactividad para AVP (rojo), mGluRα (azul) y parvalbumina (PV, verde). Nótese la fuerte 
relación entre los axones AVP+ y segmentos dendríticos que expresan mGLurα (círculos A-D). 
También se muestra una relación de contacto débil (flechas) con somas (F) y segmentos 
dendríticos (E, flechas) que expresan PV. El grueso de la sección óptica fue de 3 µm. Escala para 
A-E: 50 µm y F: 15 µm (Zhang and Hernandez, 2013). 
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7.3.4 Los núcleos hipotalámicos PVN y SON participan en la 

inervación vasopresinérgica del hipocampo. 

En este experimento se utilizaron 16 ratas, la tabla 3 muestra una descripción de los 

resultados obtenidos, las categorías excelente, buena, débil, fallido o dañado se refieren a la 

intensidad y tamaño del marcado, a la localización o al grado de daño en el tejido adyacente. 

Las ratas fueron perfundidas después de 3 semanas de la aplicación de FG.  5 de 10 intentos 

en el vHi (hipotálamo ventral) y 4 de 6 en el dHi /hipotálamo dorsal) fueron caracterizados 

como excelentes/buenos indicando diámetros menores a 350 µm y localizados con precisión 

en las regiones de más alta inervación vasopresinérgica. 

      La inyección en hipocampo ventral CA2,  previo al análisis de la densidad de inervación 

AVP+ en hipocampo resultó en muy pocas células débilmente marcadas en el hipotálamo 

(Tabla 3); sin embargo, se observaron células FG/AVP+ en la división intra-amigdalina del 

núcleo del lecho de la stria terminalis (STIA), estos intentos sirvieron como control negativo 

para nuestra interpretación de los datos. Después del análisis de la densidad de la inervación 

AVP+ (Tabla 1), modificamos el sitio de inyección para dirigir nuestros intentos al máximo 

sitio de inervación vasopresinérgica en vHi CA2 (Bregma -4.4 mm, lateral 4.6 mm y 

Tabla 3. Descripción de los sitios de inyección de fluorogold y núcleos marcados 
retrógradamente. Modificado de (Hernandez and Zhang, 2012) 
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dorsoventral 7.6 mm). La inyección precisa en las ratas vHi8, vHi9 y vHi10 resultó en un 

número importante de neuronas AVP+ con marcaje FG en el SON y el PVN (Figura 7-13). 

El marcaje FG se acumuló principalmente en gránulos parecidos a lisosomas (Figura 7-13 F, 

I e insertos), lo que se ha reportado como una característica prominente del marcaje a largo 

plazo con FG (Persson and Havton, 2009, Schmued and Fallon, 1986, Wessendorf, 1991). 

Para controlar la posibilidad de una señal de FG por captura desde la sangre o LCR, 

examinamos cuidadosamente los órganos subfornical y los plexos coroideos. No detectamos 

señales 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 inyección en dHi, utilizamos como blanco la porción más rostral de CA2 

(Bregma -2.2 mm, lateral 2 mm y dorsoventral 3.4 mm) donde se encontró la mayor cantidad 

de inervacion vasopresinérgica (Tabla 2 y Figura 7-9).  En la Figura 7-15, paneles A y B, se 

muestran los sitios de aplicación de FG en el sujeto vHi1, perfundido 28 días después de la 

inyección de FG, nótese que las neuronas piramidales acumularon FG en el citoplasma y en 

gránulos 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-I) se observaron con el microscopio confocal, los 

gránulos tipo lisosoma se muestran con (*) en los injertos del panel F e I.  
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Figura 7-13 Demostración por medio del  trazador retrógrado fluorogold de 
las aferencias hacia el hipocampo ventral (vHi) provenientes del SON y PVN 
del hipotálamo. (A) representación esquemática del sitio de inyección en vHi, 
indicado por un círculo. (B, B´) sitios de inyección de FG en vHi CA2. Nótese 
el pequeño diámetro. (C-G) imágenes confocales que muestran cuerpos 
celulares retrógradamente marcados en SON. Nótese el injerto de (F), la 
acumulación de FG (puntos verdes) en estructuras parecidas a lisosomas (*). 
(H-J). También se observaron células retrógradamente marcadas en PVN. 
(Flechas sólidas indican marcaje con AVP, flechas huecas indican marcaje 
con FG y flechas dobles indican células doblemente marcadas. Escala 50 µm 
Modificado de (Zhang and Hernandez 2013). 
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Figura 7-14.  La inyección de fluorogold 
(FG) en vHi CA2, marcó células AVP+ en la 
división intra-amigdalina del núcleo del 
lecho de la estría terminalis (STIA) sin que se 
observara marcaje el órgano subfornical 
(SFO). (A) representación esquemática de la 
región STIA en un corte sagital. (B-D) Se 
observó marcaje de FG en pocas células 
vasopresinérgicas (Flechas dobles), sin 
embargo una cantidad considerable de 
células no AVP mostró marcaje retrógrado 
con FG. Nótese que en la región se observan 
fibras AVP gruesas tipo A (doble punta de 
flecha) y fibras delgadas Tipo B puntas de 
flecha). (E e injertos) El SFO, no mostró 
marcaje retrógrado con FG. Modificado de 
(Zhang and Hernandez, 2013). 
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Figura 7-15.  El hipocampo dorsal (dHi), recibe aferencias vasopresinérgicas desde el SON y el 
PVN del hipotálamo. (A) se observa el sitio de inyección en dHi con un diámetro < 350 µm. El 
injerto muestra un esquema de los sitios de inyección (círculos de colores). (B) magnificación de 
sitio de inyección. Injerto B, muestra que después de 28 días  el FG se acumula en gránulos tipo 
lisosomal (*). (C) imagen de hipocampo contralateral al sitio de inyección, se ven neuronas 
piramidales en CA2 y CA3 marcadas retrógradamente. (D — F) Se muestran cuerpos celulares 
retrógradamente marcados en SON nótese en el inserto de F, la acumulación de fluorogold en 
gránulos tipo lisosomas (*). (G — I) Cuerpos celulares retrógradamente marcados en PVN. El 
inserto en I muestra la acumulación de FG en gránulos tipo lisosomas (*) y también se observa 
una neurona AVP+ no marcada con FG, (flecha). Flechas sólidas indican marcaje AVP+ 
solamente; Flechas huecas indican marcaje con FG solamente; flechas dobles indican doble 
marcaje. Escala 50 µm para D – I 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 estación de trabajo de Neurolucida se realizó una reconstrucción 3D “1 a 1” 

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

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

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

de este análisis aunados a los esquemas de las proyecciones hechos bajo observación con 

microscopía de luz mostraron 3 vías conectando al sistema magnocelular hipotalámico 

vasopresinérgico con el hipocampo. 

  

Figura 7-16. Mapeo computarizado 
3D de la inervación vasopresinérgica 
realizado en Neurolucida. La 
reconstrucción fue hecha en secciones 
sagitales desde stratum oriens de CA1 
ventral hasta el núcleo PVN. Se 
definen 3 rutas de axones hacia el 
hipocampo. Vía rostral (color morado, 
hipotalámo-septum-fimbria-dHi-
vHi); la vía media) (color azul, 
hipotálamo-capsula interna-fimbria-
dHi) y la vía caudal (color verde, 
hipotalamo-amigdala cortico_medial-
vHi e hipotálamo-amígdala 
cortico_lateral). Las líneas rojas 
delinean el hipocampo, las líneas 
amarillas delinean los axones 
vasopresinérgicos. (A) rotación de 30° 
a partir de vista frontal (B) rotación de 
60° respecto a vista frontal, (C) vista 
lateral Modificado de (Zhang and 
Hernandez, 2013). 
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Vía rostral-fimbria-fornix 

Esta vía provee el mayor conducto para las aferencias subcorticales al hipocampo y las 

conexiones eferentes (Daitz and Powell, 1954, Powell et al., 1957). Esta vía vasopresinérgica 

hacia hipocampo había sido sugerida previamente (Buijs, 1978). Después del análisis 

anatómico exhaustivo fue evidente que tanto del PVN como del SON, fibras AVP+ seguían 

el fornix dorso rostralmente (Figura 7-17 Aa, Ab, Ac) hasta el hipocampo dorsal. Desde ahí, 

parte de las fibras proyectaban dorsalmente, alcanzando las porciones rostrales de CA3 y 

CA2 vía 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, 

Cb, 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 hacían giros de 90° para introducirse al str. or. (Figura 7-17 Fa, Fb). 

 

 

Figura 7-17 Características relevantes de la vía rostral (hipotálamo-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 dirección 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 visualización de las fibras. 
Escala: Ab, Ba, Ca, Cb: 500 µm; Ac, Bb, Cc: 100 µm. Modificado de (Zhang and 
Hernandez, 2013). Ver figura en la siguiente página. 

73 
 



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

 

74 
 



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

Vía medial-cápsula 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 cápsula interna (IC). 

Estos axones se podían observar claramente en la superficie de la materia blanca de la IC 

(Figura 7-18 C). Las fibras continuaban caudalmente y se veían claramente en la frontera 

entre IC y el núcleo reticular talámico (Figura 7-18 F, vista horizontal). En la región 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 Características relevantes de la vía medial (hipotálamo-cápsula interna-

fimbria-dHi). (A, B) Esquema y microfotografía de bajo aumento, mostrando que una 

cantidad importante de axones de SON y PVN, proyectan latero-caudal y dorsalmente 

para unirse a la cápsula 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 (rectángulo 

punteado en D), algunas de estas fibras entran a fimbria y cambian su trayectoria 

dirigiéndose hacia la línea 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 región de unión entre ic y fimbria. (G) esquema que muestra la región 

analizada, (F) se observan claramente fibras AVP+ (flechas) viajando en dirección 

caudal-dorsal y lateral, paralelamente a la ic, y adyacentes a núcleo reticular talámico 

(Rt), en la fimbria adyacente (F, inserto), se observan fibras AVP+ (flechas que continúan 

en la misma dirección. (H) Se muestra la misma región 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 página. 
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Vía caudal-cortico-amigdalina. 

Proyecciones vasopresinérgicas con origen en el SON hacia amígdala e hipocampo ventral 

se revelaron a través de un detallado análisis anatómico realizado en secciones seriales. Los 

trazos en (Figura 7-19 A-G) hechos bajo microscopía 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 neurohipófisis a través de la eminencia media y el tallo 

infundibular. Observamos que un número importante de fibras continuaban caudo-

lateralmente, pasaban a través del área tuberomamilar y supramamilar, entraban a la amígdala 

cortico medial (CoMeA) y después se dirigieron dorsalmente a el área de transición 

amígdalo-hipocampal. Algunas de ellas entrando al hipocampo ventral (Figura 7-19 A-G), 

región delimitada por una línea azul punteada. Algunas de estas fibras giraron 

ortogonalmente para entrar a la corteza amígdalo-hipocampal (Figura 7-19 Da), estos axones 

parecían continuar en el vHi, principalmente en el str. or. De CA1 y CA2, donde se encontró 

una densa inervación vasopresinérgica (Tabla 1 y Figura 7-9 A y B).  

También se encontraron proyecciones AVP+ caudolaterales del SON y PVN hacia 

vHi vía amígdala lateral, éstas entraban a la región vHi a través de la cápsula externa-alveus. 

Esta vía puede ser vista claramente en una sección semihorizontal (Figura 7-18, grupo H). 

Otra característica importante de esta vía se muestra en  ls Figura 7-20 He: 2 tipos de axones 

morfológicamente distintos pueden ser distinguidos, unos rectos y paralelos parecen 

proyectar a la cápsula externa y alveus de CA1 y CA2 ventral (flechas amarillas) y los axones 

tortuosos con ramificaciones locales (flechas negras pequeñas), que parecen inervar 

densamente el BNST, y la amígdala central y baso lateral (Figura 7-18 He). Los axones 

rectos, después de entrar al alveus de CA1 en vHi, se ramifican localmente o continúan en la 

materia blanca hacia CA1-subiculum o hacia CA2 (Figura 7-19 Hc. Hd). 
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Figura  7-19. Características relevantes de la vía caudal (hipotálamo-CoMeA-vHi 
e hipotálamo-BLA-vHi). (A — G) Esquemas de secciones sagitales seleccionadas 
para mostrar el origen en SON de axones vasopresinérgicos que proyectan hacia 
la amígdala corticomedial (CoMeA) e hipocampo ventral (vHi). Se observaron 
dos tipos de fibras: fibras tortuosas que principalmente viajaban en amígdala 
medial (trazos rojos), y fibras con trayectorias rectas en CoMeA (trazos punteados 
azules). Algunas de estas fibras rectas hacían vueltas ortogonales y se ramificaban 
localmente en la superficie de la corteza amígdalo-hipocampal (Panel D, Da, 
flechas amarillas indican fibras que hacen vueltas ortogonales y fibras negras 
fibras que continúan trayecto recto hacia hipocampo). Escala 50 µm. Modificado 
de (Zhang and Hernandez, 2013). 
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Figura  7-20. Algunas fibras AVP de SON y PVN proyectan a vHi por una vía caudo-
lateral a través de la amígdala baso-lateral (BLA), entrando a el hipocampo vía 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 amígdala central y medial y en núcleo STIA. 
Ahi: zona de transición amígdalo hipocampal; BNST, núcleo del lecho de la stría 
terminalis. Escala: Hc, Hd y He: 50 µm; Hb 500 µm. Modificado de (Zhang and 
Hernandez, 2013). 
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7.4 Las neuronas vasopresinérgicas magnocelulares 

neurosecretoras (MNN’s) del núcleo paraventricular inervan 

regiones intra y extra hipotalámicas a través de múltiples 

procesos tipo axónicos o colaterales axónicas. 

Los resultados sobre la innervación vasopresinérgica a hipocampo sugieren que la inervación 

intracerebral a partir de neuronas magnocelulares hipotalámicas que expresan vasopresina es 

más extensa que lo que se pensaba anteriormente. Para investigar con más detalle la 

conectividad de las neuronas vasopresinérgicas magnocelulares usamos la técnica de  

marcaje yuxtacelular en neuronas vasopresinérgicas magnocelulares que se encontrasen 

dentro del núcleo paraventricular del hipotálamo, posteriormente realizamos procesamientos 

inmnohistoqímicos para identificar el fenotipo de la neurona marcada y por último revelamos 

la neurona con diaminobenzidina (DAB)  para la reconstrucción de sus neuritas. Nuestros 

resultados muestran que además de la clásica proyección hacia neurohipófisis, las neuronas 

magnocelulares vasopresinérgicas hipotalámicas poseen múltiples colaterales axónicas y 

procesos “tipo axonales” caracterizados como glutamatérgicos que inervan regiones intra y 

extra  hipotalámicas, tales como el área preóptica medial, el núcleo supraquiasmático,  la 

amígdala y la habénula y se integran a sistemas de conducción intracerebral como el fórnix, 

la cápsula interna y la stria medularis. 

7.4.1 La técnica de marcaje yuxtacelular, permitió identificar con 

detalle las características morfológicas de MNN´s previamente 

identificadas. 

La técnica de registro extracelular con marcaje yuxtacelular (Pinault, 1996) es un método 

poderoso para identificar las características morfo-funcionales de células identíficadas y 

aisladas  electrofisiológicamente  Permite obviar algunas de las dificultades inherentes a los 

estudios clásicos de conectómica. 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 axónicos y dendríticos de la célula y es factible hacer 

una reconstrucción de esta, identificar sus blancos regionales y celulares y caracterizar la 

identidad inmunohistoquímica de la célula registrada. 

 En este estudio, cinco células (Figura 7-21) yuxtacelularmente marcadas que se 

encontraron en el núcleo 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 (proyección 2D de la morfología tridimensional), por medio de un tubo 

de dibujo acoplado al microscopio de luz. Por sus características morfológicas los axones o 

sus colaterales fueron clasificados como tales y marcados de color rojo si se unían al tracto 

de Greving o surgían de un axón que se unía al tracto de Greving, si expresaban vGlut2, si 

eran proyecciones a distancias largas (extra hipotalámicas) o si ramificaban dentro del 

hipotálamo extensivamente (terminales axónicas) con varicosidades que parecían “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 debían cumplir los siguientes criterios: 1) que fueran 

reveladas como AVP+  y 2) que mandaran un axón al tracto de Greving (via hipotálamo-

neurohipofiseal). 

 Tomando en cuenta los criterios mencionados, observamos que las MNN’s, pueden 

poseer más de un axón primario, originado bien del soma o de una dendrita principal. La 

célula “EV40”, Figura 7-21 A) muestra claramente dicha característica. 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 axón dorsal se 

incorpora al tracto hipotálamo neurohipofiseal,  y una de sus colaterales  se dirige ventral y 

posteriormente, uniéndose al tracto óptico, algunas terminales se hallaron en amígdala central 

y medial. El axón ventral se dividió en dos, una rama se dirige hacia el tercer ventrículo 

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 PVNlm. Ambas células 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 axónico que se dirige ventro-medialmente 

(1) en “E16”), que han sido descritos como terminaciones axónicas (Armstrong, 2004). En 

los paneles 3 a 6, se observan procesos axónicos dentro o en proximidad de vías importantes 

de conducción (i.e. fornix, cápsula interna, stria medularis).  “EV16” presenta una dendrita 

dorsal y una ventral, la dendrita ventral se ramifica extensamente en dirección 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 axón principal, este axón se dirige al tracto hipotálamo 

neurohipofiseal y en el trayecto emite proximalmente una colateral (número 2 en panel B) 

que se integra a la stria medularis, donde deja de observarse, pero se puede ver un proceso 

axónico emergiendo de este tracto a nivel de habenula. Otra colateral axónica distal (número 

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 núcleo 

paraventricular, sin embargo era AVP+, en este caso también observamos tres procesos 

dendríticos, (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 axónicos resultaron positivos para vGLUT2. 

La quinta neurona “VH25” (Figura 7-21 E), se hallaba en la frontera medial del PVNlm, en 

este caso dos dendritas emergen del polo dorsal y una del polo ventral, esta última da origen 

al axón principal  que se dirige a eminencia media, y a un proceso tipo axónico en forma de 

“racimos de perlas”. 
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A 

Figura 7-21. Proyecciones 2D de neuronas vasopresinérgicas magnocelulares marcadas 
yuxtacelularmente con neurobiotina. Todas las neuronas aquí 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 
PVNlm, presenta dos dendritas mediales y una dendrita que se ramifica en dirección 
lateral. Dos axones primarios emergen de la dendrita lateral  a la misma altura (flechas 
rojas y azul en reconstrucción y fotomicrografías seriales 1 y 2). Insets 3 y 4 muestran 
procesos axónicos hallados en amígdala medial y central. Algunos otros procesos 
axónicos (punta de flecha azul) y dendríticos (punta de flecha verde)  se vieron ingresando 
al fornix. Barra de escala 50 micras. Datos no publicados, enviados a Frontiers in 
Neuroanatomy. 

83 
 



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

 

C 

D 

E 

B 

84 
 



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

 

 

  

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 dirección medial, la dendrita dorsal se divide 
en rama medial que ramifica medialmente y rama lateral que da lugar al axón. El axón se 
dirige lateralmente, inmediatamente después de salir de PVN emite una colateral dorsal 
que se integra a stria medularis donde se pierde temporalmente y se hallan procesos 
saliendo de sm a nivel de habenula. El axón principal continúa 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 axónicos que forman un “racimo de perlas”, 
terminaciones axónicas se hallaron en el área preoptica medial (MPO) y en núcleo 
supraquiasmático (SCN). (C) “VH52” Tambien registrada en la parte medial del PVN, se 
observa el mismo patrón de dendritas ramificando medialmente y axón que emerge de 
dendrita lateral, presenta un claro ejemplo de axón en “racimo de perlas” y se observan 
varias colaterales axónicas ingresando o en proximidad de vías importantes de 
conducción, i.e.: fornix (fx), cápsula interna (ic), stria medularis (sm) ver 
fotomicrografías 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 dirección dorsal, estos axones son positivos a vGlut2. (E)”VH25” 
ubicada en parte medial del núcleo, presenta dendritas emergiendo de un polo dorsal y 
uno ventral, no presenta ramificaciones extensas. De la dendrita ventral emerge el axón 
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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Sección III 

La modulación a la alta o a la baja del  

sistema vasopresinérgico 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 osmótico. 

Se evaluó 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). El EPM compara el comportamiento de exploración contra 

el de evitación 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 número reducido de entradas a ellos implican un 

estado de mayor ansiedad no condicionada. Los animales HM no mostraron diferencias 

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

Posteriormente las ratas se sometieron a WD durante 48 h como estresor osmótico y 

tras esto se les colocó en la caja de prueba del VCT donde debían decidir entre tomar del 

bebedero y posiblemente recibir un toque eléctrico, o mantenerse apartadas de él. El grupo 

HM mostró una reducción en el número de toques recibidos durante los 5 min que duró la 

prueba (11.2 ± 1.68, promedio ± SEM) en comparación a los controles (37.5 ± 1.5) (Figura 

7-22 B). La administración de diazepam 30 min antes de la prueba aumentó 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 mostró 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 privación 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 pasó en el 

brazo abierto, el histograma de la derecha, el porcentaje de entradas al brazo abierto en 

relación al número 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 número de toques aceptados durante el lapso de la prueba (5 min). 

Panel izquierdo: sin ansiolítico, las ratas HM mostraron una disminución significativa en 

el número de descargas recibidas durante la prueba. (n = 8). Panel derecho: con la 

administración 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  desapareció. (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 comparó el desempeño de las ratas que sufrieron separación materna (SM, 

poseen un sistema vasopresinérgico potenciado) y ratas controles (sistema vasopresinérgico 

normal). Evaluamos a ambos grupos bajo cuatro condiciones 1) sin ningún tipo de estímulo 

2) bajo un estado agudo de activación del sistema vasopresinérgico (inyección de solución 

hipertónica de NaCl); 3) bloqueando la transmisión vasopresinérgica via un antagonista del 

receptor V1b (receptor con una distribución muy localizada en hipocampo); 4) con los 

estímulos 2 y 3 simultáneamente.  

No se observaron diferencias significativas en el aprendizaje espacial entre los grupos 

Ctrl y SM cuando se administró solución isotónica (T1, Figura 7-23 Panel A). Bajo el 

tratamiento hipertónico (T2) el grupo SM mostró latencias de escape significativamente 

aumentadas respecto al grupo control en los ensayos II, III VII y VIII (Figura 7-23 panel B). 

También se observó diferencia cuando se comparó el grupo SM hipertónico con el grupo SM 

isotónico en los ensayos III, VII y VIII (Figura 7-23 F, línea azul (T2) vs. línea negra (T1) y 

Tabla 2, panel de la derecha, intersección de T2 y T1 para los ensayos III, VII y VIII). El 

tratamiento hipertónico T2 no tuvo efectos significativos en el grupo control (Figura 7-23 E, 

línea azul (T2) vs. línea negra (T1) y Tabla 2, panel de la izquierda, intersección de T2 y T1). 

En el grupo control (Figura 7-23E), el antagonista del receptor V1b, SSR149415 (T3), 

produjo diferencias significativas en el desempeño en esta prueba cuando se comparó con el 

tratamiento isotónico (T1) en los ensayos II, III, IV, V, VI y VII (Figura 7-23E, línea roja 

(T3) vs. línea negra (T1) y Tabla 2, panel de la izquierda, intersección de T3 y T1 para dichos 

ensayos), mientras que en los animales SM, el SSR149415 (T3) sólo produjo diferencia 

significativa respecto al control contra el tratamiento isotónico (T1) (Figura 7-23 F, línea roja 

(T3) vs. línea negra (T1)). También se observaron diferencias significativas en los ensayos 

III, IV y V cuando se compararon Ctrl y SM tratados con SSR1491415 (Figura 7-23 C). 

Sorprendentemente, una mejoría inicial en el desempeño durante la prueba se observó en el 

ensayo II, tanto en animales Ctrl como SM tratados con SSR149415 (Figura 7-23 E y F, 

líneas rojas (T3) contra líneas negras (T1)). Cuando se aplicó el tratamiento combinado (T4) 

los efectos deletéreos sobre el aprendizaje espacial del SSR149415 y de la solución 
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hipertónica se cancelaron y no se observó diferencia en el desempeño comparado con el 

isotónico, tanto en el grupo Ctrl como en el SM (Figura 7-23 E y F, línea verde (T4) vs. línea 

negra (T1)). 

 

Tabla 4. Tabla de valores de significancia para la comparación entre los distintos 
tratamientos en el MWM: El panel izquierdo muestra diferencias estadísticamente 
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 
estadísticamente significativas entre los tratamientos para los diferentes ensayos en 
el grupo de MS. T1: Tratamiento isotónico; T2: Tratamiento hipertónico; T3: 
Tratamiento SSR149415; T4 Tratamiento hipertónico + tratamiento SSR149415. 
AFR: criados en el bioterio, SM: sometidos a protocolo de separación materna. 
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Figura 7-23.  Desempeño 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 separación materna neonatal (SM), después de recibir 4 
tratamientos diferentes: (A) Solución isotónica (T1), (B) Solución hipertónica (T2), 
(C) SSR149415 (T3), (D) solución hipertónica + 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 estadísticas 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 día. *, **, *** 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 información sobre las diferencias significativa. Modificado de 
(Hernandez et al., 2012). 

91 
 



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

7.5.2 La activación 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,  diseñamos un experimento conductual donde activamos el 

sistema vasopresinérgico magnocelular (inyección sistémica de solución salina hipertónica, 

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 solución hipertónica vs 

(32.85 ± 5.34) en controles y (32.25 ±5.3) en animales inyectados con solución isotónica. Por 

el contrario las conductas activas de escape, aumentaron en el grupo hipertónico (44.05 ± 

3.06) vs control (27.85 ± 3.2) y vehículo (23.1 ± 2.26). 

 

 

  

Figura 7-24. Aumento en las 
conductas activas de escape inducido 
por estrés osmótico. (A y B) 
representan típicas conductas pasivas 
(congelamiento) y activas (escalar) de 
escape ante un predador. (C) lado 
izquierdo muestra que el estrés 
osmótico genera una disminución 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 osmótico modifica el patrón de activación 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 expresión de Fos en regiones inervadas por axones de MNN’s.  Observamos que 

el gato induce un aumento en el número de núcleos de Fos en el hipotálamo (PVN, Pa, 

PALM), en amígdala y en habenula lateral. Sin embargo, los patrones de expresión inducidos 

por el predador se modificaron con la inyección de solución hipertónica (letras con apostrofe 

en la Figura 7-25). La solución hipertónica indujo un aumento en el número de núcleos de 

Fos en  el núcleo supraquiasmático dorsal  (SCNd), el núcleo supraóptico(SON, B y B'), el 

paraventricular lateral magnocelular (PVNlm,  A'), la parte medial magnocelular del PVN 

(PVNmm, C y C'), el área preóptica medial  (MPO), la parte central medial de amígdala (Sea, 

F y F') y la habenula lateral, parte medial  (LHbm, . D y D'). Se observaron reducciones 

significativas en  la amígdala medial (MeA) y baso lateral (BLA, F y F') y en la parte lateral 

de habenula lateral (LHbl, D y D'). No observamos cambios en la parte ventral del 

supraquiasmático (SCNv, B y B'), y la región parvocelular del paraventricular (PVNmpd, A 

y A'). En el tálamo la expresión de Fos se hizo más densa y organizada. La  Figura 7-25 G 

indica la activación inducida por estrés osmótico en  células vasopresinérgicas 

magnocelulares  de PVNlm. El histograma en la figura 7-25 H y la tabla 4 comparan 

cuantitativamente la expresion de Fos en grupos vehículo e hipertónico. Datos no publicados, 

enviados a Frontiers in Neuroanatomy. 
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Tabla 4. Número de células Fos+ en un áreas de 0.02 mm2. 
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Figura  7-25. El estrés osmótico modifica el patrón de expresion de Fos inducido por 
predador. A-F: fotomicrografías que comparan la expresion de Fos en animales vehículo 
(letras no marcadas) vs animales con inyección de sol hipertónica (letras con apostrofe). 
(G) muestra la expresion de Fos (verde) en  MNN’s vasopresinérgicas (rojo) después de 
90 minutos de una inyección hipertónica i.p.. (H) muestra un histograma comparando la 
expresion de Fos en las áreas mostradas por las microfotografías.  *, ** 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. Discusión 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 condición estable. El mantener la homeostasis 

es fundamental para la sobrevivencia del individuo y de la especie,  por lo que múltiples 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 clásicamente que el  hipotálamo, una estructura 

filogenéticamente antigua  es un nodo importante en la integración de estas respuestas 

homeostáticas. Dentro del hipotálamo los núcleos paraventricular y supraóptico contienen 

una importante población de neuronas vasopresinérgicas magnocelulares neurosecretoras 

(MNN’s), estas neuronas responden a la disminución de la presión arterial o al aumento de 

la osmolaridad plasmática secretando vasopresina a la circulación sistémica por medio de 

axones que envían hacia la neurohipófisis. El efecto de la vasopresina sobre sus órganos 

blancos es una reabsorción de agua por el riñón y una contracción en el músculo liso de los 

vasos sanguíneos.  

Es comúnmente 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 activación del eje HPA en ratas normales, 

no logran inducir una elevación de ACTH en ratas Brattelboro (KO natural para vasopresina), 

aunque sí responden con una elevación de corticosterona (CORT). Esto podría sugerir que la 

vasopresina es la responsable de la liberación de CORT y que las neuronas CRF aún no han 

madurado. Sin embargo en un estudio reciente se encontró un fenómeno bifásico en relación 

a la elevación de CORT como consecuencia de la separación materna: en P3 los animales 

MS mostraron una mayor elevación de CORT respecto a los AFR, sin embargo en P12 el 

grupo MS mostró una elevación menor que los AFR (Lajud et al., 2012). Los datos anteriores 

dan pie a proponer que la hiper-activación del sistema AVP durante la separación materna 

en la etapa postnatal temprana, representa un mecanismo homeostático 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 

hipotalámico durante esta etapa se encuentra en un importante proceso de maduración-

remodelación, con distintos procesos ocurriendo simultáneamente (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 sección de esta tesis reportamos un aumento en la reactividad  del 

sistema vasopresinérgico neurohipofiseal ante un estrés osmótico (i.e. más rápida y mayor 

liberación de vasopresina a la sangre), mayor numero de neuronas vasopresinérgicas MNN’s  

activadas ante un estrés osmótico, numerosos cuerpos de Herring (sitio de almacenamiento 

de la hormona, mayor expresión 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 endócrino prenatal puede sufrir modificaciones por 

diversas clases de estresores, de forma inmediata como mecanismo homeostático,  pero a 

largo plazo pueden producir cambios perdurables en la estructura y función 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 

hipotalámico neurosecretor son exclusivas hacia la neurohipófisis, donde participan en la 

regulación hidroelectrolítica y de la presión arterial. Y que las proyecciones centrales 

vasopresinérgicas provienen de otros núcleos que expresan vasopresina (neuronas 

parvocelulares del núcleo paraventricular, núcleo supraquiasmático, amígdala, 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, 

sugería que el rol del sistema magnocelular vasopresinérgico no se limitaba a sus funciones 

periféricas. Algunos estudios previos habían sugerido por medio de métodos bioquímicos 

(Landgraf et al., 1988), inmunohistoquímicos (Buijs, 1978, Sofroniew and Glasmann, 1981)) 

y electrofisiológicos ((Inyushkin et al., 2009) la presencia de proyecciones intracerebrales 
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provenientes de estos núcleos magnocelulares, sin embargo dicha hipótesis no había 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 hipótesis de que existían 

proyecciones intracerebrales desde los núcleos hipotalámicos magnocelulares hacia regiones 

centrales involucradas en el control de funciones cognitivas y emocionales y que la activación 

del sistema hipotalámico vasopresinérgico magnocelular tendría consecuencias en la 

activación neuronal de dichas regiones y en las conductas que a estas regiones estuvieren 

asociadas. 

Los trabajos en la sección 2 de resultados describen los datos obtenidos al analizar las 

proyecciones intracerebrales de las neuronas magnocelulares del  sistema vasopresinérgico 

hipotalámico. Por medio del uso de trazadores neurales, reconstrucción asistida por 

computadora y registro yuxtacelular in vivo con marcaje de neurona única, describimos una 

extensa red de proyecciones intracerebrales del sistema vasopresinérgico. Reportamos una 

determinación detallada del patrón de inervación en hipocampo y definimos la presencia de 

sinapsis en dichas regiones, así como la identidad celular de algunos blancos de axones 

vasopresinérgicos en el hipocampo, estos resultados contribuyen a explicar los mecanismos 

mediante los cuales la innervación proveniente de neuronas AVP+ magnocelulares de 

hipotálamo puede modificar la función de hipocampo y conductas asociadas tales como el 

aprendizaje espacial (Fanselow and Dong, 2010) o conductas de ansiedad (Adhikari et al., 

2010).  

Para confirmar inequívocamente el origen de la innervación intracerebral a partir de 

neuronas vasopresinérgicas neurosecretoras utilizamos el método de marcaje yuxtacelular, 

que ha demostrado ser un método poderoso para identificar con certeza la morfología de las 

proyecciones neuronales, sus blancos regionales y celulares así como el fenotipo 

inmunohistoquímico de las neuronas registradas. Aunado a esto, permite registrar la 

actividad electrofisiológica de la neurona registrada y el potencial local de campo del sitio 

donde se realiza el registro, permitiendo una correlación entre estructura y función. Con este 

método, para nuestra sorpresa, hallamos que algunas neuronas neurosecretoras 

vasopresinérgicas poseen más de un axón o colaterales axónicas que pueden surgir desde el 

axón que se dirige a la neurohipófisis o desde otros axones. Estos axones o colaterales inervan 
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estructuras intrahipotalámicas  (área preóptica, núcleo supraquiasmático, área hipotalámica 

lateral) o se integran a vías de conducción (fimbria-fornix, stria medularis, cápsula interna) 

para inervar otras regiones intracerebrales (habénula, pálido 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 inervación intracerebral más extensa de lo que anteriormente se había propuesto. 

En la última sección  evaluamos los efectos que la modulación “aguda” del sistema 

vasopresinérgico (estrés osmótico o antagonistas de receptor vasopresinérgico) tiene sobre 

conductas en donde participan áreas que hemos demostrado son innervadas por neuronas 

vasopresinérgicas MNN´s, y evaluamos si la potenciación “crónica” del sistema 

vasopresinérgico magnocelular en animales sometidos a estrés perinatal, confiere 

susceptibilidad para desarrollar alteraciones en la mocionalidad y la cognición. 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 participación de dicho sistema, e.g. condiciones 

de privación de agua o administración de una solución hiperosmótica, se puede evidenciar 

una serie de alteraciones en parámetros 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 aversión a lugares abiertos mientras que la 

segunda (VCT)  evalúa las conductas de “ansiedad condicionada”, en un estado de privación 

de agua por 24 horas. En ninguno de los dos modelo de estrés 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 característica la activación del HNS y el aumento de la liberación de AVP y en este 

caso observamos que los animales HM y MS presentan conductas de ansiedad. Es lógico 

suponer que el aumento en ansiedad visto en esta prueba sea debido a la liberación de 

vasopresina intracerebral, estos datos van en concordancia a estudios previos que sugerido 

100 
 



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

efectos ansiogénicos/ansiolíticos de agonistas/antagonistas vasopresinérgicos cuando estos 

son administrados intracerebralmente(Landgraf et al., 1995, Mak et al., 2012) y una mayor 

liberación 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 modulación aguda a la alta 

(estrés osmótico) 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 

activación 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 separación materna, presentan deterioro 

en aprendizaje espacial. El 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 función del hipocampo, posteriormente se han realizado 

estudios de electrofisiología que muestran que la AVP produce LTP en rebadadas de 

hipocampo (Chepkova et al., 1995) y la administración 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 V1b 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 último en la última serie de experimentos realizados en ratas sin estrés perinatal, 

observamos que  la activación in-vivo de las neuronas magnocelulares neurosecretoras 

vasopresinérgicas, por medio de un estrés osmótico, produce una significativa reducción en 

las conductas pasivas de escape y un aumento en las conductas activas de escape ante un 

predador. Esta modificación conductual se asocia a la activación de regiones cerebrales que 
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reciben innervacion de neuronas magnocelulares neurosecretoras.  Los resultados anteriores 

sugieren que la hiperactivación 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 neuropatologías. 

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 homeostáticos del sistema vasopresinérgico en 

desarrollo ante cambios en el ambiente interno o externo. En la edad adulta, cuando el sistema 

vasopresinérgico ha culminado su maduración, estos mecanismos inicialmente adaptativos 

pueden sentar las bases para la expresión de psicopatología durante la edad adulta.  Hemos 

caracterizado la conectividad intracerebral de este sistema vasopresinérgico y hemos hallado 

que las MNN’s además de la via hipotálamo-neurohipofiseal clásica, generan una red de 

conexiones intracerebrales mucho más extensa de lo anteriormente propuesta, mediante la 

cual puede modular funciones cognitivas y emocionales 

Estos resultados abren una serie de posibilidades de exploración sobre cómo el sistema 

vasopresinérgico magnocelular hipotalámico puede modular sus regiones blanco, será 

importante determinar cuál es el efecto de la liberación 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 hipotálamo y en las regiones blanco tales como 

hipocampo o amígdala, y si esto es cierto verificar cómo se modulan estas conexiones 

funcionales por medio de estímulos 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 separación 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 Área hipotalámica anterior 

AT Terminal axónica, (axón terminal) 

AVP Arginina vasopresina 

BNST Núcleo del lecho de la estria terminalis (bed  nuclei of the stria terminalis) 

cAMP AMP cíclico (cyclic adenosine monophosphate) 

CCTV Cámara de circuito cerrado (Closed circuit television) 

CeA Núcleo central de la amígdala 

CORT Corticosterona 

CRF Factor liberador de corticotropina, (corticotropin releasing factor) 

Crtl Control 

CV Coeficiente de variación 

DAB 3,3'-diaminobencidina 

DEPC Dietilpirocarbonato  

Ei Día embrionario i 

ELISA Enzime linked immuno-sorbent assay 

EPM Elevated Plus Maze 

EPSP Potenciales post-sinápticos excitatorios, (Excitatory post-sinaptic potencial) 

FG Fluoro-Gold 

FST  Prueba de nado forzado, (Forced swimming test) 

GD Giro dentado 

HM Hipertiroidismo materno 

HNS Sistema hipotálamo-neurohipofiseal (Hipotalamic-neurohypophyseal system) 

HNT Tracto hipotálamo-neurohipofiseal (Hipotalamic-neurohypophyseal tract) 

HPA Hipotálamo-pituitaria-adrenal 

HT Hormonas tiroideas 
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IC Cápsula interna (Internal capsule) 

IHC Inmunohistoquímica (Immunohistochemistry) 

IP3 Inositol trifosfato 

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

LTP Long term potentiation 

LTVP Potenciación vasopresinérgica de largo plazo, (Long term vasopressinergic potentiation) 

mRNA ARN mensajero 

MWM Laberinto acuático de Morris, (Morris water maze) 

MS Separación 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 Paraformaldehído 

Pi Día postnatal i 

PLC Fosfolipasa C, (Phospholipase C) 

PVN Núcleo paraventricular, (paraventricular nucleus) 

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

PVNIm División lateral magnocelular del PVN, (PVN lateral magnocelular division) 

RFST Prueba de nado forzado repetido, (Repeated forzed swimming test) 

SCMS Estrés leve sub-crónico moderado, (Sub-chronic mild stress) 

SCN Núcleo supraquiasmático, (Suprachiasmatic nucleus) 

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

SON núcleo supraóptico, (Supraoptic nucleus) 

STIA stria terminalis 

str. or stratum oriens 

T3 Triyodotironina 

T4 L- tiroxina 

TB Buffer de Tris 

TBS Buffer de Tris + NaCl 0.9% 

TBST Buffer de Tris + NaCl 0.9% y Tritón 100x al 0.3%  
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TDHA Trastorno de déficit de atención e hiperactividad 

TST Prueba de suspensión del rabo, (Tail suspension test) 

VCT  Prueba de conflicto de Vogel, (Vogel conflict test) 

WD Privación de agua, (Water deprivation) 
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40	
  
41	
  

Abstract 42	
  
43	
  

Conventional neuroanatomical, immunohistochemical and in vitro recording and 44	
  
labeling methods may fail to detect long range intracerebral-projecting axons of 45	
  
vasopressinergic (AVP) magnocellular neurosecretory neurons (MNNs) of the 46	
  
hypothalamic paraventricular nucleus (PVN). Here, by using in vivo extracellular 47	
  
recording and juxtacellular labeling, we show that MNNs possess multi-axon-like 48	
  
processes and axonal collaterals branching very near to the somata, projecting 49	
  
intracerebrally to areas including the medial and lateral preoptical area, suprachiasmatic 50	
  
nucleus, lateral habenula, medial and central amygdala and to the conducting systems 51	
  
such as stria medullaris, the fornix and the internal capsule. Axon-collaterals were 52	
  
detected to express vesicular glutamate transporter 2. Furthermore, in vivo activation of 53	
  
AVP-MNNs by hypertonic saline administration produced significant reduction of 54	
  
freezing behavior and an increase in active escaping, measured as climbing, rearing and 55	
  
displacement, during live cat exposure. Modified Fos expression patterns during fear 56	
  
processing in hypothalamus, amygdala, thalamus and LHb were also observed. Our data 57	
  
demonstrated that AVP-MNNs possessed multiple axon-like processes and the long-58	
  
range intracerebral projection is a more common feature of the MNNs, than an 59	
  
“occasional” phenomenon as previously thought. The magnocellular AVP-60	
  
glutamatergic non-canonical pathways found here may constitute a part of the central 61	
  
motivational circuit activated under multifaceted stress coping. 62	
  

63	
  
64	
  
65	
  

Key words: Paraventricular nucleus (PVN), juxtacellular labeling, vasopressin, extra-66	
  
hypothalamic projections, axon collaterals, magnocellular neurosecretory system. 67	
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1. Introduction 68	
  

Arginine-vasopressin (AVP) containing cells located in the lateral division of the 69	
  
paraventricular nucleus of the hypothalamus have large somata (diameters around 20-35 70	
  
µm, named magnocellular) and are commonly known to project to the neurolobe of the 71	
  
hypophysis releasing the nonapeptide vasopressin, which is critical for cardiovascular 72	
  
functions and hydro-electrolytic homeostasis (Bargmann and Scharrer, 1951). They are 73	
  
traditionally referred to as vasopressinergic magnocellular neurosecretory neurons 74	
  
(AVP-MNNs).  75	
  

Osmotic stimulation, such as dehydration or acute salt loading, produces a rapid 76	
  
activation of AVP-MNNs. Under salt loading, MNNs respond with an increased firing 77	
  
rate and often are continuously activated (tonic firing patterning) in the initial phase of 78	
  
stimulation (Brimble and Dyball, 1976). 79	
  

There is growing evidence supporting the role of AVP as a molecule involved in 80	
  
the modulation of behavior, such as social interactions, anxiety, aggression and fear 81	
  
(Debiec, 2005;Caldwell et al., 2008). It is generally accepted that the AVP-containing 82	
  
parvocellular neurons of the hypothalamic paraventricular nucleus (PVN) are the main 83	
  
players for both the corticotropin-releasing hormone synergetic action on 84	
  
adenohypophyseal corticotropin secretion and the intracerebral projections, together 85	
  
with AVP containing neurons from the bed nucleus of stria terminalis (BNST) and 86	
  
from the medial amygdala (MeA) (Caffe and van Leeuwen, 1983;Buijs et al., 1991).  87	
  

 It has been established that the magnocellular axons emanate from the AVP-88	
  
MNNs, either from the soma or a primary dendrite (Armstrong et al., 1980;van den Pol, 89	
  
1982;Hatton et al., 1985;Rho and Swanson, 1989) and course in a wide arc, passing 90	
  
over or beneath the fornix before turning medially above the supraoptic nucleus to join 91	
  
the tract of Greving (Laqueur, 1954) before reaching the internal medial eminence 92	
  
(MEI) and then the neural lobe. AVP-MNN axons from magnocellular neurons have 93	
  
been seen to occasionally branch (van den Pol, 1982;Hatton et al., 1985;Ray and 94	
  
Choudhury, 1990), but the final destination and synaptic relationship of collaterals 95	
  
remain to be determined (Armstrong, 2004). 96	
  
 97	
  
 Besides the finding of dendritic release of AVP in their vicinity influencing the 98	
  
local neuronal activities through paracrine mechanisms (Pow and Morris, 1989;Son et 99	
  
al., 2013), recent investigations using both in vivo and in vitro electrophysiological 100	
  
recording (Inyushkin et al., 2009), anatomical analysis and fluorogold retrograde tracing 101	
  
(Hernandez and Zhang, 2012;Zhang and Hernandez, 2013), have suggested that the 102	
  
AVP-MNNs have important intracerebral axonal projections establishing synaptic 103	
  
innervations in some limbic regions, such as hippocampus (Zhang and Hernandez, 104	
  
2013) and amygdala (Hernandez and Zhang, 2012). Activation of the AVP-MNNs 105	
  
modifies significantly the conditioned anxiety state (Zhang et al., 2012) and the spatial 106	
  
learning (Hernandez et al., 2012).  107	
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The conventional neuroanatomical, immunohistochemical and in vitro 108	
  
electrophysiology methods may fail to detect the complete dendritic arborization and 109	
  
the presence of long-range intracerebral-projecting axons of AVP-MNNs in the PVN. 110	
  
The difficulties include the large cell size for any kind of brain slide-based methods; the 111	
  
high cellular density and the intermingled populations of both AVP parvo- and magno-112	
  
cells; the chemical structural changes of the peptide from propressophysin to 113	
  
vasopressin during the intra-axonal transport, which decrease the labeling with a single 114	
  
antibody (Zhang and Hernandez, 2013); and also the uneven axonal distribution of the 115	
  
dense core vesicles, making it confusing when following the thin axons under light and 116	
  
electron microscopy (Zhang and Hernandez, 2013).  In contrast, the in vivo extracellular 117	
  
recording with juxtacellular labeling technique (Deschenes et al., 1994;Pinault, 1994; 118	
  
1996), combined with a post hoc anatomo-immunohistological analysis, is able to 119	
  
overcome these difficulties and enabled us to investigate the overall MNN morphology 120	
  
and its long-range intracerebral projections. 121	
  

Hence, the aim of this work is to reinforce our previous observation of the 122	
  
intracerebral vasopressinergic innervation by AVP-MNNs, using in vivo juxtacellular 123	
  
single neuron labeling method, to accurately identify the intracerebral projections of 124	
  
these neurons from PVN and to evaluate the functional implications of the activation 125	
  
ofusthe AVP-MNNs. To this end, we used osmotic stressor to activate the AVP-MNNs 126	
  
and cat exposure as an ethologically and physiologically relevant natural stimulus, to 127	
  
evaluate passive vs. active stress coping and the c-Fos expression in the regions where 128	
  
the axon-collaterals from juxtacellularly labeled AVP-MNNs were found. 129	
  

2. Materials and methods130	
  

2.1 Animals 131	
  
132	
  

Experiments were conducted in adult male Wistar rats (250 – 300 g) provided by the 133	
  
local animal facility and housed at 20 – 24º C on a 12h dark/light cycle (lights-on at 134	
  
19:00 h) with tap water and standard rat chow pellets available ad libitum. The local 135	
  
bioethical and research committees approved all procedures involving experimental 136	
  
animals (approval ID CIEFM-086-2013). 137	
  

138	
  
2.2 In vivo extracellular recording and juxtacellular labeling 139	
  

140	
  
The procedures for in vivo extracellular recording and juxtacellular labeling were based 141	
  
on the methods described in references (Leng, 1991;Pinault, 1996;Tukker et al., 2013). 142	
  
Anesthesia was induced with 4% isoflurane in oxygen, followed by urethane injection 143	
  
(1.3 g / kg, i.p., Sigma-Aldrich), with supplemental doses of xylazine (30 mg/kg) as 144	
  
necessary. Body temperature was maintained at 36 ºC with a heating pad. Once 145	
  
anesthetized, animals were placed into a stereotaxic frame and craniotomy was 146	
  
performed around the coordinates: -1.7 mm posterior from Bregma and 0.4 mm lateral. 147	
  
A long-taper glass electrode (8-15 MΩ) filled with 1% neurobiotin (Vector 148	
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Laboratories), in 0.15 M NaCl was vertically placed at previously standardized 149	
  
hypothalamic PVN coordinates (1.7 mm posterior and 0.4 mm right/left from Bregma, 150	
  
6.9 mm deep) and referenced against a wire implanted subcutaneously in the neck. 151	
  
 152	
  
 Neuronal activity was detected, amplified and filtered using differential 153	
  
amplifiers ELC-01MX, DPA-2FL and BF-48DGX (npi electronics, GmbH, Tamm, 154	
  
Germany). Signals were filtered in a 300-3000 Hz bandwidth.  155	
  
 156	
  
 All the five AVP-MNNs reported here were labeled under hypertonicity 157	
  
condition (900mM NaCl solution, 2% b. w., i.p.) to facilitate the location of AVP-158	
  
MNNs in vivo. This procedure was set to increase the experiment effectiveness. There 159	
  
are several factors in basal conditions that hamper the experimental effectiveness, 160	
  
amongst which we could mention 1) the small size of PVN; 2) the individual coordinate 161	
  
differences; 3) the high presence of pulsatile blood vessels (3.3 times) and longer lumen 162	
  
perimeters (3.6 times) than in control regions of ventrolateral hypothalamus (van den 163	
  
Pol, 1982)); 4) the very low spontaneous firing rates (<0.1Hz) of AVP-MNNs under 164	
  
basal condition in urethane anesthetized rat.  165	
  
 166	
  
 After recordings, the cell was iontophoretically labeled with neurobiotin using 167	
  
juxtacellular-labeling method (Pinault, 1994). Current pulses of 1–10 nA, at 2.5 Hz, 168	
  
with a 50% duty cycle, were delivered through the recording electrode. The current was 169	
  
gradually increased to induce and maintain entrainment of the activity of the neuron, 170	
  
yielding a higher number of spikes on the current "on" periods. Cells were entrained 171	
  
between 2 and 10 min. 172	
  
 173	
  
2.3 Tissue processing and reconstruction of juxtacellular labeled neurons 174	
  

Two to five hours after labeling, animals were transcardially perfused with saline 175	
  
followed by 15 min of fixative solution containing 4% paraformaldehyde, 15% v/v 176	
  
saturated picric acid, and 0.05% glutaraldehyde in 0.1M PB. Each recorded cell was 177	
  
coded with the electrophysiologist's initials followed by the sequential number of 178	
  
experiments for internal control. 179	
  
 180	
  
 Coronal sections (70 µm) were stored serially in tissue culture wells in 0.1PB 181	
  
containing 0.05% NaN3. Four to six sections near the electrode tract were incubated 182	
  
with streptavidin-conjugated Alexa Fluor 488 (1:1000; Invitrogen) in TBST (Tris-183	
  
buffered saline with 0.3% Triton X-100) for 1 h at room temperature (RT). After 184	
  
rinsing, sections were mounted on slides in VectaShield (Vector Laboratories, 185	
  
Burlingame, CA). Sections from successfully labeled cases containing the somata were 186	
  
blocked with 10% normal donkey serum (NDS) and later incubated overnight with 187	
  
rabbit anti-AVP (1:500; Peninsula Laboratories) and guinea-pig anti-vesicular 188	
  
glutamate transporter (vGluT2-GP-Af810, Frontier Institute Co., LTD, Ishikari, Japan). 189	
  
For reconstruction, sections were further processed using avidine-biotin peroxidase 190	
  
complex (Vectastain ABC Elite kit, Vector Laboratories Burlingame, CA) to reveal 191	
  

126



neurobiotin with diaminobenzidine (DAB, 0.05%; SIGMA, St.Louis, MO). Mounted 192	
  
sections were air-dried and coverslipped with Permount mounting medium (Electron 193	
  
Microscopy Sciences, Hatfield, PA). 194	
  
 195	
  
 Five neurobiotin-labeled AVP immunopositive MNNs (EV40, VH52, EV16, 196	
  
MM15, VH25, corresponding the Fig. 1-5) were selected for reconstruction under light 197	
  
microscope with a drawing tube. For MM15, a 3D confocal microscope reconstruction 198	
  
of the soma section (70µm of thickness) was provided (supplemental information) to 199	
  
illustrate the presence of both the hypothalamic-neurohypophyseal tract –joining axons 200	
  
and the intracerebral projecting collaterals. The selection criteria include that the cells 201	
  
had to be tested positive to AVP; to be located inside the PVNlmd and to possess the 202	
  
main axons joining the tract of Greving (Armstrong, 2004). 203	
  
 204	
  
2.4 Live cat exposure and behavioral scoring 205	
  
 206	
  
The behavior test was performed during the early activity period of the rats (dark 207	
  
period). Experimental subjects (N=60), housed four per cage, were divided into three 208	
  
groups: the undisturbed control group was housed as described before; the isotonic 209	
  
saline (vehicle) injected groups and the salt challenged group (900mM of NaCl, 2% of 210	
  
b.w.). The injections were made 30 min before the test under transient anesthesia by 211	
  
inhaling sevoflurane vapor (Sevorane, Abbot, Mexico) to reduce the nuisance caused by 212	
  
the manipulation during the injections. Rats recovered from this procedure after 1 to 3 213	
  
min. 214	
  
 215	
  
 Each rat was placed individually in a grid cage (28.5 × 21 × 30 cm), so the rat 216	
  
could climb. The cage was placed inside a larger ventilated clear plastic chamber (60 × 217	
  
80 × 40 cm), where a male adult cat was then introduced. The cat was tamed and 218	
  
castrated (a pet named Balam), about 5 kg of b.w. Balam mostly stayed quiet/immobile 219	
  
during the experiment. One advantage of this arrangement is that the rats were exposed 220	
  
to physiologically relevant stimuli - a live predator's odor, appearance and breathing 221	
  
sounds, which were relatively constant for all the experimental subjects. Each rat 222	
  
remained in the above-described chamber for a single period of 10 min. Once the time 223	
  
of exposure was completed, they were returned to their home cage.  224	
  
 225	
  
 Relevant behaviors were quantified offline by giving one of the six scores every 226	
  
five seconds: 1) "Freezing" was assigned to the behavior of immobility more than 2 sec 227	
  
with piloerection; 2) "Climbing": when rats climbed the internal mesh cage using limbs 228	
  
trying to escape from the top door; 3) "Rearing", when rats were rearing still, sniffing 229	
  
with short head rotations; 4) "Displacement", when the rats were walking, trotting or 230	
  
running; 5) "Orientation": when the four limbs of the rats were still with head extension, 231	
  
rotation; 6) "Grooming": when rats groomed themselves (nose, head, face, eyes and 232	
  
body) with their paws, using very short movements. "Active Escaping" measured in the 233	
  
study included the behaviors 2, 3 and 4. 234	
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 Groups were tested for differences by performing one-way-ANOVA followed 235	
  
by Bonferroni test. Differences were considered statistically significant at a value 236	
  
p<0.05. 237	
  
 238	
  
 239	
  
2.5 c-Fos immunohistochemistry and analysis 240	
  
Ninety minutes post- predator exposure period, 5 rats from each group were deeply 241	
  
anesthetized with an overdose of pentobarbital and transcardially perfused with 0.9% 242	
  
saline followed by 15 min with cold fixative containing 4% paraformaldehyde and 15% 243	
  
(v/v) saturated picric acid in PB 0.1 M. Brains were removed and 50µm coronal 244	
  
sections were obtained (Leica VT 1000 vibratome). For immunostaining, sets of one out 245	
  
of every four sections from Bregma -0.48 to -4.08 mm were blocked with 10% normal 246	
  
donkey serum (Vector Laboratories, Burlingame, CA) in Tris-buffered saline with 0.3% 247	
  
Triton X-100 (TBST) for 1h at room temperature (RT) and then immunoreacted with 248	
  
rabbit anti-Fos primary antibody (1:1000, SC52 Santa Cruz Biotechnology, Santa Cruz, 249	
  
CA) in TBST + 1% NGS at 4 ºC overnight. Afterwards, sections were rinsed three times 250	
  
for 10 min with TBST and then incubated for 2 h at RT with biotinylated goat anti-251	
  
rabbit secondary antibody (1:200; Vector Labs, Burlingame, CA). Finally, sections were 252	
  
incubated in avidin-biotin-peroxidase complex (Elite ABC kit, Vector Labs) for 1 h at 253	
  
RT. Peroxidase was detected using DAB 0.05% as a chromogen. Sections were rinsed 254	
  
and permanently mounted with Permount mounting medium (Electron Microscopy 255	
  
Sciences, Hatfield, PA). 256	
  
 257	
  

The following brain regions were assessed: hypothalamus, thalamus, amygdala  258	
  
and lateral habenular regions.  The quantitative analysis was performed with ImageJ 259	
  
software (NIH) (http://rsb.info.nih.gov/ij/macros/). Data were expressed as the mean 260	
  
number of positive c-Fos nuclei per 0.02 mm2. Quantitative results were expressed as 261	
  
mean ± standard error of mean (SEM). Groups were tested for differences by t-test 262	
  
analysis, using GraphPad Prism software® (GraphPad Software, San Diego, CA). 263	
  
Differences were considered statistically significant at P < 0.05 ("*": P < 0.05, "**": P < 264	
  
0.01 and "***": P < 0.001). 265	
  

3. Results  266	
  

3.1. Multi-axonal feature of AVP-MNNs  267	
  
 268	
  
Five juxtacellularly labeled cells with complete somata-dendritic arborizations 269	
  

and large portion of axonal process were located in the lateral magnocelular division of 270	
  
the paraventricular nucleus of the hypothalamus (PVNlmd) (Figs. 1-5). It is worth noting 271	
  
that the projections that entered to myelinated structures were mostly invisible except 272	
  
the ones located in the surface. Besides, the time between labeling and 273	
  
perfusion/fixation was a crucial factor for juxtacellular labeling success: while shorter 274	
  
time (2-5 hrs.) makes a strong somato-dendritic labeling, the longer time helps the 275	
  
filling of long-range axons, but the risk that neurobiotine is metabolized increased 276	
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which has showed individual differences. All of five cells were tested positive to AVP 277	
  
and possessed medial eminence internal part (MEI) projecting axons joining the 278	
  
hypothalamic-neurohypophysial tract (HNT, i.e. tract of Greving). Hence they were 279	
  
classified as AVP-MNNs. Other labeled neurons, either lacking the AVP expressing or 280	
  
the main axons joining the HNT, were excluded in this report.   281	
  

After immunohistochemical reaction for AVP and vGluT2, the serial sections 282	
  
were reacted with avidin-biotin peroxidase complex to convert to permanent samples 283	
  
and the whole cell morphology was reconstructed. The soma and dendrites were 284	
  
represented with black drawing and axonal segments were represented with red 285	
  
processes. The “main axons” were judged by the classical description of beaded 286	
  
neurosecretory axons, which emit laterally from either soma or a primary dendrite and 287	
  
curse in a wide arc, passing over or beneath the fornix before turning medially above 288	
  
the supraoptic nucleus and optical tract, toward the MEI (Armstrong, 2004). The “axon-289	
  
collaterals” were assigned to the branches arisen from the main axons and the “axon-290	
  
like” processes were judged by either expressing vesicular glutamate transporter 2 291	
  
(vGluT2) and/or being long distance projection and/or branched extensively (axon 292	
  
terminals) with constantly thin strings of pearls shaped swellings (Armstrong, 2004).   293	
  

-------------------------- 294	
  
Fig. 1 near here 295	
  

--------------------------- 296	
  
 297	
  

According to the criteria above mentioned, some labeled AVP-MNNs clearly 298	
  
possessed more than one primary axons originated from soma or proximal dendrites. 299	
  
The cell showed in the Fig. 1, "EV40", internal code, is a clear example. This cell was 300	
  
located in the lateral part of the PVNlmd. Its somatic long axis was perpendicular to the 301	
  
3v. The cell had 3 primary dendrites, two directed medially and one laterally. The main 302	
  
axons originated at the same point of the lateral primary dendrite, proximal to the soma, 303	
  
giving two primary (parents) axons (red and blue arrows, both in the drawing and the 304	
  
photomicrographs of two adjacent sections, 1 and 2). The top branch turned ventrally to 305	
  
project to the MEI (red arrowhead). A collateral was emitted from the parent axon 306	
  
proximally and projected to the border of the optical tract. Labeled axon traces were 307	
  
found inside the medial and central amygdala. The ventral primary axonal segment 308	
  
(blue arrow) was split into two branches of axon-collaterals (indicated with blue 309	
  
arrowheads) directed either medially or laterally. The lateral branch entered the fornix 310	
  
(fx). Additionally, several beaded processes originated from the dendritic processes also 311	
  
entered the fornix (green arrowheads). This kind of processes were described in an early 312	
  
study and were considered as axonal processes (Sofroniew and Glasmann, 1981). 313	
  

AVP-MNNs in the Fig. 2 and Fig. 3 ("VH52" and EV16), were located in the 314	
  
central region of PVNlmd, with large dendritic arborization mainly directed toward the 315	
  
3v. Its main axon arose from the proximal portion of the lateral primary dendrite, 316	
  
making several collaterals. Note that in Fig.1 B (neuron VH52), number (2), a particular 317	
  
structure was observed: axon with several small branches and classical image of strings-318	
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of-pearls in a small region in the lateral preoptical area. The panels (3), (4), (5) and (6) 319	
  
of this panel show the presence of labeled axon segments in or near the conducting 320	
  
systems, fornix (fx), internal capsule (ic) and stria medullaris (sm). Next cell, EV16, 321	
  
gave rise initially to two short and thick primary dendrites, which branched proximally. 322	
  
The bottom dendrite branched extensively till the fifth order of branches - all directed 323	
  
medially reaching the wall of the 3v. The top dendrite emitted two secondary branches, 324	
  
the medial and the lateral ones. The medial branch was similar to the bottom group. The 325	
  
lateral portion curled up proximally near the soma but gave rise the main axon (panel 326	
  
1b, arrow). The main axon coursed laterally till the fornix (fx), turned ventrally and then 327	
  
medial posteriorly toward the MEI. Two main collaterals were observed. Number (2) 328	
  
indicates the first branch position. This tracer containing process coursed dorsally and 329	
  
reached the border of the stria medullaris (sm). The continuation was lost from sight 330	
  
temporally in the myelinated conducting structure but appeared again in the surface of 331	
  
sm and entered the epithalamic region, the lateral habenula (LHb) (4). The second 332	
  
branch arose from the parent axon (3), coursed medially and was lost in the border of 333	
  
the fornix.  334	
  

 335	
  
-------------------------- 336	
  
Fig. 2 and 3 near here 337	
  
--------------------------- 338	
  

 339	
  
 340	
  

3.2. Axon-like processes emanated from soma or proximal dendrites expressed vGluT2  341	
  
 342	
  
The 4th cell (internally coded "MM15") we present here is an AVP containing 343	
  

MNN located in the posterolateral border of the PVNlmd (Fig. 4). It emitted 3 primary 344	
  
dendrites. In contrast to the 3 previous cells, this cell’s main dendritic arborizations 345	
  
were directed laterally and ventrally. Four axonal processes arose from the proximal 346	
  
dendritic loci belonging to the same primary dendrite (colored asterisks). Two of them 347	
  
projected ventrally toward IME. The other two axon-like processes bended dorsally. 348	
  
Those thin axon-like processes were tested positive to vGluT2 (Fig. 2, (2)). 349	
  

-------------------------- 350	
  
Fig. 4 near here 351	
  

--------------------------- 352	
  
 353	
  

 The 5th cell, internally coded as "VH25" (Fig. 5), was located in the medial 354	
  
border of the PVNlmd with the long somatic axis in parallel to the third ventricle (3v). 355	
  
The primary dendrites emanated from the dorsal and ventral poles and directed toward 356	
  
the 3v. There were few branching points. The main axon emanated from the proximal 357	
  
thick portion of the ventral dendrite (Fig. 5, top red arrow) and coursed toward the MEI. 358	
  
A second axon-like process emanated from the same point of the main axon, with 359	
  
string-of-pearls appearance and branches like axon terminals in the ventral medial 360	
  
hypothalamus (Fig. 5 blue arrow).   361	
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 Those axon-like processes were also seen in EV40 (Fig. 1) and EV16 (Fig. 3). In 362	
  
the first cell (Fig.1), an axon-like process (indicated with an yellow arrow) emanated 363	
  
from soma and coursed ventrally with strings-of-pearls swellings and branched in 364	
  
ventral hypothalamus. In the third cell (Fig. 3), two axon-like beaded processes, with 365	
  
the classical image of strings-of-pearls (1a and 1c) were likely arisen from soma and 366	
  
coursed ventral medially. Tracers containing axonal segments were found in medial 367	
  
preoptical area and suprachiasmatic nucleus (SCN). 368	
  

-------------------------- 369	
  
Fig. 5 near here 370	
  

--------------------------- 371	
  

 372	
  

3.3 Hypertonic challenge decreased the freezing behavior and increased the active 373	
  
escaping upon live predator exposure.   374	
  
 375	
  
To evaluate the possible functional implications of those intracerebrally projecting 376	
  
axons/axonic collaterals from the AVP-MNNs on fear processing, we chose salt loading 377	
  
as a physiological stimulus to strongly activate the magnocellular vasopressin system 378	
  
and a live cat exposure scheme to assess the behavior.  379	
  
 380	
  

 As shown in the Fig. 6, two types of relevant behaviors, freezing and 381	
  
active escaping symbolized in the panels A and B,), were counted in this test. The 30 382	
  
min previous salt loading induced a significant effect on freezing (F (2,57) = 5.01, p < 383	
  
0.01) and active escaping behavior (F (2,57) 14.65, p < 0.0001). Post hoc comparisons 384	
  
using Bonferroni test showed a significant reduction in freezing counts of hypertonic 385	
  
(15 ± 2.85 SEM) with respect to control (32.85 ± 5.34) and vehicle groups  (32.25 ± 386	
  
5.33)  (Fig. 3, C left panel). Active escaping behavior showed an increase in the salt 387	
  
loading group (44.05 ± 3.06) compared to control (27.85 ± 3.2) and vehicle groups 388	
  
(23.1 ± 2.26) (Fig. 6C, right panel). 389	
  
 390	
  

-------------------------- 391	
  
Fig. 6 near here 392	
  

--------------------------- 393	
  
3.4 Fos expression patterns induced by cat exposure in several limbic regions were 394	
  
modified by salt loading.   395	
  
 396	
  
 Rats exposed to the cat displayed increased Fos activity in hypothalamic 397	
  
paraventricular nuclei (Pa, PaMP and PaLM), amygdala and lateral habenula (LHb) 398	
  
compared with basal state (data not shown here). However, expression patterns induced 399	
  
by the predator exposure differed between vehicle (Fig. 7, undecorated letters) and 400	
  
hypertonic (primed letters) groups. The hypertonic injection significantly increased the 401	
  
c-Fos expressing nuclei in the dorsal part of suprachiasmatic nucleus  (SCNd,) and the 402	
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supraoptic nucleus (SON), (Fig. 3B and B'), the lateral magnocellular (PVNlm, Fig 7A 403	
  
and A') and medial magnocellular (PVNmm, 7C and C') parts of the paraventricular 404	
  
nucleus, the medial preoptic area (MPO), the medial part of central amygdala (CeAm, 405	
  
Fig. 7F and F') and the medial part of lateral habenula (LHbm, Fig 7. D and D'). 406	
  
Significant reductions were observed in medial (MeA) and basolateral (BLA) amygdala 407	
  
(Fig. 7F and F') and in the lateral part of lateral habenula (LHbl, Fig. 7D and D'). 408	
  
Finally, the ventral part of suprachiasmatic nucleus (SCNv, Fig. 7B and B'), and the 409	
  
parvocellular part of paraventricular nucleus (PVNmpd, Fig. 7A and A') showed no 410	
  
modification after hypertonic salt injection. In the thalamus the expression changed 411	
  
from difuse to a more localized pattern. Fig. 7G shows Fos expression in the 412	
  
vasopressinergic neurons in the magnocellular part of the PVN after hypertonic i.p 413	
  
injection. Fig. 7H and Table 1 compare  the c-Fos expression elicited by cat exposure in 414	
  
control and hypertonic groups. 415	
  
 416	
  

--------------------------------------------- 417	
  
Fig. 7 and Tab. 1 near here 418	
  

--------------------------------------------- 419	
  
 420	
  

4. Discussion 421	
  
 422	
  
We have used juxtacellular recording methods to successfully visualize individual 423	
  
neurons in very deep subcortical regions – five vasopressin containing MNNs in the 424	
  
hypothalamic paraventricular nucleus were presented here with complete somato-425	
  
dendritic morphology and their intracerebral long-range projections were demonstrated. 426	
  
Furthermore, multi-axon features of these AVP-MNNs were revealed by single neuron-427	
  
tracing and intracerebral downstream regions were identified by localizing labeled 428	
  
axon/axon terminals. These regions include: medial and lateral preoptical area, 429	
  
suprachiasmatic nucleus, lateral habenula, medial and central amygdala and to the 430	
  
conducting systems such as stria medullaris, the fornix and the internal capsule. Axon-431	
  
like processes, which branched locally were detected to express vGluT2. Moreover, in 432	
  
vivo activation of AVP-MNNs by hypertonic saline administration produced significant 433	
  
reduction of freezing behavior and an increase in active escaping, measured as 434	
  
climbing, rearing and displacement, during live cat exposure. Modified Fos expression 435	
  
patterns during fear processing in hypothalamus, amygdala, thalamus and LHb were 436	
  
also observed. 437	
  
 438	
  
4.1 New contributions to the morphology and efferent paths of magnocellular 439	
  
paraventricular AVP containing neurons. 440	
  
 441	
  
There have been some excellent studies on the morphology of the magnocelular 442	
  
neurosecretory neurons (MNNs) using immunohistochemical and Golgi-like 443	
  
immunoperoxidase staining methods (Sofroniew and Glasmann, 1981;van den Pol, 444	
  
1982;Armstrong, 2004). However, the quasi-two-dimension nature of the previous 445	
  
method (i.e., labeling and reactions on brain slices, as thick as 150µm) impaired 446	
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crucially the overall visualization of individual magnocellular neurosecretory neurons. 447	
  
This is particularly true regarding the efferent pathways of the MNNs. Traditionally it 448	
  
has been described that the axons of paraventricular MNNs egress laterally from either 449	
  
the soma or a primary dendrite  (Armstrong et al., 1980;van den Pol, 1982;Hatton et al., 450	
  
1985;Rho and Swanson, 1989) to join the tract of Greving before reaching the MEI and 451	
  
the neural lobe (Armstrong, 2004). It was thought that the PVN AVP-MNNs axons 452	
  
from magnocellular neurons only occasionally branch (van den Pol, 1982;Hatton et al., 453	
  
1985;Ray and Choudhury, 1990), let alone the final destination and synaptic 454	
  
relationship of collaterals. 455	
  
 Juxtacellular neuronal labeling technique has proven to be a powerful method 456	
  
for the identification of single neuron projection targets (Pinault, 1996). It provides 457	
  
precise information of anatomical location, morphology and neurochemical phenotype, 458	
  
of the neuron labeled (Toney and Daws, 2006) and long range axon projections. Herein, 459	
  
we report that, at least, some of these AVP containing magnocellular neurosecretory 460	
  
neurons AVP-MNNs possessed multi-axonal projections or axons collaterals branching 461	
  
very near the soma projecting to preoptical and anterior hypothalamic areas, SCN, 462	
  
thalamus and, especially, a long range projection was detected entering the stria 463	
  
medularis fiber-system innervating lateral habenula (LHb). 464	
  
 465	
  
 It is worth clarifying that the categorization of “axon” or “axon-like” processes 466	
  
used in this study was based on anatomical and immunohistochemical criteria published 467	
  
in the literature (Sofroniew and Glasmann, 1981;van den Pol, 1982;Armstrong, 2004) 468	
  
Ultrastructural features, such as the presence of axon-initial segment, remain to be 469	
  
determined. 470	
  
 471	
  
4.2 Activation of vasopressinergic hypothalamic-neurohypophysial system (HNS) 472	
  
modified the stress coping strategies during fear processing: differential neural 473	
  
activation (Fos expression) in the brain regions with direct projections from AVP-474	
  
MNNs 475	
  
 476	
  
We examined the functional implications of the selective activation of the AVP-MNNs 477	
  
during predator exposure using behavioral measurement and c-Fos expression 478	
  
assessment. We report here that the selective activation of HNS plays an important role 479	
  
on promoting motivational behavior, i.e. active escaping, and reducing the passive stress 480	
  
coping, i.e. freezing behavior. This observation was correlated with differential Fos 481	
  
activation patterns in the amygdala, dorsal centro-medial thalamic nucleus and the 482	
  
lateral habenula, a limbic regions possessed extensive AVP projections. Our data 483	
  
findings clearly indicate a regulatory role of HNS for motivational behavior toward 484	
  
survival, during stress coping. 485	
  
 486	
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 596	
  
Figure legends 597	
  

 598	
  
Fig. 1. Anatomical characterization of individual vasopressinergic magnocellular 599	
  
neurosecretory neurons (AVP-MNNs) of rat hypothalamic paraventricular nucleus. All 600	
  
of five cells were tested positive to AVP and possessed medial eminence internal part 601	
  
(MEI) projecting axons joining the hypothalamic-neurohypophysial tract (HNT, i.e. 602	
  
tract of Greving). Hence they were classified as AVP-MNNs. Camera-lucida drawing of 603	
  
a labeled cell, “EV40”: somato-dendritic position (black) and axonal characteristics 604	
  
(red). EV40 was located in the lateral part of the PVNlmd. Its somatic long axis was 605	
  
perpendicular to the 3v. The cell had 3 primary dendrites, two directed medially and one 606	
  
laterally. The main axons originated at the same point of the lateral primary dendrite, 607	
  
proximal to soma, giving two primary (parents) axons (red and blue arrows, both in the 608	
  
drawing and in the photomicrographs of two adjacent sections, 1 and 2). The top branch 609	
  
turned ventrally to project to the MEI (red arrowhead). A collateral was emitted from 610	
  
the parent axon proximally projecting to the border of optical tract. Labeled axon traces 611	
  
were found inside the medial and central amygdala. The primary axonal segment 612	
  
branched ventrally (blue arrow) was split into two branches of axon-collaterals 613	
  
(indicated with blue arrowheards) directed either medially or laterally. The lateral 614	
  
branch entered the fornix (fx). Additionally, several beaded processes originated from 615	
  
the dendritic processes also entered the fornix (green arrowheads). Scale bars 50µm. 616	
  
Neuronal nuclei were symbolized with gray shadows and conducting systems (i.e. 617	
  
optical tract, opt, stria medullaris st, fornis, fx, internal capsule, ic) were symbolized 618	
  
with light beige shadows.  619	
  
 620	
  
 621	
  
Fig. 2: VH52, a AVP+ (1) MMN located in the medial portion of PVNlmd with large 622	
  
dendritic arbolization. (2) Axon with several small branches and classical image of 623	
  
strings of pearls in a small region in the lateral preoptical area. (3), (4), (5) and (6), 624	
  
presence of labeled axon segments in or near the conducting systems, fornix (fx), 625	
  
internal capsule (ic) and stria medullaris (sm). Neuronal nuclei were symbolized with 626	
  
gray shadows and conducting systems (i.e. optical tract, opt, stria medullaris st, fornis, 627	
  
fx, internal capsule, ic) were symbolized with light beige shadows.  628	
  
 629	
  
 630	
  
Fig. 3: EV16: 1, immunofluorescence photomicrographs showing the expression of 631	
  
AVP. It gave rise initially to two short thick primary dendrites, which branched 632	
  
proximally. The bottom dendrite branched extensively till the fifth order of branches, all 633	
  
directed medially reaching the wall of the third ventricle (3v). The top dendrite gave rise 634	
  
two secondary branches, the medial and the lateral ones. The medial branch was similar 635	
  
to the bottom group. The lateral portion curled up proximally near the soma but gave 636	
  
rise the main axon (panel 1b, arrow). The main axon coursed laterally till the fornix 637	
  
(fx), turned ventrally and then medial posteriorly toward the internal medial eminence. 638	
  
Two main collaterals were observed. Number (2) indicates the first branch position 639	
  
(panel 2). This tracer containing process coursed dorsally and reached the boarder of the 640	
  
stria medullaris (sm). The continuation was lost temporally in the myelinated 641	
  
conducting structure but appeared again in the surface of sm and inside the epithalamic 642	
  
region, the lateral habenula (4). The second branch arised dorsally to the fx, coursed 643	
  
medially and lost in the boarder of this myelinated structure. Another two axon-like 644	
  
beaded processes, with the classical image of strings of string-pearls (1a and 1c) were 645	
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likely arisen from soma and coursed rostro-ventral-medially. Tracers containing axonal 646	
  
segments were found in medial preoptical area and suprachiasmatic nucleus (SCN). 647	
  
Scale bars 50µm. Neuronal nuclei were symbolized with gray shadows and conducting 648	
  
systems (i.e. optical tract, opt, stria medullaris st, fornis, fx, internal capsule, ic) were 649	
  
symbolized with light beige shadows.  650	
  
 651	
  
 652	
  
Fig. 4: MM15: AVP containing MNN located the posterolateral boarder of the PVNlmd. 653	
  
It emitted 3 primary dendrites. In contrast to the 3 previous cells, this cell’s main 654	
  
dendritic arbolizations were directed laterally and ventrally. Four axonal processes arose 655	
  
from the proximal dendritic loci belonging to the same primary dendrite (colored 656	
  
asterisks). Two of them projected ventrally toward IME. The other two axon-like 657	
  
processes bended dorsally. Those thin axon-like processes were tested positive to 658	
  
vGluT2 (2). Scale bars: for panel 1b, 500 µm;  for panels 2's, 10µm; for panels 3's, 659	
  
20µm. Neuronal nuclei were symbolized with gray shadows and conducting systems 660	
  
(i.e. optical tract, opt, stria medullaris st, fornis, fx, internal capsule, ic) were 661	
  
symbolized with light beige shadows.  662	
  
 663	
  
 664	
  
Fig. 5 "VH25" was located in the medial border of the PVNlmd with the long somatic 665	
  
axis in parallel to the third ventricle (3v). The primary dendrites emanated from the 666	
  
dorsal and ventral poles and directed toward the 3v. There were few branching points. 667	
  
The main axon emanated from the proximal thick portion of the ventral dendrite (top 668	
  
red arrow) and coursed toward the MEI. A second axon-like process emanated from the 669	
  
same point of the main axon, with string-of-pearls appearance and branches like axon 670	
  
terminals in the ventral medial hypothalamus (blue arrow).  Scale bars, 50µm 671	
  
Neuronal nuclei were symbolized with gray shadows and conducting systems (i.e. 672	
  
optical tract, opt, stria medullaris st, fornis, fx, internal capsule, ic) were symbolized 673	
  
with light beige shadows.  674	
  
   675	
  
Figure 6. Salt loading modulated the behavioral response during predator exposure. A 676	
  
and B symbolize the passive behavior “freezing” and active behavior, such as climbing. 677	
  
C. Histogram showed a significant reduction of freezing behavior under osmotic stress, 678	
  
whereas active behavior “rearing", "climbing" and "displacemente” showed a 679	
  
significant increase. (* P<0.05, *** P<0.001, n=20). 680	
  
  681	
  
Figure 7. Representative sections immunostained for c-Fos nuclei in response to 682	
  
predator exposition in control and hypertonic group (primed letters). Lateral 683	
  
magnocellular (PaLM) and medial parvocellular (PaMP) paraventricular nucleus (A and 684	
  
A'); supraoptic (SON) and suprachiasmatic (SCN) nucleus (B and B'); paraventricular 685	
  
anterior (Pa) nucleus (C and C'); medial part of the lateral habenula (mLHb) (D and D'); 686	
  
paraventricular anterior (PVA), central medial (CM) and antero-dorsal (AD) thalamic 687	
  
nuclei  (E and E'); basolateral (BLA), central (CeA) and medial (MeA) amigdalar nuclei 688	
  
(F and F'). Scale Bars: 500 µm. 689	
  
  690	
  
  691	
  

692	
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 692	
  
 693	
  
Table 1.  Number of Fos-positive cells counted within a 0.02 mm2 area (mean +/- S.E.M.)  694	
  
 695	
  
Region        Vehicle + Cat   Hypertonic + 696	
  
Cat    697	
  
	
  698	
  
	
  699	
  
Hypothalamus  700	
  

1. Suprachiasmatic nucleus, ventral part (SCNv)   75.6   ±  7.4   90.8   ±  12.4701	
  
  ns  702	
  

2. Suprachiasmatic nucleus, dorsal part (SCNd)    1.2    ±  0.3  127.2  ±   6.4703	
  
  *** 704	
  

3. Paraventricular lateral magnocellular (PVNlm)    4.6    ±  1.1  189.8  ±  14.6705	
  
  *** 706	
  

4. Paraventricular medial parvocellular (PVNmp)  217.2  ±  26.9  166.8  ±  13.1707	
  
  ns  708	
  

5. Paraventricular medial magnocellular (PVNmm)   26.8   ±  3.6  122.5  ±   9.1709	
  
  *** 710	
  

6. Supraoptic nucleus (SON)     28.5   ±  2.9  126.4  ±  12.6711	
  
  *** 712	
  

7. Medial preoptic area (MPO)     27.5   ±  4.8   67.5   ±    6.5713	
  
  ** 714	
  
 715	
  

Amygdala 716	
  
1. Medial amygdala (MeA)    89.4  ±  8   32.     ±   5.6    717	
  

  *** 718	
  
2. Central amygdala medial  (CeAm)   18.2  ±  1.3  48.2   ±  3.3719	
  

  *** 720	
  
3. Basolateral amygdala (BLA)      8.5  ±  0.7  2.8     ±   0.5     721	
  

  ** 722	
  
 723	
  
Epithalamus 724	
  

1. Lateral habenula medial part  (LHbm)   25.5  ±  4   14.8  ±  2.7   725	
  
  * 726	
  

2. Lateral habenula lateral part  (LHbl)   13.2  ±  1.6   4.4   ±  0.5727	
  
  *** 728	
  

    729	
  
* , ** and *** for P<0.05, P<0.01 and P<0.001, significance levels 730	
  
 731	
  
 732	
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Figure 2.TIF
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Figure 3.TIF
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Figure 4.TIF
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Figure 5.TIF
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Figure 6.TIF
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Figure 7.TIF
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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. HERNÁNDEZ

Departamento de Fisiologı́a, Facultad de Medicina, Universidad

Nacional Autónoma de México, Mexico City 04510, Mexico
Abstract—The neuropeptide arginine vasopressin (AVP)

exerts a modulatory role on hippocampal excitability

through vasopressin V1A and V1B 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 I 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 II 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
0306-4522/12 $36.00 � 2012 IBRO. Published by Elsevier Ltd. All rights reserve
http://dx.doi.org/10.1016/j.neuroscience.2012.10.010
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Abbreviations: ADH, antidiuretic hormone; AIS, axon initial segment;
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nucleus of stria terminalis; CNS, central nervous system; CoMeA,
cortico-medial amygdala; DAB, 3,30-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,
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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 V1A receptors that trigger

phospholipase-Cb (PLCb) activation and calcium

mobilization, and are present in smooth muscle, liver

and platelets; (ii) vasopressin V1B receptors that are

also coupled to PLCb and are found in the anterior

pituitary; (iii) vasopressin V2 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,

V1A is the prevalent receptor with a wide distribution

whereas V1B 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 (Ibragimov,
d.

http://dx.doi.org/10.1016/j.neuroscience.2012.10.010
mailto:limei@unam.mx
http://dx.doi.org/10.1016/j.neuroscience.2012.10.010
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1989). Ex-vivo electrophysiological studies showed that

nanomolar concentrations 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 (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 V1A receptors are present in the dentate

gyrus as well as the CA1, CA2 and CA3 fields (Szot

et al., 1994; Barberis and Tribollet, 1996; Raggenbass,

2001; Bielsky et al., 2005). In contrast, V1B 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 lm
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 (0.05 M, pH 7.4) saline (0.9%) plus

0.3% of Triton X-100 (TBST) for 1 h at room temperature and

incubated with the following primary antibodies: rabbit anti-AVP

antibodies, guinea pig anti-metabotropic glutamate receptor 1a
(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 3,30-

diaminobenzidine (DAB, 0.05%, Electron Microscopy Sciences,

Fort Washington, PA, USA) and hydrogen peroxide (H2O2,

0.01%) as the substrate. Sections were then mounted in

gelatine solution (0.5 g gelatine, 0.05 g chromic potassium

sulfate in 200 ml of dH2O) 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 IgG,

Alexa Fluor 488 donkey anti-mouse IgG (1:1000, Molecular

Probes Inc., Eugene, USA) and donkey anti-guinea pig IgG

DyLight 649 (1:1000, Jackson ImmunoResearch Laboratories,



Table 1. Primary antibodies used and their dilutions for light microscopy (LM) and electron microscopy (EM) studies

Antibody to Host Dilution Source Address

[Arg8]-vasopressin Rabbit 1:5000 (LM, EM) PenLabs/Bachem Cat. T4563 a

[Arg8]-vasopressin Rabbit 1:2000 (LM) Prof. R.M. Buijs b

mGluR1a (metabotropic

glutamate receptor 1a)
Guinea pig 1:1000 (LM) Prof. M. Watanabe, Frontier

Institute Co., Ltd. Af66001

c

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

a San Carlos, CA 94070, USA.
b Instituto de Investigaciones Biomédicas, UNAM, Mexico.
c 1-777-12, Shinko-nishi, Ishikari, Hokkaido, Japan.
d CH-1723 Marly 1, Switzerland.
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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 20� 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

NeuronJ plug-in for ImageJ (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 5.72 mm lateral was 2460 lm 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 lm-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-lm 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 48 h 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 3,30-diaminobenzidine (DAB,

0.05%, Electron Microscopy Sciences) and hydrogen peroxide

(H2O2, 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 M PB for 1 h 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 2 days. 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 ImageJ 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 ml/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 �5.2 mm, lateral 5.40 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 (WPI 1.65 mm OD/1.1 mm ID,

PG52165-4) with an inner tip diameter of around 40 lm, by

applying a 0.1 lA 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 lm 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, DUO, Carl Zeiss, from Instituto

Nacional de Cancerologı́a, 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 lm (‘‘100%’’). The upper quartile

was denoted as ‘‘dense innervation, ++++’’, the

second upper quartile was denoted as ‘‘moderate

innervation, +++’’, the third quartile was denoted as

‘‘scattered innervation, ++’’ and the lowest quartile

was denoted as ‘‘sparse innervation, +’’. 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 I (‘‘asymmetric’’) or Gray type II

(‘‘symmetric’’). The type I synapses comprised 28%

(n= 7) of a total of 25 synaptic junctions established by

AVP-positive boutons. For instance, one type I 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 lm 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 I small synapses. These

features indicated that the dendrite originated from a

pyramidal neuron in ventral CA1 (Fig. 3G). Another type

I synapse was on a dendritic spine (Fig. 3H and inset

from a serial section) and was followed in serial sections

(Fig. 3I) where the same spine connected to a dendritic

shaft. This AVP axon terminal had a diameter of about

1.3 lm 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 I synapse

from a large AVP+ axon terminal. In one of the

subsequent serial sections, a type II 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 II

synapses onto dendritic shafts, which also received

unlabelled type I 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 II synapses were

of diameters around 0.5 lm. 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: mGluR1a
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



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.
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appeared to follow and contact mGluR1a-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 lm 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

Or:

stratum oriens; pyr: stratum pyramidale; rad: stratum radiatum; luc: stratum lucidum, lm: 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 lm was assigned as ‘‘100%’’. For each subfield, a summed axon length of 100–76% was assigned as ‘‘++++’’; ‘‘+++’’: 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.
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‘‘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. 5.40 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, I 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

D–I (Fig. 7) showed the weak FG labelling patterns in

hypothalamus SON (D–F) and PVN (G–I) seen with

confocal microscope, the perikarya lysosome-like

granules labelling was indicated by � in the insets of

panel F and panel I.



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 I 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 II synapse

(double arrowheads) made by an AVP+ bouton with a dendritic shaft (den). (G) A postsynaptic dendritic shaft receives a labelled type I synapse

and emits several spines (s), one of them receives an unlabelled type I small synapse (arrowhead). Insets Ga and Gb 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 I synapse on a dendritic spine (s) connected to a dendrite (I). (J and inset, K, L) Serial sections of an AVP+ axon (Ax)

forming a type I 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 II synapse from an

unlabelled terminal (L, double arrowhead). (M, N) AVP+ boutons making type II synapses (double arrowheads) onto dendrite shafts (den), which

also receive type I 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 lm, C–N: 0.5 lm.
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Fig. 3. (continued)
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Fig. 3. (continued)
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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�
to 20�, 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
157
(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



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 lm. Scale bars for A–E: 50 lm and F: 15 lm.
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Table 3. Fluorogold retrograde labelled subjects: survey and anatomical description

Subject ID and surgery to

perfusion interval (days)

Stereotaxic coords. relative to

Bregma: anteroposterior; lateral;

dorso-ventral (mm)

Iontophoretically labelled

hippocampal subfield

and quality**

Retrograde labelled AVP nuclei:

semi-quantitative analysis*

PVN SON SCN BNST

vHi-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.

vHi-6: 22 �4.40; 4.60; 7.60 Ventral CA2/3: 2 labelled sites n. e. n. e. n. e. n. e.

vHi-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: +

vHi-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 mm2: +, 1–5; ++, 6–10; +++, >10.
** The qualitative descriptions ‘‘excellent’’, ‘‘good’’, ‘‘weak’’ refer to the strength of labelling, ‘‘missed’’ refers to the precision of targeting, and ‘‘damaged’’ refers to the grade of

damage in the tissue surrounding the labelling site, all evaluated at around 3 weeks post-FG application.
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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 CA2 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 mGluR1a 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



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, B0) Fluoro-Gold (FG) injection sites in the vHi CA2. Note that the injection site had a diameter of <350 lm. 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 (�). 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 lm 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.

152 L. Zhang, V. S. Hernández /Neuroscience 228 (2013) 139–162
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
161
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



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 lm). 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 (�). 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-ir in 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 (�). Panels G–I 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 (�) 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 lm if not indicated otherwise.
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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.

154 L. Zhang, V. S. Hernández /Neuroscience 228 (2013) 139–162

163



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. ls, lateral septum.

The blue pictures are negative digital pictures to enhance the fibre-visualization. Scale bars for Ab, Ba, Ca, Cb: 500 lm; for Ac, Bb and Cc: 100 lm;

others were indicated in the figures.
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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 lm; and for D, E, F and inset: 100 lm.
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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 lm; Hb: 500 lm.
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Fig. 11. (continued)
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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
167
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 I 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 II 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 I–III’’ 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 concentrations in 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 lm 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,
168
the Fluoro-Gold was delivered iontophoretically through

a glass micropipette with an aperture of around 40 lm,

filled with 1% of Fluoro-Gold solution, applied in CA2

region. In the accurate labelled cases, the labelling

regions had a diameter <350 lm. 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 V1B

receptor-selective antagonist, SSR149515, restored the

impaired learning (Hernandez et al., 2012). These data
169
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 I

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 II synapses onto interneuron

dendrites; (3) the AVP axons in stratum oriens maintain

a strong-contacting relationship with mGluR1a-
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 V1A and

V1B 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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ifferential  effects  of  osmotic  and  SSR149415  challenges  in  maternally  separated
nd  control  rats:  The  role  of  vasopressin  on  spatial  learning
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 i  g h  l  i g  h t  s

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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a  b  s t  r a c t

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
(5  mg/kg)  was  injected i.p. twice  (1  h  and  30 min) previous  to the  MWM. A  combined  treatment  with  both
osmotic  challenge and the  SSR149415  was applied  to  the  third  group  whereas  rats  for  basal  condition
were  injected with  isotonic saline.  Under  basal  condition  no  differences between AFR  and  MS  groups
smotic  challenge
orris  Water Maze

were  observed.  MS  rats  showed  severe  impairment  during  the  MWM  after the  osmotic  challenge,  but not
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

-rece
individual  intrinsic ligand

. Introduction

The neuropeptide vasopressin (VP) is synthesized primarily in
he paraventricular and supraoptic nuclei of the hypothalamus,
ecreted from the neural lobe of the pituitary into the circulation,
nd serves various hormonal actions on peripheral tissues: regula-

ion of water–electrolyte balance, hepatic glucose metabolism, and
ardiovascular functions [1,19]. VP secretion is regulated princi-
ally by blood osmolality and volume [14]. VP neurons also project
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ptor  functional  state.
© 2012 Elsevier Ireland Ltd. All rights reserved.

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: V1a
and V1b receptors are associated with phosphoinositol turnover,
while the V2 receptor activates adenylate cyclase [19]. In  the brain,
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P exerts its effects mainly by  binding to V1a and V1b recep-
ors. While V1a are widely distributed in the CNS [4,5,22,26],
1b receptors are much more specifically distributed [17,20,25].
oung et al. performed in  situ hybridization histochemistry using a
ighly specific vasopressin V1b receptor riboprobe and found that

n mice, vasopressin V1b receptors were prominently expressed
n hippocampal pyramidal neurons located in  the CA2 field [29].
nterestingly the short-term effects of VP mentioned before were
locked by  a  V1a receptor antagonist whereas the long-term facil-

tatory effects remained despite this antagonism [27]. Moreover,
ngelmann et al., administered either vasopressin or a V1a recep-
or antagonist via microdialisis into the rat septum, and found a
ack of effect of the antagonist, but an impairment in the Morris

ater maze (MWM)  performance of rat treated with exogenous
asopressin [16]. This evidence implied a  possible role played by the
1b receptors. However, some studies showed that V1b receptor-
nockout mice had no impairment on spatial learning performance
7,15], although VP system differences between rats and mice have
een reported [23].

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

In  order to demonstrate this hypothesis, we used male adult rats
eared in two neonatal conditions: animal facility reared (AFR) and
eonatal maternal separation (MS). These latter ones were demon-
trated to  have a persistent potentiated vasopressinergic system
21,28,30]. MS  increase significantly the expression of AVP mRNA
nd peptide in the hypothalamus and produced a faster and higher
elease of vasopressin to plasma when MS  rats are  subjected to
ater deprivation [30]. By using salt load which is  well known to
p-regulate the VP release [14] and to increase its intracerebral
elease [18], and a  recently characterized non-peptide vasopressin-
rgic V1b receptor antagonist SSR149415 [24] to  down-regulate
he VP transmission, we  examined VP modulatory effects on spa-
ial learning in both animal facility reared (AFR) and MS  male rats.
he results of this study show that spatial learning in  MS animals
s vulnerable to an osmotic challenge, while AFR animals show dis-
upted learning only in  presence of a  high dose of vasopressinergic
1b antagonist SSR149415, compared with the literature [24].

.  Materials and methods

.1.  Animals and treatment

Wistar  rats from the local animal facility were used in this study.
ll animal procedures were approved by the local bioethical and
esearch committees in accordance with the principles exposed
n the Handbook for the Use of Animals in Neuroscience Research
Society for Neuroscience, Washington DC, 1991). Rats were housed
our per cage, maintained on an inverted 12 h light schedule in  a
oom with controlled temperature between 20 ◦C and 24 ◦C with
entilation and given access to standard rat chow and water ad
ibitum.

Maternal separation (3 h daily, MS3h) procedure was described
lsewhere [30]. Briefly, female and male adult rats were mated
or two days. During the last week of gestation, female rats were
ingle-housed in standard rat Plexiglas cages and maintained under
tandard laboratory conditions. On the day after parturition, post-
atal day (PND) 2, each litter was culled to 7–8 pups, in which 5–6
ere males. During the period from PND2–PND16, the pups were
eparated daily from their dams between 0900 h and 1200 h,  placed
nto an incubator at 29 ◦C ± 1 ◦C. After this period rats were returned
o their home cages. After ending the maternal separation protocol,
nimals were left undisturbed until the weaning at PND28, when
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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
350 ± 10 g) 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
5 mg/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
1 h and 30 min  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 30 cm of water (25 ± 1 ◦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 60 s 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 10 s 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;
***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 (F7,704 =  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
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ignificance is  shown in Table 1. Data show mean ± SEM (n =  12) of escape latency
reatments for different trials and different groups (MS  and AFR). #, ##, ### re
reatments and trials. See Table 1 for details on statistical significance differences.

reatment (T1) was administered (Fig. 1A). In the hypertonic treat-
ent (T2), the MS3h group showed markedly increased escape

atencies compared to AFR group at II, III, VII and VIII trials (Fig. 1B).
he MS3h hypertonic group also showed significant impairment
n spatial learning at the III,  VII and VIII trials when compared to
he MS3h isotonic group (Fig. 1F, blue line (T2) vs. black line (T1)
espectively and Table 1,  right panel, intersection of T2 and T1 for
rial III,  VII and VIII). The hypertonic treatment (T2) had no signif-
cant effect on MWM  performance in  the AFR group (Fig. 1E, blue
ine (T2) vs. black line (T1) respectively and Table 1, left panel, inter-
ection of T2  and T1  for each trial). In the AFR group (Fig 1E), the
1b receptor antagonist SSR149415 treatment (T3) produced sig-
ificant differences on learning performance when compared to

sotonic treatment (T1) with significant differences at trials II, III,
V, V, VI and VII (Fig. 1E, red line (T3) vs.  black line (T1)), Table 1, left
anel, intersection of T3  and T1 for those trial), whereas in  MS3h
nimals, the SSR149415 (T3) produced significant differences on
earning performance only at trial II  compared to  isotonic treat-

ent (T1) (Fig. 1F, red line (T3) vs.  black line(T1)). There were also
ignificant differences at trials III, IV and V if the comparison was
ade between AFR and MS3h groups treated with SSR149415 (T3)
Fig. 1C). Interestingly, an apparent initial improvement (signifi-
ant shorter escape time latencies) of the water maze performance
as observed at the trial II  in both AFR and MS3h rats treated
ith SSR149415 (T3) (Fig. 1 E  and F,  red lines (T3) vs. black lines
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s 8  trials. *,  **, *** represent 0.05, 0.01 and 0.001 significance differences between
t 0.05, 0.01, 0.001 significance differences between rearing groups for different

(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 60 min  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.

AFR trial1 T1 T2 T3 T4
T1
T2
T3
T4
AFR trial2 T1 T2  T3 T4
T1
T2 ###
T3 *** ***
T4 * *
AFR trial3 T1 T2  T3 T4
T1
T2 ##
T3  *** *** ###
T4 ***
AFR trial4 T1 T2  T3 T4
T1
T2
T3 *** *** ###
T4 ***
AFR trial5 T1 T2  T3 T4
T1
T2
T3 *** *** ###
T4 *** ##
AFR trial6 T1 T2  T3 T4
T1
T2
T3 * *
T4  *** ##
AFR trial7 T1 T2 T3 T4
T1
T2 ##
T3 **
T4  ** ###
AFR trial8 T1 T2 T3 T4
T1
T2 ###
T3
T4
MS3h trial1 T1 T2  T3 T4
T1
T2
T3
T4
MS3h trial2 T1 T2  T3 T4
T1
T2
T3 ** ***
T4  *  **
MS3h trial3 T1 T2  T3 T4
T1
T2 ***
T3 ***
T4  ***
MS3h  trial4 T1 T2  T3 T4
T1
T2
T3 *
T4  **
MS3h  trial5 T1 T2  T3 T4
T1
T2
T3
T4
MS3h trial6 T1 T2  T3 T4
T1
T2
T3
T4

Table 1 (Continued)

MS3h trial7 T1 T2 T3 T4
T1
T2 ***
T3
T4 **
MS3h trial8 T1 T2 T3 T4
T1
T2 ***
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T3 **
T4 ***

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 V1b receptor 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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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.
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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
d.
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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 PND63. 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, 3hMS) 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 AVPmessenger 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 162male ratswere used in this study. For experiment

1, 20 PND10 rats were taken from five AFR and fiveMS 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 fourMS3h 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 IgG (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 40� objective, corresponding areas of

0.22 mm2 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+ NaN3. Another

change was done one day before the sectioning and a third

change with fresh sucrose solution was done 1 h before the

sectioning.

Serial coronal cryosectioning (12 lm) 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 35S- and 33P-UTP-

labeled ribonucleotide probes. The pT7T3D-PacI plasmid (acces-

sion number: AI072073, 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 México, 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 lm 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, Penı́nsula 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 3,30-diaminobenzidine (DAB, Electron Microscopy Sci-

ences, Hatfield, PA 19440) at 0.5% and hydrogen peroxide

(H2O2, 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 4� 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 (mm2) 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 (Ld). Hence, K= Lf/Ld.

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 ImageJ (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 lm, (Armstrong, 2004)). For each of the marked neu-

rons, coordinates (x, y) corresponding the 2D location (obtained

from ImageJ, 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 PND65 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 � 10 cm �
40cm) and two open arms (50 cm � 10 cm) surrounded by an

upward-protruding edgeof 0.5 cmconnecting 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 andmonitored by CCTV. Themaze 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 theEPM test. This procedurewasmade 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 fromeachexperimental groupunderwent theEPM 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 � 30 cm � 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 ll 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 1600�g for 15 min at 4 �C. Plasma superna-

tant (200 ll 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 (F(3, 36) = 154.3,

p< 0.0001) and PVN (F(3, 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. 1A0, B0). 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 A0). Densitometric quantifica-

tion of phosphorimager digital images of the 1/6

serial, 12 lm-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, B0

and D). SCN had 109 ± 10% (MS3h) vs. 100 ± 8.4%

(AFR) (Fig. 2C, C0 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 PND63, 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, A0 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 124.5 ± 4.4% (t= 3.109, df = 22, p= 0.0051)

compared to AFR (100 ± 8.2% and 100 ± 6.5%) respec-

tively (Fig. 3B, B0 and D). SCN had 114.2 ± 7.4% (MS3h)

vs. 100 ± 3.8% (AFR) (Fig. 3C, C0 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 mm3 ± 0.0064

mm3 vs. 0.1671 mm3 ± 0.0055 mm3 of AFR group

(t= 4.883, df = 14, p< 0.001). In AVP-PVN the MS3h

had a volume of 0.0853 mm3 ± 0.0062 mm3 vs. 0.0588

mm3 ± 0.0038 mm3 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, B0 and C, C0).
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 (80.7 s ± 5.50 s) (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



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 A0 and B0: same regions 90 min after an acute 3hMS. Scale

bar = 100 lm.
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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.
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
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 (F1, 72 = 14.35,

p= 0.0013) (Fig. 6).
(%) (%)

PVN AFR 12.6 ± 0.40 56.83 ± 2.46 p< 0.001

MS3h 15.49 ± 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.
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,
184
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



Fig. 2. Effects of maternal separation on AVP mRNA expression in hypothalamus at PND21. Panels A and A0: 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, B0, C and C0: representative bright-field photomicrographs of sections from Ilford K.5 nuclear tract emulsion dipped slides exposed in the

dark at 4 �C for 4 weeks showing, B and B0, increased areas in hypothalamic paraventricular nucleus (PVN) and supraoptic nucleus (SON). C and

C0, 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 A0 = 10 mm, and for B, B0, C and C0 = 200 lm. 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 A0: 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, B0, C and

C0: representative bright-field photomicrographs sections from Ilford K.5 nuclear tract emulsion dipped slides exposed in the dark at 4 �C for 4 weeks

showing, B and B0, increased areas in hypothalamic paraventricular nucleus (PVN) and supraoptic nucleus (SON). C and C0, 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 A0 = 10 mm, and for B, B0, C and C0 = 200 lm. 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 A0: 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 (A0) compared to AFR (A). B, B0, C, C0: showing the coronal (B and B0) and

horizontal (C and C0) 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.

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.
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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 PND0 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 Buzsáky,

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 II

(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 stressor, 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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. ZHANG,* M. P. MEDINA, V. S. HERNÁNDEZ,

. S. ESTRADA AND A. VEGA-GONZÁLEZ

epartamento de Fisiología, Facultad de Medicina, Universidad Na-
ional Autónoma de México, México 04510, D. F., Mexico

bstract—We have previously reported that a mild maternal
yperthyroidism in rats impairs stress coping of adult off-
pring. To assess anxiogenesis in this rat model of stress
ver-reactivity, we used two behavioural tests for uncondi-
ional and conditional anxious states: elevated plus maze test
EPM) and Vogel conflict test (VCT). In the latter one, arginine
asopressin (AVP) release was enhanced due to osmotic
tress. With the EPM test no differences were observed be-
ween maternal hyperthyroid rats (MH) and controls. How-
ver, with the VCT, the MH showed increased anxiety-like
ehaviour. This behavioural difference was abolished by di-
zepam. Plasma AVP concentration curve as a function of
ater deprivation (WD) time showed a marked increase,

eaching its maximal levels within half the time of controls
nd another significant difference after VCT. A general in-
rease in Fos expression in hypothalamic supraoptic and
araventricular nuclei (PVN) was observed during WD and
fter VCT. There was also a significant increase of AVP im-
unoreactivity in anterior hypothalamic area. A large number

f Herring bodies were observed in the AVP containing fibres
f MH hypothalamic-neurohypophysial system. Numerous
eciprocal synaptic connections between AVP and cortico-
ropin releasing factor containing neurons in MH ventrome-
ial PVN were observed by electron microscopy. These re-
ults suggest that a mild maternal hyperthyroidism could

nduce an aberrant organization in offspring’s hypothalamic
tress related regions which could mediate the enhanced
nxiety seen in this animal model. © 2010 IBRO. Published by
lsevier Ltd. All rights reserved.

ey words: anxiety, Vogel conflict test, arginine vasopressin,
orticotropin releasing factor, electron microscopy, synapse.

hyroid hormones (TH) play an important role in the de-
elopment of the fetal brain. TH cross the placenta reach-

ng the fetus and it is vital up to the first trimester of
regnancy during which time the fetal thyroid gland is not

unctional (Vulsma et al., 1989). Deficiency of maternal
hyroid function at the beginning of fetal neocorticogenesis

Corresponding author. Tel: �52-55-56232348; fax: �52-55-56232348.
-mail address: limei@unam.mx (L. Zhang).
bbreviations: AHA, anterior hypotalamic area; AT, axon terminal;
VP, arginine vasopressin; CRF, corticotropin releasing factor; DAB,
,3’-diaminobenzidine; EPM, elevated plus maze test; HNS, hypo-

halamic–neurohypophysial system; HPA, hypothalamic–pituitary–ad-
enal axis; MH, maternal hyperthyroid rats; PVCT, post Vogel conflict
est; PVN, paraventricular nucleus; PVNlm, PVN lateral magnocellular
d
art; PVNmpd, PVN medial parvocellular part, dorsal zone; SON,
upraoptic nucleus; VCT, Vogel conflict test; WD, water deprivation.

306-4522/10 $ - see front matter © 2010 IBRO. Published by Elsevier Ltd. All right
oi:10.1016/j.neuroscience.2010.03.059

416194
lters neuronal migration (Auso et al., 2004) and mild
aternal hyperthyroidism in rats leads to an increased
endritic arborization of hippocampus CA3 pyramidal neu-
ons (Zhang et al., 2008). Maternal hyperthyroid rat models
ave shown that the expression of cytoskeletal proteins is
ffected, indicating an accelerated neuronal differentiation
Evans et al., 2002).

Wistar rat male offspring of mild hyperthyroid females
red in our laboratory were similar to control animals in a
umber of physiological parameters when tested in non-
tressful conditions. However, their responses to mild
cute and sub-chronic stressors were markedly enhanced,

eading to an impaired cognitive function and depression-
ike behaviours (Zhang et al., 2008). However, anxiety-like
ehaviour measured as unconditioned explorative behav-

our showed no difference to controls (Hernandez et al.,
007).

On the other hand, the arginine vasopressin (AVP),
lso referred as antidiuretic hormone, acts both as a hor-
one and as a neurochemical. AVP is largely synthesized
y hypothalamic magnocellular neurons localized in para-
entricular (PVN) and supraoptic (SON) nuclei. Through
he hypothalamic–neurohypophysial system (HNS) AVP is
ransported to the neurolobe of the pituitary gland and
urther released upon osmoreceptor/baroreceptor activa-
ion. Peripherally circulating AVP is responsible for the
lassic endocrine functions ascribed to this neurohormone
e.g. vasoconstriction, antidiuresis) (Ring, 2005). The cen-
ral vasopressinergic system includes the sites of AVP
ynthesis and release, where AVP acts as a neuromodu-

ator/neurotransmitter regulating a variety of CNS-medi-
ted functions (e.g. learning and memory, neuroendocrine
eactivity, social behaviours, circadian rhythmicity, thermo-
egulation, and autonomic function) (Ring, 2005; Caldwell
t al., 2008; Frank and Landgraf, 2008). AVP is also criti-
ally involved in stress-related anxiogenesis (Millan, 2003;
andgraf, 2005).

Early studies considered AVP originating from magno-
ellular neurons of the HNS as a major modulator of the
ypothalamic–pituitary–adrenal (HPA) axis (Antoni, 1993).
owever, it is now generally accepted that the parvocellu-

ar neurons of the PVN trigger corticotropin (ACTH) secre-
ion via the release of corticotropin-releasing factor (CRF)
nd AVP. As a consequence, less attention was paid to the
ontribution of the HNS to the HPA axis regulation (En-
elmann et al., 2004). The involvement of vasopressiner-
ic magnocellular neurons in the control of the ACTH
ecretion has been a much-debated issue. This study was

esigned and carried out with this issue in mind.

s reserved.
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Using an osmotic stressor we aimed to assess the
nxiogenesis in maternal hyperthyroid offspring. We com-
ined behavioural characterizations with analysis of
lasma AVP variations and the protein product of the

mmediate early gene c-fos (Fos) expression in PVN and
ON during the 48 h of water deprivation (WD) and after

he conflict test used in this study. Furthermore, AVP im-
unoreactivity, morphology and synaptic connectivity of
VP containing fibres in PVN and HNS were analyzed
nder light and electron microscopy.

EXPERIMENTAL PROCEDURES

nimals

istar rats were used in this study. All animal procedures were
pproved by the local bioethical and biosecurity committees in
ccordance with the principles exposed in the Handbook for the
se of Animals in Neuroscience Research (Society for Neuro-
cience. Washington, D.C.1991). Animals were housed on a 12-h

ight schedule in a room with temperature between 20 and 24 °C
ith adequate ventilation and given access to standard rat chow
nd water ad libitum, unless otherwise specified.

The breeding of the maternal hyperthyroid rats offspring has
een described elsewhere (Zhang et al., 2008). Briefly, 32 female
ats of postnatal 90 days (P90) were implanted, under general
naesthesia (pentobarbital, Barbithal, Holland de Mexico, S. A. de
. V., 50 mg/kg i.p.), with s.c. Alzet osmotic pumps (Model 2ML4,
umping rate 2.5 �l/h for 28 days, DURECT Corporation, Cuper-

ino, CA, USA) infusing either L-thyroxine or vehicle (n�16). L-
hyroxine (T4, Sigma-Aldrich Inc. T2501, St. Louis, MO, USA)
ose was 1.5 �g/100 g/d of pre-mating body weight. With this
ose, the female rat serum free T4 concentration was about
.26�0.14 ng/dl (n�4) whereas the control females was about
.34�0.11 ng/dl (n�4), which represents a mild hyperthyroid
xperimental condition (Varas et al., 2001; Evans et al., 2002).
his measurement was made through blood samples obtained

rom sacrificed rats under general anaesthesia at day 10 of ges-
ation and determined with chemiluminescent microparticle immu-
oassay (CMIA, ARCHITECT®, Abbott Laboratories, Abbott Park,

L, USA).
After 2 days of recovery from the implantation, female rats

ere mated with normal males for three consecutive days. The
emales were then singly housed during the gestational period.
he dams gave birth between 19 and 21 days after the 3 day-long
ating period and the litter sizes were 11.8�0.82 (mean�SEM) in
aternal hyperthyroid rats (MH) group versus 11.6�0.66 for con-

rols. The dams were then housed with their own litter during the
actation period with minimum disturbances. Osmotic pumps were
urgically removed from the females on offspring postnatal day 1
P1) under local anaesthesia (0.2 ml of 1% lidocaine). After the
xtraction was completed, skin was surgically sutured and dams
ere returned to their home cages. The sutures were removed
fter 4 days. All these procedures lasted at most 20 min. We did
ot observe any abnormalities regarding maternal care.

On P30, 96 offspring male rats were chosen from both ma-
ernal hyperthyroid and control litters (n�12) to form MH experi-
ental group and control. Four male offspring from each litter
ere separated from their dam and housed together in one stan-
ard rat Plexiglas cage. Each sibling was designated to a different
xperiment except for plasma AVP concentration measurement.

n this latter one, two siblings were chosen to form the group of 24
ats but they were allocated in different time points. Spontaneous
ocomotor activity, body weight, glycaemia and serum T4 level
ere tested on P90, as previously described (Zhang et al., 2008)

nd showed no significant differences between MH and controls. w

195
xperimental design

xperimental procedures were performed on male offspring rats in
oung adult stage (starting on P100, body weight 350�10 g). Two
ets of experiments were carried out separately. (1) Behavioural
ests to assess the anxiogenesis threshold, plasma AVP levels
nd Fos expression during WD and Vogel conflict test (VCT)
roper of MH compared to control. (2) Immunohistochemical and
orphological characterizations of AVP labelled fibres in the an-

erior hypothalamus from MH and control rats under basal condi-
ions by light and electron microscopy.

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

levated plus maze test (EPM)

e used EPM to assess first the unconditioned acute anxious
tate. This experimental procedure was done 1 week before the
CT. The maze was made of wood, consisted of a plus-shaped
latform elevated 50 cm above the floor with two closed arms
50�10�40 cm3) and two open arms (50�10 cm2) surrounded by
n upwards-protruding edge of 0.5 cm connecting the central
quare of 10�10 cm2. This latter measure prevents the rat falling
ccidentally without jeopardizing the elemental features of the
etting, hence enhances the efficacy of the test. The EPM was lit
ith dim red light and monitored by CCTV. The maze was cleaned
ith water containing a detergent and dried before each trial.

Prior to the EPM test, rats were exposed to a standard open-
eld box (40�40�40 cm3 made of wood (Pierce and Kalivas,
007)) during 5 min for three consecutive days before and imme-
iately previous to the EPM test. This procedure was made to

ncrease the likelihood of entering the open arm of the maze, thus
ncreasing the sensitivity of the test (Walf and Frye, 2007). Rats
rom each experimental group underwent the EPM test during
heir early activity period. The test started by placing the rat in the
entre of the maze heading to an open arm and then left for free
xploratory activity for 5 min. The percentages of both time spent
n the open arms and the number of entries to the open arm in
elation to the total number of entries (closed arms plus open
rms) were analyzed as a measure of unconditioned acute anx-

ous state (exploration vs. avoidance).

ogel conflict test (VCT)

e used VCT (File et al., 2004) to assess the conditioned acute
nxious state. VCT involves two main steps: WD for 48 h and food
eprivation for the latter 24 h, and the conflict test proper. WD as

ong as 72 h, is well tolerated by rats with weight loss in an
cceptable range (approximately 11%) and no apparent loss of
hysical vigour (Rowland, 2007). Completing the WD period,

hirsty rats were exposed to a mild and intermittent electrical shock
ia a water bottle. This procedure incorporates an element of
onflict, whereby the subject experiences opposing and concom-

tant tendencies of desire (drinking behaviour for reward) and of
ear (avoidance of a potentially aversive stimulus). An indicator of

conditioned anxious state is when fear prevails in this conflict,
here no genuine risk is present (Millan and Brocco, 2003). We
hose the number of shocks received as our operational param-
ter for anxious state assessment, according to File et al. (2004).

Before the VCT, the experimental subjects were habituated
y staying in the conflict-chamber described below, without cur-
ent application for 30 min each day during four consecutive days.
he conflict chamber consisted in a clear Plexiglas cage

20�30�20 cm3) with a metal floor and lattice lid, a water bottle

ith stainless steel drinking spout, a constant current shock gen-
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rator with an indicator for counting the number of shocks and a
ideo camera. During the test, a 10% dextrose–water solution was
sed. The shocker leads were attached between the metal drink-

ng spout and the grid floor. The drinking spout was isolated to
void 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
etermine the appropriate current to be used during the test
unpublished data). This was done with a different set of Wistar
ats. A current of 0.15 mA was found to be optimal (i.e. it allowed
nimals to drink the solution with minimal discomfort).

Concluding the 48 h of water deprivation period, the test
tarted in a separate room and a video camera sensitive to low

llumination was used for monitoring and recording the test. The
est was performed during the dark period of the artificial light—
ark cycle and the test-room was illuminated solely with a dim red

ight. At the beginning of the test, each animal was put in the test
hamber and was allowed to drink for 25 s without electrical
urrent applied. After this period, a 0.15 mA current with a 50%
uty cycle of 5 s was applied between the metal drinking spout
nd the floor during 5 min. Rats received shocks only when the
pout licking coincided with the current applied intervals. The
umber of shocks received was recorded. Eight rats of each group
ndertook this test without any anxiolytic treatment and another
ight rats per each group received a dose of 1,4 benzodiazepine
Diazepam Valium® Roche Syntex, Mexico City, Mexico, 2.5
g/kg b.w, i.p.) 30 min before the test, aiming at evaluating the

eversibility of this high anxiety-related behaviour, if any, by this
lassical anxiolytic. The procedure carried out after the test was
enoted as post-VCT time point (PVCT).

lasma AVP concentration measurement during
ater deprivation and after the VCT

n order to characterize the plasma AVP concentration during the
8 h of WD and PVCT, blood samples were obtained from rat

ail-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
ampling, experimental subjects were immobilized using a re-
traint tube. In order to minimize the stressful effect exerted by this
rocedure, rats were placed in the same restraint tube (standard

or rats, (Heinrichs and Koob, 2006)) during 30 min each day
uring the three previous days to the test. Four rats per each
roup were tested at each time point (n�4) (two male offspring per
ach litter for this test completing each group with 24 rats). Each
at provided only one blood sample. This criterion was imple-
ented aiming to isolate the stimulus for AVP release, being only

he osmotic stressor, not the possible additional AVP release
econdary to the stress produced by previous sampling proce-
ures. Especial attention was paid in not putting the subjects from

he same litter at the same time point.
At the corresponding time-point, 500 �l of blood samples from

ach of the four respective intact rats were collected into chilled
icrotubes containing 0.5 mg EDTA on the wall (50 �l of EDTA

olution of 10 mg/mL was added to each tube, agitated and then
ried inside a fridge). Tubes with samples were immediately cen-

rifuged at 1600�g for 15 min at 4 °C. Plasma supernatant (200 �l
er tube) was transferred to a new tube and stored at �70 °C until

he ELISA test was performed. The Arg8–Vasopressin EIA Kit
Cat. 900-017, Assay Designs, Inc., Ann Arbor, MI 48108, USA)
as used. The experimental procedure was the one recom-
ended by the manufacturer of the ELISA vasopressin estimation

it. Each sample was analyzed in duplicate. The coefficients of
ariation (CV: standard deviation/mean) for the intra and inter
ssay variability were 11.28% and 9.9% respectively. This latter
arameter was obtained calculating the CV of three standard

urves done to the three kits used. r

196
erfusion-fixation and immunohistochemistry for
os and AVP double labelling

ubjects (n�6) for this experiment were perfused 90 min posterior
o time points WD6h and PVCT (i.e. 7.5 h of water deprivation and
0 min after the conflict test respectively). Briefly, rats were deeply
nesthetized with an overdose of pentobarbital and perfused tran-
cardially with 0.9% saline followed by cold fixative containing 4%
f paraformaldehyde in 0.1 M sodium phosphate buffer (PB, pH
.4) plus 15% v/v of saturated picric acid and 0.05% of glutaral-
ehyde for 15 min. Brains were removed, blocked, then thor-
ughly rinsed with PB. Vibratome coronal sections of 70 �m of
ypothalamus (spanning from Bregma �0.96 to �2.20 mm) were
ollected.

Immunofluorescence double-labelling method was used.
riefly, two alternated sections between Bregma �1.60 and
1.80 mm, (Paxinos and Watson, 2007) from each rat were

hosen. These sections contain the main PVN lateral magnocel-
ular part (PVNlm) which can be easily identified as a grey circular
egion with higher transparency under a low power stereoscopic
icroscope, as well as the medial parvocellular part, dorsal zone
f the PVN (PVNmpd, main region of CRF mRNA expression,
Viau and Sawchenko, 2002)), and the SON. This criterion was
pplied to select data for a valid comparison. Sections were
locked with 20% normal horse serum in Tris–buffered (TB, 0.05
, pH 7.4) saline (0.9%) plus 0.3% of Triton X-100 (Tris buffered

aline) for 1 h at room temperature and then immunoreacted with
he following primary antibodies: rabbit anti-AVP (courtesy of RM
uijs, 1:1000) and Guinea pig anti-CRF (T-5007, 1:2000, Penin-
ula Laboratories, Torrence, CA, USA) for AVP/CRF double im-
unohistochemistry for region references and rabbit anti-Fos

SC52, 1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
nd guinea pig anti-AVP (T-5048, 1:2000, Peninsula Laborato-
ies). Sections were incubated overnight at 4 °C with gentile
haking. After corresponding washings, sections were further in-
ubated with Alexa Fluor 488 donkey anti-rabbit IgG (1:1000,
olecular Probes Inc. Eugene, OR, USA) and Cy3 conjugated
onkey anti-guinea pig IgG (1:1000, Jackson ImmunoResearch
aboratories, Inc., Baltimore, PA, USA) as secondary antibodies,

n Tris buffered saline plus 1% of horse serum, at 4 °C overnight.
t the end of the immunofluorescence reaction, sections were

insed and mounted with Vectashield (Vector Laboratories, Inc.,
urlingame, CA, USA) and analyzed by epi-fluorescence micros-
opy.

For Fos/AVP double labelling and total Fos� nuclei quantifi-
ation, total number of AVP� neurons and the number of Fos�/
VP� neurons from the PVNlm, and SON per each section were
ounted. Percents of double-labelled neurons in total AVP� neu-
ons were calculated. For quantification of total Fos activation, all
f Fos� nuclei inside the AVP immunoreactive magnocellular
uclei (SON and PVNlm) were counted. For PVNmpd, the count-

ng was made with the help of a drawing tube: a drawn square of
.04 mm2 was placed on the visual field of the drawing tube
oinciding with the PVNmpd zone so that Fos� nuclei inside the
quare can be clearly identified and counted.

The second set of experiments was aimed at evaluating AVP
ontent in the HNS before osmotic stressor application. Four rats
er each group under basal conditions were processed for AVP

mmunofluorescence reaction using guinea pig anti-AVP (T-5048,
:2000, Peninsula Laboratories) as the primary antibody and Al-
xa Fluor 488 donkey anti-guinea pig IgG (1:1000, Molecular
robes) as the secondary antibody. Optical density of immunore-
ctivity mainly related to hypothalamic–neurohypophysial tract
HNT) was measured in the anterior hypothalamic area (AHA,
orsal and ventral zones) of each group from antero–posterior-
aired coronal sections (n�10) collected from the anterior hypo-

halamus (Bregma �1.08 mm to Bregma �1.86 mm). Fields in the

egions (dorsal and ventral zone corresponding to the hypotha-
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amic–neurohypophysial tract) were chosen with 40� objective
orresponding areas of 0.22 mm2 and photomicrographs were
aken using a digital camera with fixed sensibility. Digital pictures
ere analyzed using Fovea Pro 4.0 (Reindeer Graphics,
sheville, NC, USA). Herring bodies (axonal swellings in the
ypothalamic–neurohypophysial tracts) in the fields were quanti-
ed. It has been suggested that Herring bodies function as a buffer
or the massive vasopressin production, formed by the intermittent
ynthesis of this neuropeptide (Yukitake et al., 1977).

ouble immunoperoxidase labelling of AVP
nd CRF for electron microscopy

oronal sections of anterior hypothalamus containing PVN were
ryoprotected with 10% sucrose for 10 min and 20% sucrose for
h at room temperature with gentle shaking and then underwent

uick freeze-thaw procedure using liquid nitrogen and room tem-
erature phosphate buffer (PB 0.1 M). Sections were then blocked
ith tris buffered saline without Triton X100, plus 20% normal
wine serum for 1 h and incubated with rabbit anti-AVP and
uinea pig anti-CRF antisera (T-4563 and T-5007, respectively,
:2000 for both antibodies, Peninsula Laboratories) in Tris buff-
red saline plus 1% swine serum over two nights at 4 °C with
entile shaking. (Some of the sections underwent firstly incubation
ith fluorescent secondary antibodies: Alexa 488 conjugated don-
ey anti-rabbit and Cy3 anti-guinea pig to evaluate the efficacy of
he immunoreaction before proceeding to the next step). For
mmunoperoxidase reaction, sections were rinsed and proceeded
or the first secondary antibody incubation with swine anti-rabbit
gG with horseradish peroxidase conjugated (P021702, 1:100,
ako, Denmark) in Tris buffered saline�1% swine serum over-
ight at 4 °C. This immunoreaction was developed using 3,3=-
iaminobenzidine (DAB, 0.5%, Electron Microscopy Sciences,
ort Washington, PA, USA) and hydrogen peroxide (H2O2, 0.01%)
s substrates and intensified with nickel (400 �l 0.05 M nickel
mmonium sulfate and 400 �l of ammonium chloride 0.4% in 20
l TB) (black reaction product) ((Freund et al., 1990) for method

eference). Due to the magnetic field of nickel, this product has a
ore efficient electron shielding. Hence, the labelling seen at
lectron microscopy is blacker, more homogeneous compared
ith the sole DAB labelling. For the second immunoreaction,
ections were further incubated with goat anti-guinea pig IgG
iotinylated antibody (Vector BA9500, 1:100) overnight at 4 °C

ollowed by the incubation for 2 h at room temperature with
vidin–biotin–peroxidase (ABC, 1:100 in TB; ABC Elite Kit, Vector
abs.). The immunolabelling was developed with DAB (0.05%)
nd 0.01% H2O2 in tris buffer (brown reaction product). Peroxi-
ase reaction was stopped by rinsing the sections in TB.

ransmission electron microscopy

elected coronal sections containing PVNlm and parvocellular
edial part (Bregma �1.56 to �1.72 mm) were fixed with 1%
smium tetroxide in 0.1 M PB for 1 h and dehydrated through a
eries of graded alcohols (including 45 min of incubation of 1%
ranyl acetate in 70% ethanol), then rinsed with propylene oxide.
ections were flat embedded in Durcupan ACM epoxy resin (Elec-

ron Microscopy Sciences) following a period of resin penetration
or more than 4 h at room temperature. Embedded sections on
lide were polymerized at 60 °C for 2 days. Fragments of sections
ontaining labelled Herring bodies in HNT and medial PVN were
e-embedded in capsules and undertook further polymerization for
4 h. Ultrathin sections (70 nm) were cut with an ultramicrotome
sing a diamond knife. Sections were collected onto Pioloform-
oated single slot grids. Sections were examined with a Philips
M100 transmission electron microscope. Digital electron micro-
raphs were obtained with a digital micrograph 3.4 camera (Ga-
an, Inc., Pleasanton, CA, USA) and scaled with ImageJ (Image W
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rocessing and analysis in Java, NIH, USA) and Adobe Photo-
hop.

tatistical analysis

uantitative results were expressed as mean�standard error of
ean (SEM). Groups were tested for differences by analysis of

ariance followed by the Bonferroni test, using Prism (GraphPad
oftware, San Diego, CA, USA). Differences were considered
tatistically significant at P�0.05 (* P�0.05, ** P�0.01, and
** P�0.001, vs. the control group).

RESULTS

ignificantly potentiated anxious state in MH
ccurred only after water deprivation

nconditioned and conditioned anxious states were as-
essed using two well-validated behavioural tests, the
PM and the VCT. EPM evaluates the exploration versus
voidance state placing the rat in an unconditioned envi-
onment with the closed arm representing safety and the
pen-elevated arm denoting novelty, though risky. Dimin-

shed time spent in the open arm and reduced number of
ntries implies higher unconditioned anxious state. The
H showed no significant differences in these two mea-

ured parameters (Fig. 1A). Subsequently, rats were sub-
ected to WD, as an osmotic stressor, for 48 h. Then, thirsty
ats underwent the conflict test in which they had to decide
etween drinking and possibly receiving a mild electrical
hock or rather staying apart from the drinking spout. MH
howed a significant reduction in the number of shocks
eceived during the 5 min of the test (11.20�1.68,
ean�SEM) compared to controls (37.50�1.5) (Fig. 1B).
iazepam administration 30 min before the test effectively

ncreased the punishing shocks received by both MH
240.6�47.17) and control (258.2�48.6) rats, resulting in
o-significant difference between them.

ltered plasma AVP concentration dynamics during
ater deprivation and enhanced neuronal activation

n PVN and SON of MH

oth plasma osmolarity or plasma AVP content generally
each their maximal levels between 12 and 16 h of WD and
hen both physiological parameters remain stable for a
elatively long period (Rowland, 2007). As illustrated in
ig. 2, WD during this experiment effectively increased
lasma AVP concentration, as analyzed with a commer-
ially available Vasopressin ELISA kit (Assay Designs,
nc., Ann Arbor, MI, USA). The time course of this variation
ad a non-linear pattern. In both groups the baseline AVP
lasmatic concentrations were around 4.8 pg/mL (control:
.94�0.26 pg/mL; MH: 4.74�0.27 pg/mL). The value from
ontrol at WD6h was little changed compared to the basal

evel (5.55�0.19 pg/mL). It reached its maximal levels at
D12h (17.18�1.53 pg/mL), then slightly decreased at
D24h (13.73�2.70 pg/mL) and remained substantially

nchanged after VCT. In contrast, MH AVP plasma con-
entration had a steep increase already at WD6h ap-
roaching its maximal level (14.79�0.71 pg/mL). From

D12h, the AVP levels in MH remained comparable to
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hose of the control until WD48h. Immediately after VCT,
VP plasma concentration in MH further increased as
ompared to controls (Fig. 2 PVCT time point).

In order to make a quantitative assessment of Fos
nduction in SON, PVNlm and PVNmpd and specifically the
nduction in AVP containing neurons, experimental sub-
ects were perfused at 90 min posterior to the time points
here plasma AVP concentrations showed significant dif-

erences. A significant increase in Fos/AVP double la-
elled neuron numbers was observed in MH at all exper-

mental conditions (Fig. 3F). In all the three anatomical
egions, a larger difference was revealed at PVCT, when
xperimental subjects underwent the conflict test and ex-
ibited high anxious behaviours. Regarding the densities
f the total Fos� nuclei per regions, significant increases
ere observed except in PVNlm at WD6h. This phenom-
non was heightened at the PVCT time point, when MH
xhibited higher anxiety behaviour, that is larger difference
as observed in the magnocellular nuclei, with P�0.001

or SON and P�0.01 for PVNlm, compared to P�0.05 for

ig. 1. MH offspring showed differential anxious states compared to
ontrol under unconditioned and conditioned behavioural tests for
nxiety assessment. (A) Elevated plus maze test performed before
ater deprivation (WD) to evaluate unconditioned anxiety-related be-
aviour revealed by the percentages of both, left panel, time spent in

he open arms related to the 5 min lapse and right panel, the entries to
he open arms in the total entries to both open and closed arms. There
re no-significant differences between control and MH groups regard-

ng both metrics. (n�16); (B) Vogel conflict test (VCT) with 48 h of WD
o assess conditioned anxious state which is reflected in the number of
hocks received during the given time lapse (5 min) under the condi-
ion specified in the method section. Left panel: without any anxiolytic
dministration, MH rats showed a significant decrease in the number
f shocks received during the test. (n�8). Right panel: with adminis-

ration of benzodiazepine (BZP) (Diazepam, 2.5 mg/kg b.w, i.p) 30 min
efore the test, the shocks received by both MH and control subjects
ere greatly increased and the intergroup-difference observed without
ZP disappeared. (n�8), mean�SEM, *** P�0.001.
VNmpd (Fig. 3G).
f
*

198
bnormal AVP storage and some unusual features
evealed by morphological analysis were observed
n MH under basal condition

n increased AVP content in the AHA corresponding to
ypothalamic–neurohypophysial tracts was observed by

mmunofluorescence (reflected as increased optical den-
ities). Both ventral and dorsal parts of anterior hypotha-

amic areas (Fig. 4F) revealed increased immunoreactivity
o AVP in MH subjects (dorsal AHA: MH 18.84�0.67, vs.
ontrol 16.57�0.49; ventral AHA MH 14.34�0.61, vs. con-
rol 11.72�0.87, arbitrary units), which implied either in-
reased number of vasopressinergic axons passing
hrough the region or an increase in AVP content inside the
bres, or both (Fig. 4).

The number of Herring bodies throughout hypothalam-
c-neurohypophysial tracts was significantly higher in MH
roup than in control under basal condition (MH 7.2�0.73,
s. control 1.2�0.20, per 0.22 mm2). In the electron mi-
roscope, the AVP-immunoperoxidase labelled Herring
odies were seen as un-myelinated large varicosities with
iameters mainly ranging from 1 to 4 �m. Herring bodies
ontain highly compacted labelled dense core vesicles
Fig. 5).

H AVP� axon terminals make synapses on soma
nd dendrites of both CRF immunopositive and
mmunonegative neurons inside the PVN

e also addressed the ultrastructural features of the neu-
oendocrine fibres inside the PVN region and the possibil-
ty of reciprocal synaptic connections between AVP and
RF containing neurons. Tissue from the ventromedial
art of the PVN (Fig. 6A) was re-embedded and examined
nder electron microscopy. AVP and CRF immunoreactiv-

ties (Nickel-DAB “black” and DAB “brown” reactions re-
pectively) were found in both axon terminals and dendritic
egments. Concerning the AVP labelled (AVP�) axons
nd axon terminals (AT), the labelled structures contained
mall clear as well as dense-core vesicles at highly vari-

ig. 2. MH had altered dynamics in plasma vasopressin concentration
uring water deprivation and post-Vogel conflict test (PVCT). MH time
volution curve of the plasma AVP concentration (mean�SEM) in

unction of WD progression showed an abnormal shape separating

rom 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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ble ratios. AVP� AT in MH were observed making syn-
ptic contacts with CRF� neuronal somata (Fig. 6E) and

ig. 3. Changes of Fos expression in paraventricular nucleus, lateral
nd supraoptic nuclei (SON) at 90 min posterior to the time points W
icrophotographs illustrate the increased Fos expression at PVCT

orresponds to the sites where Fos� nuclei were counted. Circle: P
VNmpd. (B, C) correspond to PVN of control and MH respectively; (D

n relation to all AVP� cells. (G) Densities of all Fos� nuclei in the thr
ptic tract. Scale bars�100 �m. (n�6), mean�SEM, * P�0.05, ** P�

egend, the reader is referred to the Web version of this article.
edium-sized dendrites (Fig. 6F–J). Five out of eight syn- t

199
pses (62.5%) between AVP� AT and PVN neuron den-
rites are Gray’s type I (asymmetric, characteristic of glu-

llular part (PVNlm), medial parvocellular part, dorsal zone (PVNmpd)
h of water deprivation) and PVCT (Post Vogel conflict test, PVCT).
crophotograph showing CRF/AVP immunoreactivity in PVN which
quare: PVNmpd. Arrowheads indicate AVP containing axons in the
of control and MH respectively. (F) Percentages of AVP�/Fos� cells
ical regions at each experimental time point. 3V, third ventricle; Opt,

* P�0.001. For interpretation of the references to color in this figure
magnoce
D6h (6

. (A) Mi
VNlm; s
, E) SON
ee anatom

0.01, **
amatergic excitatory synapses, Fig. 6F–I). These AT ex-
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ibited a high content of small clear vesicles. On the other
and, AT which were more homogenously labelled by
VP-DAB-Nickel were observed to establish Gray’s type II,

symmetric) synapses on CRF� dendrites (Fig 6J). Two
RF� AT having high content of small clear vesicles

ormed Gray’s type I, asymmetric, synapses onto AVP�
endritic segments (Fig 6K, L). We could not observe this

ype of synaptic connectivity in the same region of control
ubjects. Reciprocal synaptic connectivity between AVP
nd CRF containing neurons in PVN has not been previ-
usly described, to the best of our knowledge. However, a
etailed quantitative assessment and a characterization of

he precise origins (magnocellular vs. parvocellular and

ig. 4. Increased AVP immunoreactivity in hypothalamic–neurohypo
ofluorescence labelling in PVN, (A) and (B), and the hypothalamic–neu
ontrol and MH rats respectively. (An increase of AVP� soma and den
ivision (for example see A and B)). (E) Histogram shows the optical de
howed a significant increase in both ventral and dorsal AHA. (F) Schem
nd Watson, 2007) where the measurement was performed (n�10 sec
pt, optic tract; SON, supraoptic nucleus; Fx, fornix; NC, nucleus circ
lso suprachiasmatic nucleus or bed nucleus of the stria c

200
erminalis) of the AT making synapses onto CRF soma/
endrites remains to be carried out.

DISCUSSION

aternal hyperthyroidism due to Grave’s disease and ges-
ational transient thyrotoxicosis is a common endocrine
ondition during human pregnancy. Besides, inadequate
oses for hormone replacement and insufficient monitoring
ould also put the fetal development under an iatrogenic
yperthyroid environment. In consonance with our previ-
us study reporting that maternal hyperthyroid offspring
ossess a more reactive neuroendocrinological stress-

act under basal conditions. Photomicrographs show the AVP immu-
hysial tracts in the anterior hypothalamic area (AHA), (C) and (D), from
a in MH rats compared to control was observed in PVN magnocellular

) analysis of AVP immunoreactivity, mean�SEM, in which MH group
resentation of AHA (Bregma �1.08 to �1.86 mm according to Paxinos

four rats per group). 3V, third ventricle; PVN, paraventricular nucleus;
1.8: 1.80 mm posterior to Bregma. Scale bars�200 �m. * P�0.05.
physial tr
rohypop
dritic are
nsity (OD
atic rep

tions from
oping system (Zhang et al., 2008), the results from this



s
t
e
c

a
h
c
i
s
i
I
a

a
a
p
h
r
l
f
(
p
r
o

u
i
T
p
s
a
t
c
0
p
2
p
s
t
s
d
r
a
c
i
s
A
s

F
P
o
b ense co
0

L. Zhang et al. / Neuroscience 168 (2010) 416–428 423
tudy clearly indicate that these subjects possess an al-
ered hypothalamic vasopressinergic system resulting in
xpression of high anxious behaviour under a stressful
ondition.

Our previous work showed that maternal hyperthyroid
dult offspring rats exhibited normal physiological and be-
avioural parameters unless they were exposed to a sub-
hronic mild stressful condition, which triggered cognitive

mpairment and depression related behaviours. Enhanced
erum corticosterone levels after an acute restraint test

ndicated an over-activated HPA axis (Zhang et al., 2008).
n the present work, we tested whether this HPA over-
ctivation could be triggered by an over-activated HNS.

Under basal conditions, an enhanced AVP immunore-
ctivity in the anterior hypothalamic area and a large
mount of Herring bodies in the hypothalamic-neurohy-
ophysial tracts in MH were observed. Herring bodies
ave been described as axonal swellings, containing neu-
osecretory and synaptic-like vesicles, and other subcellu-
ar components. It has been suggested that Herring bodies
unction as a buffer for the massive vasopressin production
Yukitake et al., 1977). Under water deprivation, MH
lasma concentration of AVP increased dramatically al-
eady at WD6h which is consistent with a greater amount

ig. 5. Abundant Herring bodies throughout hypothalamo-neurohyp
hotomicrographs of HNT from control and MH subjects, respectively
xidase-Nickel labelled Herring body seen by electron microscopy (EM
ut lead citrate counterstained axon in order to better visualize the d
.5 �m.
f AVP stored under basal condition readily to be released t

201
pon stimuli arrival. At PVCT time point, another significant
ncrease of plasma AVP concentration was observed.
hese observations clearly indicate that these individuals
ossess an altered AVP system, not only due to a greater
torage but also inferred a more reactive system for a more
ctive synthesis and/or an easier release. It is worth men-

ioning that in both groups the baseline AVP plasmatic
oncentrations were around 4.8 pg/mL (control: 4.94�
.26; MH: 4.74�0.27), which is slightly higher than re-
orted in the literature using the same kit (Haley and Flynn,
006). This phenomenon could be due to the sampling
rocedure—samples were obtained from the tails of re-
traint-tube immobilized rats. In spite of previous habitua-
ion described in the method section, this procedure could
till induce a slight increase of plasma AVP concentration
ue to the immobilization, as can be observed in previous
eports in the literature (Hashimoto et al., 1989; Aguilera
nd Kiss, 1993). Data obtained from naturally AVP-defi-
ient Brattleboro rats showed a significant deficiency of

ncrease of plasma adrenal corticotrophin during restraint
tress (Zelena et al., 2009), which suggest a critical role of
VP in this stress coping processes, hence, indirectly
upport this explanation.

At the same time points where plasma AVP concen-

tract (HNT) were observed in MH anterior hypothalamus. (A, B)
ads indicate Herring bodies. Scale bar: 20 �m. (C) AVP-immunoper-
photomicrograph to show a Herring body from a non-immunolabelled

re vesicles (arrowheads, about 80–100 nm of diameter). Scale bar:
ophysial
. Arrowhe
). (D) EM
ration showed significant differences, Fos expression in
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VP containing neurons in the SON, PVNlm and PVNmpd
howed a significant increase in the counts of double

abelled cells indicating an enhanced activation of vaso-
ressinergic system. Concerning the total Fos activation in

he three regions, it is interesting to observe that in the
VNmpd, where the main cellular population of CRF con-

aining neurons is located (see Fig. 3A and also (Viau and
awchenko, 2002)), the difference of expression is already
vident at WD6h. It remains possible that PVNlm Fos/AVP
yperactivition is passively fed forward from PVNmpd.
owever, this seems unlikely given that there were not
ther external stimuli for the activation of the HPA axis
PVNmpd) except the osmotic stressor at WD6h. Hence, it
s rational to consider that there is a greater influence from
he PVN lateral magnocellular part to the medial parvocel-
ular part, dorsal zone, without excluding possible recipro-
al influences between these two PVN divisions. More-
ver, at the PVCT time point when the MH showed a
igher anxiety behaviour, a larger difference of Fos counts

ig. 6. Reciprocal synaptic connections between AVP and CRF neuro
f a dual-immunoperoxidase reaction of a MH PVN (Bregma �1.80 mm
f PVN, indicated by a square) where tissue was taken for EM examin
arvocellular part of the PVN; DAB-Nickel (black): AVP containing neu
representative light microscopy image of the region with dual-imm

VP(�) black nickel DAB immunoreaction (ir) and arrows indicate CRF
AVP�, B) and sole DAB (CRF�, C) axonal labelling. AT, axon termin
ecause of the magnetic shield of Nickel, which deviates electrons
endritic segments. (E) An AVP(�) AT making asymmetric synapse (b
as observed in the magnocellular nuclei (P�0.001 for w

202
ON and P�0.01 for PVNlm, compared to P�0.05 for
VNmpd, main location of CRF neurons). This finding

urther confirmed our hypothesis that the main influence of
his activation of PVNmpd comes from PVNlm AVP neu-
ons. In the PVNlm no significant difference was found for
otal number of Fos� nuclei density, at WD6h time point
lthough the Fos/AVP double labelled cell count of MH
as significantly enhanced. This phenomenon could be
ttributed to the Fos activation of other cell populations in

he region.
In our MH model, unconditioned anxiety measurement

howed no significant difference with control groups. We
ave tested anxiety-like behaviour with the EPM test in
oth basal condition (from this study) and under sub-
hronic mild stress (Hernandez et al., 2007). In both cases
e did not observe an increased unconditioned anxious
tate compared with control. The Vogel thirsty rat conflict
est (VCT) assesses conditioned anxiety-behaviour under

D condition (Millan, 2003; Millan and Brocco, 2003),

ventromedial part of the PVN. (A) A representative photomicrograph
ate the whole region of PVN and the sub-region (ventromedial division
B only (brown): CRF containing neurons, mainly located in the medial
nly located in lateral magnocellular part of the PVN. The insert shows
xidase reaction prepared for EM examination. Arrowheads indicate
n-DAB—ir. (B, C) Aimed to show the different aspects of DAB-Nickel
DAB-Nickel labelling exhibits more homogenous and darker features
ciently. De, dendrite. (D) Shows the different aspects of labelling in
w) to a CRF(�)-neuron somata. NB, Nissl bodies; mit, mitochondrion.
ns in the
) to illustr
ation. DA
rons mai
unopero
(�) brow
als. The
hich involved intrinsically the activation of HNS and an
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ncrease in the plasma concentration of AVP. During the
ast step of the VCT, MH rats exhibited a significantly
igher anxiety-related behaviour than control rats. These
igh anxiety behaviours showed by MH coincided with
nother significant increase of AVP plasma concentration
PVCT time point), indicating that the MH HNS is respon-
ive to this mild stressor capable to further increase their
lasmatic release of AVP. This observation was consistent

ig. 6. (Continued.) (F–H) Serial photomicrographs from three adjace
mall clear vesicles establishing a type I synapse (black arrow) with a
hite arrowheads indicate dense core vesicle (dcv) containing AVP. (I

endrite. White arrowheads: dcv-containing AVP. (J) A strongly label
RF(�) dendrite. An AVP(�) dendrite was also marked for compariso
imilar features. Hence they are not showed here. (K) A weakly lab
ontaining CRF (indicated by black arrowheads) making an asymmetr

ater phenomenon. Scale bar: 0.5 �m.
ith the significant increase of Fos expression in the three n

203
egions above mentioned. Although the intracerebral AVP
elease under VCT experimental condition was not mea-
ured in this study, this parameter is likely to be increased,
ccording to previous evidence found in the literature. For

nstance, with microdialysis Ludwig et al. (Ludwig et al.,
994) found increased intra-SON AVP release upon a

ocal hyperosmotic NaCl infusion, which indicates that the
smotic receptor activation of the vasopressinergic mag-

s (ultramicrotome setting for 70 nm) of an AVP(�) AT with abundant
dendrite. A non-labelled dendrite is marked for comparison purposes.
r AVP(�) AT making type I synapse (black arrow) onto a non-labelled
(�) AT making a type II, symmetrical, synapse (white arrow) onto a
e. This synapse was followed by three more sections, which showed
F(�) axon containing abundant small clear vesicles and large dcv
e on to an AVP(�) dendrite (black arrow). (L) Another example of the
nt section
CRF(�)
) Anothe
led AVP
n purpos
elled CR

ic synaps
ocellular nucleus indeed elicits the central release, in
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arallel to the peripheral release. In this sense, intra-PVN
VP release is likely increased in this animal model. Evi-
ence from in vitro extracellular recordings following bath
pplication of 10�7 M of AVP showed that the majority of
ecorded cells located in the medial PVN present excita-
ory responses (Inenaga and Yamashita, 1986). Since the
igh anxious behaviour was only detected with VCT, once
smotic stressor was applied and not with the EPM, it is
ational to consider that the main cause of the expressed
igh anxious state was due to the major physiological
echanism to cope with this stressor, that is vasopressin-
rgic system activation. This evidence is in concordance
ith our finding of significant augment of Fos� neurons in

he medial parvocellular dorsal zone of PVN region, at 90
in post-VCT, suggesting that the hypothalamic part of
PA axis is more activated in correlation with the en-
anced activation of HNS. The medial parvocellular divi-
ion of the PVN is the key neural part of the HPA axis. It is
target region for benzodiazepines as anxiolytic agents

Cullinan, 2000). The fact that this phenomenon was ef-
ectively reversed by benzodiazepine administration sup-
orts this explanation.

There is extensive evidence about intra-PVN release
f AVP during stress coping (Engelmann et al., 2004; Leng
nd Ludwig, 2008). The possible release mechanisms in-
lude dendritic release by exocytosis in the PVN and lat-
ral hypothalamus, as previously demonstrated elegantly
y Pow and Morris at electron microscopy (EM) level (Pow
nd Morris, 1989). Experimental evidences have shown

hat intra-PVN administration of an AVP V1 receptor an-
agonist resulted in a decrease of anxiety-related behav-
our of the high anxiety bred rats (Engelmann et al., 2004)
nd increased AVP release within PVN, measured by mi-
rodialysis, was observed during anxious situations (Wot-

ak et al., 1996). These data support the assumption that
igher contents of released AVP within PVN serve as a
hysiological substrate for anxiogenesis, which is in con-
ordance with the results from this study.

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

The most relevant finding of this study is the identifi-
ation of the reciprocal synaptic connections between AVP
nd CRF neurons in ventromedial PVN in MH. The major-

ty of the synapses found are Gray’s type I (asymmetric,
haracteristic of glutamatergic excitatory synapses) with
olocalization of small clear and dense-core vesicles, be-
ng the latter ones localized mainly in the perisynaptic re-
ions. This observation is in concordance with other studies

n the literature reporting short axon collaterals (Sofroniew

nd Glasmann, 1981) or second axon branched from soma u

204
r proximal dendrite of magnocellular neurosecretory neu-
ons which project intracerebrally. Previous reports have
hown that glutamatergic neurons formed prominent cell
opulations in several hypothalamic nuclei including vari-
us parvocellular and magnocellular subdivisions of the
VN (Ziegler et al., 2002; Hrabovszky et al., 2007) and
VP receptors are localized preferentially in perisynaptic

egions (Landgraf and Neumann, 2004). AVP release is
eported to influence the activation of intracellular Ca2�

torage and modify the input synaptic strength as well as to
lter the interaction between transcription factors and gene
romoters (Landgraf and Neumann, 2004). Moreover, it
as been found that among the AVP metabolite, the pen-

apeptidic fragment AVP(4–8), which did not possess
lassical endocrine effects, has high effectiveness on be-
aviour response since its potencies in CNS were hun-
reds fold higher than those of AVP itself (Burbach et
l., 1983). G-protein-coupled receptors for AVP(4 – 8)
ere identified on rat hippocampal synaptosomal mem-
rane (Yan and Du, 1998) and its binding resulted in the
ccumulation of the second messenger IP3 (Yan et al.,
002). Other neurotrophic and branching promoting ef-

ects of this AVP metabolite have also been reported
Zhou et al., 1997; Yan et al., 2002). Although, the
eaning of the frequent observation of reciprocal syn-
ptic contacts between AVP and CRF containing neu-
ons inside PVN of MH rats remains yet unclear, it
uggested the existence of abnormal synaptogenesis
hich produces short-circuit–like aberrant reciprocal
ynaptic connections in this neuro– hormonal stress-
oping related brain region that could serve as a patho-
hysiological substrate for the exhibited stress over-
eactivity and high anxiety behaviours.

CONCLUSION

n conclusion, the initial EM observation of the reciprocal
ynaptic connections between AVP and CRF containing
eurons in the hypothalamic paraventricular region from

his study suggests the existence of synaptic pathways
etween these two main stress-coping related neuropep-

idergic systems in stress over-reactive MH. Hence, our
ndings open a potential research area for the investiga-
ion of the anatomo-functional substrates underlying stress
elated emotional disturbances in MH offspring. Further-
ore, this study demonstrated that hyperthyroidism in an
arly window of development leads to persistent changes

n structure and function of the rat brain, which result in a
educed ability of coping with certain stressful conditions.
ue to the possible relevance of this disorder to public
ealth, further detailed studies should be encouraged to be
ursued.
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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. VVC 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 [triiodothyronine
(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

T4 is 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 lL/hr for 28 days) infusing either

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 lg/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 6 0.14 ng/dL
(n 5 4) , whereas that of the control females was about 1.34
6 0.11 ng/dL (n 5 4). This measurement was made with the
chemiluminescent microparticle immunoassay (CMIA,
ARCHITECT1, 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 5 20) or the
Ctrl group (n 5 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 228C 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 6 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 3 75 3 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 mÅ, 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 I.

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
(258C 6 18C) with 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 allowed
up to 120 sec to locate the escape platform. If the allowed
time was finished and the experimental subjects had not found
the platform, they were guided to the platform. Once on the
platform, rats were permitted to stay for 5 sec to allow them
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to observe place and location. To assess cognitive function in
stress-naive experimental subjects and any possible difference
in response to this mild swimming stress, rats were not pre-
trained for the first cognitive test (nonstress situation) on day
1 of the SCMS protocol. The second MWM test was per-
formed on day 3 of the SCMS protocol, when the rats had
undergone an immobilization stressor on day 2 and habitat
changing stress with increased light and noise for 2 hr prior to
the cognitive test during the endogenous activity period. This
was defined as an acute stress situation. A third MWM test
was performed on day 10 of the SCMS protocol and desig-
nated as a subchronic stress situation. The memory retention
test of the MWM was performed on day 11, when the plat-
form was removed, and the time spent on the platform quad-
rant was recorded. The starting position was in the quadrant
opposite (IV) the platform quadrant (II) and was unchanged
for the four tests.

Repeated Forced-Swimming Stress

Animals from the MH and Ctrl groups were assessed for
depression-like behavior using a modified version of the
forced-swimming test (FST; Porsolt et al., 1978; Wellman
et al., 2007), in which experimental subjects were exposed
repeatedly to the swimming stressor during the dark period of
the artificial light–dark cycle. The repeated FST allowed us to
evaluate depression-like behavior after both acute and repeated
exposure to the test while acting as a stressor and helped to
rule out the possibility of any motor impairment. The test
consisted of exposure to a vertical Plexiglas cylinder 45 cm in
height and 30 cm in diameter containing water to a height of
25 cm kept at 258C 6 18C. On P60, the rats underwent the
first FST for 6 min to assess this behavioral parameter prior to
the SCMS protocol. We designated this as the baseline test.
On P96, day 1 of the test, rats received a single 15-min FST.
On day 2 of the test, the rats received four consecutive 6-min
exposures with a 12- to 15-min interval between trials. Passive
immobility (cessation of spatial displacement with or without
minor involuntary movements of the hind limbs) during min

2–6 was analyzed off-line. The observer scored the rats as ei-
ther ‘‘swimming’’ or ‘‘immobile’’ every 5 sec (sampling fre-
quency criterion described by Detke et al., 1995), and the
percentage of immobility episodes was calculated as immobil-
ity episodes observed/total number of observations 3 100.
Immobility counts in the FST are regarded as a measure of
behavioral despair.

Tail Suspension Test

In the tail suspension test (TST; Chermat et al., 1986),
rats are suspended by the tail for 6 min during which they
show periods of agitation and immobility. Duration of immo-
bility is measured as an indicator of behavioral despair as an
additional test to confirm the depression-like behavior dis-
played in the FST. The tail suspension apparatus consisted of
a wooden cubicle with inside dimensions of 25 3 25 3 55
cm. A cylinder (5 cm in diameter, 25 cm in length) was fixed
inside the cubicle (5 cm from the top) as a tail hanger. Rats
were suspended from the cylinder using adhesive tape placed
at about half the total tail length. Compared with the tradi-
tional design, in which a hook is used as a tail hanger, the
TST apparatus used in this study avoided possible harm to the
rats’ tails. The entire test was video-recorded, and total immo-
bility time was analyzed off-line.

Corticosterone Measurement

Pre- and postrestraint stress (30 min) serum corticoster-
one (CORT) level during the rats’ late activity period was
determined. Rats from the MH and Ctrl groups were anesthe-
tized with an overdose of sodium pentobarbital and cardiac
blood samples were collected and allowed to coagulate at
room temperature for 3 hr. Samples were subsequently centri-
fuged at 2,000g for 15 min. Serum was removed and stored at
2208C until analysis. Serum CORT concentration was deter-
mined by a commercially available ELISA kit according to the
manufacturer’s instructions (Assay Designs Inc., Ann Arbor,

TABLE I. General experimental design

Postnatal Stage Experimental day Experimental procedures Parameters measured

P60 Forced swimming test (n 5 9). Immobility counts (Baseline)

P90 lst of SCMS Morris water maze (MWM) (n 5 9). Escape latency

P91 2nd Restraint stress (30 min) (n 5 14), followed by

cardiac blood sample collection (n 5 5)a.

Serum Corticosterone, T4 levels.

P92 3rd Habitat changing with increased light and noise for

2 hrs prior to MWM. MWM (n 5 9 for all

remaining procedures).

Escape latency.

P93 4th Sleep deprivation during light cycle.

P94 5th Food and water deprivation for 24 hrs.

P95 6th Electric footshock stressor.

P96 7th Repeated forced swimming stress (RFSS) day 1, for

15 min.

Immobility counts

P97 8th RFSS day 2, 6 min 3 4 trials. Time between trials:

12–15 min

Immobility counts

P98 9th Tail suspension test (TST) Immobility time

P99 10th MWM Escape latency.

P100 11th MWM Perfusion for immunocytochemistry Swimming time on platform area

aMWM at day 1 was not applied to these animals.

1308 Zhang et al.

Journal of Neuroscience Research

210



MI). Serum dilution was 1:10. Each sample and standard was
measured in duplicate.

Histological Procedures for Corticotropin-Releasing
Factor Immunoreaction

After the MWM memory retention test, rats were
treated with an overdose of sodium pentobarbital and perfused
transcardially with 0.9% saline followed by cold fixative con-
taining 4% paraformaldehyde in 0.1M sodium phosphate
buffer (PB; pH 7.4) plus 15% (v/v) saturated picric acid for 15
min. Brains were removed, blocked, and then thoroughly
rinsed with PB. Coronal sections (50 lm) of amygdala and
hypothalamus were obtained using a vibratome (Leica VT
1000, Heidelberg, Germany). Free-floating sections were
quenched by incubating brain sections in 3% hydrogen perox-
ide in PB for 10 min. All the sections for immunoreaction
were then incubated with PBST: PB 1 0.9% NaCl 1 0.3%
Triton X-100 (T-7878, Sigma-Aldrich, Inc.) and 20% normal
goat serum (NGS; 005-000-121, Jackson ImmunoResearch
Laboratories, Inc.) for 1 hr at room temperature (RT). Rabbit
antiserum anti–corticotropin-releasing factor (CRF; AP1760,
Chemicon International Inc., CA) was used as primary anti-
body diluted 1:1,000 in PBST 1 1% NGS and incubated
overnight in a cold room. Afterwards, sections were rinsed for
10 min three times with PBST and then incubated for 4 hr at
RT with biotinylated goat antirabbit secondary antibodies
(1:200; Vector Labs, Burlingame, CA). Finally, sections were
incubated in avidin-biotin-peroxidase complex (Elite ABC
kit, Vector Labs) for 1 hr at RT. Peroxidase was detected
using diaminobenzidine (DAB) as chromogen. Sections were
developed using a Liquid DAB-Plus Substrate Kit (00-2020;
Zymed Laboratories, San Francisco, CA). For indirect immu-
nofluorescence Alexa Fluor 488 goat antirabbit IgG was used
as a secondary antibody (A11008, Molecular Probes, Eugene,
OR).

Image Analysis

The central nucleus of the amygdala (CeA) and paraven-
tricular nuclei (PVN) were analyzed in regions spanning
bregma 21.60 and 23.30 mm and 21.80 and 22.12 mm,
respectively, according to the Paxinos and Watson brain atlas
(Paxinos and Watson, 1998). Immunoreactive (IR) cell count-
ing was performed using a Nikon Eclipse 50i microscope with
a 403 objective lens. The IR-positive cells were projected
and marked into a defined area (being circles 50 lm in diame-
ter for CeA and 100 lm in diameter for PVN) through a
drawing tube (Nikon Y-IDT) at 38 magnification. Counting
was performed manually, and data were then normalized.

Golgi-Cox Impregnation

For the Golgi-Cox impregnation procedures, on P7,
P30, and P75 two rats from each group received an overdose
of anesthesia and were decapitated. Brains were removed from
the skulls quickly, and their central thirds (along the antero-
posterior axis) were cut with a sharp blade into blocks approx-
imately 5 mm thick. Tissues were briefly rinsed with 0.1M
PB (pH 7.4) and then immersed in sequenced impregnation
solutions (FD Rapid GolgiStain kit, FD Neuro Technologies,

Ellicott City, MD) for 2 weeks in the dark. Sections (100 lm)
were sliced using a vibratome and were dried naturally at RT
in the dark and then stained with a solution provided with
the stain kit. Dendritic patterns of dentate granule cells and
CA3 pyramidal neurons were reconstructed using a drawing
tube at 3400 magnification. Dendritic arborization areas in
two dimensions were estimated using Adobe Photoshop
(Adobe Systems Inc.) and Fovea Pro (an image tool kit from
Reindeer Graphics, Asheville, NC).

Statistical Analyses

Quantitative results were expressed as mean 6 standard
error of mean (SEM). Groups were tested for differences by
analysis of variance followed by the Student-Newman-Keuls
test, using InStat (GraphPad Software, San Diego, CA). Dif-
ferences were considered statistically significant at P < 0.05
(*P < 0.05, **P < 0.01, and ***P < 0.001, versus the con-
trol group).

RESULTS

Spontaneous Locomotor Activity, Body Weight,
and T4 Serum Level Are Unaffected in MH Rats

MH rats displayed normal locomotor activity dur-
ing the manipulations and different tests. Their body
weight was similar to that of the Ctrl rats and on P90
was 350 6 10 g. The measured mean serum T4 concen-
tration was 1.26 6 0.14 ng/dL, which was not signifi-
cantly different from that of the control (1.17 6 0.06
ng/dL).

Altered Serum CORT Level in MH Rats after
Acute Stress

To monitor the HPA axis response to an acute
restraint stress, serum CORT levels were assessed by
comparing MH animals with controls. First, we mea-
sured serum CORT level in the rats’ late-activity period
before any stressor was applied. The mean serum
CORT concentrations without restraint stress of the
control and MH groups—3.303 6 0.416 and 3.029 6
0.617 lg/dL (n 5 4), respectively—did not differ signif-
icantly. Rats were subjected to acute restraint stress (30
min) in their late activity period, when the intrinsic cir-
cadian amplitude of CORT was expected to reach its
minimum (Fig. 1). The average CORT level of MH
rats was 18.3 6 0.7 lg/dL, whereas that of the controls
was 9.4 6 3.0 lg/dL. This increase was consistent with
previously reported levels in response to such a stressor
(Viau and Sawchenko, 2002).

Increased Depressive-Like Behavior during
SCMS Application

The speed of development of behavioral despair
under the SCMS paradigm was assessed using two well-
validated behavioral tests, the FST and the TST. Both
tests are based on rats having an immobility response to
an inescapable adverse situation. Duration of immobility,
reflected as frequency of immobility episodes of total
observations in the FST, is understood to be a measure
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of behavioral despair with a direct relationship to it. A
month before application of the SCMS protocol, rats
were subjected to the first FST for 6 min in order to
have a baseline reference for immobility (Fig. 2A, base-
line). The MH rats had fewer immobility episodes than
did the rats from the Ctrl group. On day 7 of the
SCMS protocol animals underwent 2 consecutive days
of the forced-swimming stress test (FSST; Wellman
et al., 2007). Rats from both experimental groups were
observed to have a greater number of immobility epi-

sodes during this repeated forced-swimming test. The
immobility count of the MH rats was much more pro-
nounced (Fig. 2A, days 1 and 2). However, immobility
counts of the MH and Ctrl rats did not differ signifi-
cantly during the last exposure to the FST on the second
day. This lack of difference may suggest that both the
control and MH rats were approaching their physical
effort limits. On the ninth day of the SCMS, the rats
were exposed to the TST for 6 min (Fig. 2B). Again,
the mean duration of immobility of the MH animals was
longer (205.2 6 13.79 sec) than that of the Ctrl rats
(128.6 6 37.10 sec).

Impaired Rat Spatial Learning and Memory
Retention during SCMS Application

The effects of the SCMS on spatial learning and
memory retention of the MH rats were tested using the
hidden-platform water maze (Morris water maze,
MWM). As shown in Figure 3A–C, the latency to
escape to the platform of the Ctrl group decreased while
advancing the trials. The slopes of the time sequences of
the first three trials were relatively steep, approaching
the shortest latency at the third trial, regardless of the
duration of application of the SCMS protocol. In con-
trast, MH rats displayed progressively impaired spatial
learning while continuing the SCMS protocol. Figure
3A shows the performance of naive MH rats in stress
and swimming. The time sequence of the first four trials
revealed a steep slope matching that of the control, sug-
gesting normal spatial learning ability. However, the
escape latency in the fifth and sixth trials peaked in the
sequence and decreased again in the seventh and eighth
trials. This may be related to an overreaction of the

Fig. 2. Repeated forced-swimming stress test (FSST, A) and tail sus-
pension test (TST, B) used to assess depressive-like behaviors. A:
Baseline test (6 min) was done at P60 (n 5 9); the 2-consecutive-day
forced-swimming stress test (day 1 and day 2 tests) was done on days
7 and 8 of the SCMS protocol with a duration of 15 min for the first
day, and 6 min for each trial on the second day with 12–15 min

between each trial (n 5 9). The percentage of episodes of immobility
of the total number of episodes observed is shown. In all cases, only
the swimming behavior from the second to the sixth minutes was an-
alyzed off-line. B: Total immobile time during the 6-min TST was
recorded (n 5 9). Mean 6 SEM (***P < 0.001, **P < 0.01, *P <
0.05).

Fig. 1. Serum corticosterone (CORT) levels determined to assess the
magnitude of the stress reaction. Serum CORT level increases during
stressful events and is mainly regulated by HPA axis. Samples were
taken during the rats’ late-dark period before (prestress) and after
(poststress) restraint stress (for 30 min). Data are given as mean 6
SEM for n 5 5 (*P < 0.05).
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HPA axis to the novelty of swimming and handling gen-
erated in the first trial of MH rats, although this novelty
did not seem to be a significant stressor for Ctrl rats.
Figure 3B shows the performance of rats in an acute
mild stress situation, which included habitat changing
and increased noise and light 2 hr prior to the MWM.
The slope of the MH rats was much smoother than that
of the control rats, and clear differences between the
MH and Ctrl groups were observed. After the 10 days
of the SCMS protocol, the MH rats showed a MWM
time sequence with a totally different form than that of
the naive and acute stress MH groups, with several peaks
and almost no reduction in latency at the end of the test
(Fig. 3C). Latency reduction in the Ctrl group was
delayed in comparison with that in the naive and acute
stress Ctrl rats but reached a similar level after the third
trial. In the quadrant preference test for memory reten-
tion (Fig. 3D), the MH rats showed no preference for
the quadrant where the platform was. During the experi-
mental periods, no rats showed any apparent sign of dis-
comfort or locomotor disability.

Increased Number of CRF-IR Neurons in CeA

Immunocytochemical detection for CRF revealed
an increased number of CRF-IR cells in the CeA of
MH rats subjected to the SCMS scheme (Fig. 4A–C).
Positive labeling for CRF was detected in neurons in
the dorsal and ventral subdivisions of the medial parvo-
cellular part of the caudal PVN. Also, a few cells were
observed in the dorsal and lateral subdivisions of the
magnocellular part (PaLM; Fig. 4D–F). These locations
correspond with the typical areas of the PVN in which
CRF neurons have been described (Swanson and Saw-
chenko, 1983). We found no significant differences in
the number of CRF-IR cells in these hypothalamic
regions (Fig. 4F), although the expression pattern in MH
rats seemed to be more scattered toward lateral hypo-
thalamic regions (Fig. 4E,F). It is worth noting that this
staining was performed in tissue from animals without
previous treatment with colchicine, which is known to
exert an axonal transport blocking effect and helps the
detection of CRF or any other peptide by accumulation
of antigens in the cell body.

Fig. 3. Morris water maze (MWM) used to assess spatial memory.
Tests were performed with rats for different SCMS periods. A:
Stress-naive rats on the first day of SCMS protocol. B: Rats under-
went acute stress. C: Rats underwent 10 days of SCMS. D: Quad-
rant preference test for memory retention performed on the 11th day

of SCMS. The platform was in quadrant II. Inserts show paths taken
by representative rats with quadrant number indicated. Means 6
SEMs (n 5 9) of escape latency across 8 trials represented in time
sequences (**P < 0.01, *P < 0.05).
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Increased Dendritic Receptive Field in
Hippocampal Projection Neurons during
Development and Adulthood

To elucidate the possible mechanisms underlying
the behavioral changes, hippocampal CA3 pyramidal
neurons and dentate gyrus (DG) granule cell dendritic
arborization were analyzed through reconstruction of
Golgi-Cox-impregnated neurons on postnatal days P7,
P30, and P75. A general observation is that the dendritic
receptive fields (2-D projection of 3-D arborization)
were larger in the MH rats in all three stages, as shown
by representative morphology of these neurons in Figure
5. Using Adobe Photoshop and FoveaPro, we estimated
the 2-D dendritic receptive fields, finding that at P75
the value of the MH rats of 92.73 6 3.56 lm2 was sig-
nificantly different from that of the Ctrl rats of 48.9 6
2.66 lm2 in CA3 pyramidal neuron apical receptive
fields. Regarding DG granule cell dendritic receptive
fields, no significant differences were found. However,
thicker dendrite shafts were observed in samples from
the MH rats. The inserts in Figure 5-P7 illustrate exam-
ples of primary and secondary dendrite ramifications.

DISCUSSION

It is well established that thyroid hormone (TH)
action early in life plays a key role in determining the
normal timing of neural development. An abundant
number of studies focusing on excessive or insufficient
TH during early development have revealed that this en-
docrine imbalance leads to abnormalities in brain struc-
ture. For instance, neonatal transient elevation of TH,
from postnatal day 1 to postnatal day 4 in rats causes hy-
pertrophic development of CA3 pyramidal neurons in
the hippocampus and of astroglial cells in the hippocam-

pus and basal forebrain (Gould et al., 1990a, 1990b).
Our data describing an increase in the dendrite receptive
fields in hippocampal CA3 pyramidal neurons at three
postnatal ages, P7, P30, and P75, are analogous to those

Fig. 5. Reconstruction of representative hippocampal CA3 pyramidal
neurons and dentate gyrus granule cells impregnated by the Golgi-Cox
method on postnatal day 7 (P7), postnatal day 30 (P30), and postnatal
day 75 (P75). Scale bar5 50 lm for main picture and 10 lm for inserts.

Fig. 4. CRF-IR in the central nucleus of the amygdala (CeA) and
the paraventricular nuclei (PVN). A: Representative immunofluores-
cence photomicrograph of CeA from Ctrl rats. Scale bar 5 50 lm.
B: Representative immunofluorescence photomicrograph of CeA
from MH rats. Scale bar 5 50 lm. C: Examples of CRF-IR neurons

visualized with the peroxidase method. Scale bar 5 20 lm. D:
CRF-IR in PVN from Ctrl rats. Scale bar 5 100 lm. E: CRF-IR
in PVN from MH rats. Scale bar 5 100 lm. F: Insert magnification
of E. Scale bar 5 20 lm. G: Histogram showing the number of
CRF-IR cells in CeA and PVN (n 5 5).
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seen in the rodent neonatal hyperthyroidism model and
extend existing observations.

The present data are the first to describe the emo-
tional and cognitive consequences of mild maternal
hyperthyroidism in adult rat offspring under subchronic
mild stress. Earlier studies concerning neonatal hyper-
thyroidism have suggested that thyroxin accelerates the
maturation of the pituitary-adrenal response to electric
shock (Schapiro and Norman, 1967) and the onset of
physiological and behavioral bioenvironmental interac-
tion in general (Schapiro, 1968). It has also been
reported that neonatal thyroxin stimulation of albino rats
disrupts hippocampal LTP, and despite hypertrophied
hippocampal CA3 pyramidal neurons and elevated den-
sity of cholinergic neurons in the basal forebrain, they
are actually less efficient in learning a spatial maze (Pav-
lides et al., 1991). The present finding of cognitive
impairment in the MH rats, shown by their greater
number of mistakes and increased latency in the Morris
water maze, is compatible with previous observations in
neonatal hyperthyroid rats. Moreover, our data make an
important addition to previous observations in several
areas. The relatively mild degree of maternal hyperthyr-
oidism used in this experimental design apparently did
not produce alterations in the adulthood of the offspring
under normal conditions, as we reported in the results.
However, when the subchronic mild stress scheme was
applied, their spatial learning capacity was progressively
impaired along the protocol. Furthermore, the display of
depression-like behaviors by the MH adult offspring
was accelerated, as results of both the forced-swimming
stress test (FSST) and the tail suspension test (TST)
showed. It is worth mentioning that depression-like
behaviors have multiple dimensions and that analysis of
such behaviors in an animal model is always difficult to
sort out. Normally, a battery of tests is recommended to
assess such behaviors. The forced-swimming test (FST) is
probably the most widely and frequently used protocol.
In the present experimental design, we used a modified
version of the Porsolt test (Porsolt et al., 1978), mainly
because repeated exposure to the test in a short time is a
stressor for rats. Hence, the depression-like behavior
could be more quickly observed. On the other hand,
the FSST demands a major physical effort by the animal
under study. A motor-impaired rat could be easily dis-
tinguished during this repeated swim test. Both the FST
and TST have immobility as a parameter to be meas-
ured. However, the actual parameter being measured is
the response of the animal to the specific condition of
each test, that is, the adoption of floating behavior in
the FST or of stationary behavior in the TST. It has
been suggested that the observed behaviors might be
produced by different biological substrates, and different
hypotheses have been proposed to explain the observed
immobility in FST and TST (Cryan et al., 2005). To
summarize these observations, our data suggest that
maternal hyperthyroidism, however moderate or without
apparent alteration in the adult offspring under normal

conditions, could bring about severe consequences
because of the enhanced stress response.

A stressful event, either physical or psychological,
activates neural circuits involved in emotional
responses, cognition, and homeostatic regulation. The
hippocampal formation and the amygdala form the cen-
tral axis of the limbic system and are highly responsible
for cognitive and emotional responses to a stressful sit-
uation. The hippocampal formation receives major
input from the entorhinal cortex through the perforant
pathway, where highly processed sensory information
from associational, perirhinal, and parahippocampal cor-
tices as well as the prefrontal cortex is transmitted. The
proximal segments of the apical dendrites of CA3 py-
ramidal neurons are covered with complex spines or
excrescences that receive mossy fiber input from gran-
ule neurons of the dentate gyrus (Blackstad and Kjaer-
heim, 1961). The dentate gyrus–CA3 pathway provides
the major excitatory afferent to the hippocampal regio
inferior, and each CA3 neuron excites multiple pyrami-
dal neurons (Ishizuka et al., 1990). Our finding of aug-
mentation of CA3 pyramidal neuron dendrite receptive
fields most likely indicates that these excitatory path-
ways to the hippocampus could be strengthened at the
beginning of a stressful situation, which amplifies sen-
sory inputs from the entorhinal cortex. Therefore, the
stressors could have a more profound effect on hippo-
campal function. Ultrastructural studies showed that
chronic stress alters the synaptic terminal structure in
the hippocampus, especially the mossy fiber synapses
boutons en passant from granule neurons to the proxi-
mal segments of apical dendrites of CA3 pyramidal
neurons (Magariños et al., 1997), indicating a possible
reorganization driven by hyperactivation of this path-
way. Chronic exposure to higher levels of CORT can
cause irreversible hippocampal dysfunction and increase
depression-like behavior in rats in a dose-dependent
manner and disrupt normal HPA axis function (Johnson
et al., 2006). Moreover, clinical evidence has shown
that medically healthy patients with recurrent major
depression can show decreased hippocampal volume
and impaired cognition (Sheline et al., 1999). Using
the subchronic mild stress paradigm, we observed faster
development of depressive-like behaviors as well as
impairment of cognitive functioning in MH rats under
mildly stressful conditions.

The neurohormone CRF activates both hormonal
and behavioral responses to a variety of stressors. Stress
leads to CRF release from the hypothalamic PVN,
resulting in increased plasma corticotrophin (ACTH) and
adrenal steroid concentration. CRF-containing cells con-
stitute a significant neuronal population in the central
nucleus of the amygdala (CeA). The CeA has been
shown to be a key regulator of the stress response medi-
ated by CRF release from the PVN (for a review, see
Gray and Bingaman 1996). Discrete lesions of the CeA
exacerbate the acute stress response (Carter et al., 2004).
Our observation of an increased population of CRF-IR
cells in the CeA but not in the PVN after being sub-
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jected to chronic mild stress might indicate a stronger
attempt to limit the stress overreaction in MH animals.

The observations from this study raise the question
of the underlying mechanism by which mild maternal
hyperthyroidism produces enhanced vulnerability to stress
in adulthood. According to the current hypothesis of neu-
ral plasticity in some areas of the neural system, once neu-
ronal connections are established during this critical period
of brain development, the networks tend to be relatively
stable (‘‘rigid’’ synaptic connections), whereas other types
of synaptic connections (‘‘flexible’’ synaptic connections)
undergo lifelong self-optimization processes, so-called use-
dependent neural plasticity. The cognitive, behavioral,
and emotional reactivity of an individual derived from
this kind of connection is stepwise remodeled to meet
environmental demands. Although the presence of rigid
synaptic connections ensures stability of the principal
characteristics of function, variable configuration of flexi-
ble synaptic connections determines the unique, nonrep-
eatable character of an experienced mental act (Arendt,
2001; Gulpinar and Yegen, 2004). There are many possi-
ble causes of aberrant synaptic connections. One possible
cause is hyper- or hypotrophied neuronal dendritic arbo-
rization. In addition, neuronal migration aberrations can,
in fact, alter physiological synaptic connections, resulting
in loss of neural plasticity and consequently of adaptive
capacity. Ausó et al. (2004) recently reported that a mod-
erate and transient deficiency in maternal thyroid function
at the beginning of fetal neocorticogenesis alters neuronal
migration. The opposite could also alter neuronal migra-
tion, although experimental data are required to confirm
this hypothesis.

In conclusion, the results from this animal model
analyzing the consequences of maternal hyperthyroidism
in the adulthood of offspring suggest that this delicate
prenatal endocrine modification could alter the neuronal
structure of specific brain areas and influence the cogni-
tion and emotionality of offspring in adulthood. These
modifications were demonstrated, letting the experimen-
tal subjects undergo subchronic mild stressful situations.
Suffice it to say, the morphological and immunocyto-
chemical changes we have reported represent only a part
of the numerous and complex anatomical and physiolog-
ical abnormalities in adulthood as a result of maternal
hyperthyroidism. However, this kind of animal models
allow us to gain insight into normal development and to
evaluate integrative aspects of the long-term influences
of neuroendocrine disorders during development.
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a b s t r a c t

L-Dopa is the major symptomatic therapy for Parkinson’s disease, which commonly occurs in elderly
patients. However, the effects of chronic use on mood and cognition in old subjects remain elusive. In
order to compare the effects of a chronic pulsatile L-Dopa treatment on emotional and cognitive func-
tions in young (3 months) and old (18 months) intact rats, an L-Dopa/carbidopa treatment was admin-
istered every 12 h over 4 weeks. Rats were assessed for behavioural despair (repeated forced swimming
test, RFST), anhedonia (sucrose preference test, SPT) and spatial learning (Morris water maze, MWM) in
the late phase of treatment (T). Neuronal expression of Fos in the hippocampus at the early and late
phases of T, as well as after MWM was studied. The density and ratio of dopamine D5r, D3r and D2r
receptors were also evaluated in the hippocampus using immunohistochemistry and confocal micro-
scopy. Young rats showed similar patterns during behavioural tests, whereas aged treated rats showed
increased immobility counts in RFST, diminished sucrose liquid intake in SPT, and spatial learning
impairment during MWM. Fos expression was significantly blunted in the aged treated group after
MWM. The density of D5r, D3r and D2r was increased in both aged groups. The treatment reduced the
ratio of D5r/D3r and D5r/D2r in both groups. Moreover, aged treated subjects had significant lower
values of D5r/D3r and higher values of D5r/D2r when compared with young treated subjects. These
results indicate that chronic L-Dopa treatment in itself could trigger emotional and cognitive dysfunc-
tions in elderly subjects through dopamine receptor dysregulation.

� 2014 The Authors. Published by Elsevier Ltd. All rights reserved.

1. Introduction

L-3,4-dihydroxyphenylalanine (L-Dopa or levodopa) is the direct
precursor of dopamine (DA) (Elsworth and Roth, 1997; Nutt, 1987)
and has been suggested to have direct effects on DA receptors
(Goshima, 1993). It is widely used in the therapy of Parkinson’s
disease (PD) (National Collaborating Centre for Chronic Conditions
(UK), 2006) and has also been used, although to a minor extent, to
treat some neurological and psychiatric disorders such as Alz-
heimer’s disease (Martorana et al., 2008) and schizophrenia (Jaskiw

and Popli, 2004). It has been implicated as a potential substance for
drug abuse (Limotai et al., 2012; Spigset and von Scheele, 1997;
Witjas et al., 2012).

Whether the use of L-Dopa can induce DA system dysregulation
in treated subjects is controversial (Macdonald and Monchi, 2011).
Although there are several studies showing that L-Dopa is toxic
in vitro (Corona-Morales et al., 2003, 2000; Mytilineou et al., 2003),
there is little convincing evidence suggesting that L-Dopa, at its
therapeutic dose, exerts dysregulatory effects on the in vivo dopa-
minergic system (Evans and Lees, 2004; Olanow et al., 2009). The
plasmatic half-life of thewidely used L-Dopa/carbidopa is about 21/
2 h (Chana et al., 2003). Hence, a twice-daily L-Dopa/carbidopa
therapeutic scheme produces pulsatile intracerebral L-Dopa con-
centration (Schapira, 2003). Furthermore, the erratic absorption of

q This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/3.0/).
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L-Dopa makes the pulsatility unpredictable (Nutt, 1987). Most
neurotransmitter-receptor systems compensate for over- or under-
stimulationwith a reduction in responsivenessordesensitization, or
an enhanced responsiveness or supersensitivity, respectively. In
general, results from in vivo and in vitro studies of DA receptor
regulation fit within this scheme (Creese et al., 1981; Sibley and
Neve, 1997). However, the functional limits of this resilience
mechanism can be surpassed by external or internal factors, such as
drug dose, pulsatility, ageing, etc. It is commonly accepted that DA
D1r-class of receptors (D1r and D5r) activates the Gas/olf family of G
proteins to stimulate cAMP production by adenylyl cyclase (AC).
These are found exclusively postsynaptically on dopamine-
receptive cells. D5r is highly expressed in the hippocampus (Ciliax
et al., 2000; Jay, 2003; Marsdan, 2006; Meador-Woodruff et al.,
1992; Sunahara et al., 1991). The DAD2r-class of receptors (D2r, D3r,
and D4r) couples to the Gai/o family of G proteins and thus induces
inhibition of AC. In contrast to the D1-class of DA receptors, D2r and
D3r DA receptors are expressed both postsynaptically and presyn-
aptically (Beaulieu and Gainetdinov, 2011; Sokoloff et al., 2006) and
are highly expressed in the hippocampal region (Khan et al., 1998).
D2r and D3r have been reported to bemodified prominently during
the L-Dopa treatment (Joyce, 2001; Joyce et al., 2004).

DA critically contributes to cellular consolidation of
hippocampal-dependent memories by modifying synaptic plas-
ticity in hippocampal neurons (Frey et al., 1991; O’Carroll et al.,
2006), and is particularly sensitive to ageing (Amenta et al.,
2001). Hippocampal dopaminergic innervation arises mainly from
the midbrain, and is part of the mesolimbic dopaminergic pathway
(Scatton et al., 1980; Swanson, 1982). It has been shown that acti-
vation of the ventral tegmental area (VTA) leads to DA release in the
hippocampus (Jay, 2003). Recent studies (Bolam and Pissadaki,
2012; Pissadaki and Bolam, 2013) have suggested that the unique
cellular architecture of both the nigro-striatal and mesolimbic
dopaminergic pathways makes them differentially susceptible in
PD. Substantia nigra pars compacta (SNc) DA neurons possess large,
complex axonal arborizations, which put them under a tight energy
budget that makes them particularly susceptible to factors that
contribute to cell death. However, this seems not to be the case for
mesolimbic VTA DA neurons (Bolam and Pissadaki, 2012). Hence,
the effects of a systemically increased L-Dopa availability can have
differential impacts on the nigro-striatal and mesolimbic dopami-
nergic pathways, and the latter modulates emotionality and
cognitive function (Nieoullon and Coquerel, 2003).

In view of the above findings, it becomes important to ask
what the impact(s) of the systemic increase of L-Dopa availability
are on the mesolimbic dopaminergic pathway. One strategy to
dissect them is to expose young and old rats to chronic and
pulsatile L-Dopa treatment and subsequently examine them for
possible mood and cognition impairments with well-validated
tests. Hence, we hypothesize that a global increase in the dopa-
minergic tone, due to L-Dopa administration, can impair cogni-
tive and emotional functions in old subjects possibly through
modification of dopaminergic receptors. We have evaluated this
hypothesis using a hippocampus-dependent spatial learning task
and the consequences of L-Dopa treatment on the activation of
the hippocampus by assessing the expression of the immediate
early gene Fos as well as the dopaminergic receptor densities and
their ratios.

2. Material and methods

2.1. Animals and treatment

Sixty-eight male 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 National Institute of
Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-

23) revised 1996. Rats were housed two per cage, maintained on an inverted 12-h
light schedule in a room with controlled temperature between 20 �C and 24 �C
with adequate ventilation, and given access to standard rat chow and water ad
libitum.

Rats were separated into two groups. The “Young” group comprised of 34 three-
month old male rats (250 g � 15 g b. w.): 17 “Control Young” and 17 L-Dopa-treated
“L-Dopa Young”. The “old” group comprised of 34 eighteen-month old male rats
(600 g � 25 g, b. w.): 17 “Control Old” and 17 L-Dopa-treated “ L-Dopa Old”. The
experimental young and old groups were treated with oral L-Dopa/carbidopa dose
25mg/2.5 mg per kg, (Sinemet� 250/25 mg, L-Dopa/carbidopa, Merck & Co., Inc.)
twice daily (period T¼ 12 h). The tablet was grinded and the corresponding amounts
were mixed with soft cheese pellets (approximately 1 g of wet weight per pellet).
Experimental subjects were previously habituated with the soft-cheese pellets for
about 3 days until the rats ate the pellets readily. The experimenterwatched over the
drug/cheese intake process until each subject ate the corresponding pellet in its
entirety. This administrationwas continued for four weeks in a twice-daily schedule
(at the beginning of the light- and dark- periods). The control groups received the
soft-cheese pellets only, in the same schedule.

The reason for which we used this unconventional drug administration method
is because we aimed to examine mood and cognition functions in young and old rats
under a chronic and pulsatile treatment of L-dopa e our experimental-treatment
variable. It was important to avoid any treatment-related stressful events, such as
oral gavage or intraperitoneal injection. Based on this reasoning, we established this
low-stress drug/soft-cheese co-administration method. Both cheese (in pellets of
1 g) and drug (corresponding dosage per subject) were weighed using an analytical
balance before being mixed. After a 3-day training period in which we gave only
cheese pellets directly to the rats, the pellets were completely eaten as soon as they
were introduced to the cage, on small weighing boats (generally in less than 30 s). In
this way, wewere able to administer the precise dosage of drug without introducing
significant stress, an important condition for the behavioural tests.

2.2. Behavioural assessments

All behavioural assessments were carried out at the late phase of the T, i.e. after
more than 10 h of the last L-Dopa dose.

2.2.1. Repeated forced swimming test (RFST)
After 4 weeks of L-Dopa treatment, young and old rats (n ¼ 7) were assessed for

depressionelike behaviour using a modified version of forced swimming test in
which experimental subjects were repeatedly exposed to the swimming stressor.
Briefly, the modified Porsolt forced swim test paradigm used (Porsolt et al., 1977a;
Zhang et al., 2008) (McLaughlin et al., 2003) was a 2-day procedure in which rats
swamwithout the opportunity to escape. In all trials, rats were placed in a Plexiglas
cylinder (45 cm tall � 30 cm in diameter) containing 30 cm of water, kept at 24 �C.
After the trial, rats were removed, dried with towels, and returned to their home
cages for at least 10 min before further testing. On day 1, animals were placed in
water to swim for a single trial of 15 min. The time spent immobile in the last 5 min
of the trial was recorded. On day 2, animals were again placed in water to swim but
in a series of four trials, each 6min long. Trials were separated by a 12e15min return
to a home cage. Swimming behaviour was recorded with a video camera, and
immobility duringminutes 2e6 was analysed off-line according to criteria described
elsewhere (Detke et al., 1995; Zhang et al., 2008). Briefly, the observer gave a score of
either “swimming” or “immobile” every 5 s. A ratwas judged to be immobilewhen it
remained floating, making only minimum necessary movements to keep its head
over the surface without horizontal displacement. Percentages of immobility counts
out of total counts (60) were calculated.

2.2.2. Sucrose preference test (SPT)
After the forced swimming test, the same rats were singly housed and presented

to a sucrose solution drop dispenser (3% sucrose in H2O) and a plain water drop
dispenser side by side during 24 h in order to let the rats habituate to the sweet
liquid. Concluding this period, the dispensers were removed and the rats underwent
water deprivation for 6 h. Subsequently, the drop dispensers with a previously
quantified liquid volume were placed in the same locations for the next 24 h
allowing the rats to drink ad libitum and undisturbed. Completing this period, the
liquid consumption was measured and the sucrose liquid drinking volume, as a
percentage of the total liquid consumption, was calculated. This test has been used
for anhedonia assessment and was first described by Willner et al. (Willner et al.,
1987).

2.2.3. Morris water maze (MWM)
After 4 weeks of L-Dopa treatment, spatial learning was evaluated with a

separate set of rats (n ¼ 10) during the beginning of the dark period, using a
modified version of MWM described elsewhere (Hernandez et al., 2012; Nissen
et al., 2012). Rats were exposed to the swimming pool without the platform for
2 min one day before, aiming to habituate them to this experimental procedure and
reduce the stress caused by novelty. The test consisted of eight consecutive trials
with 5 min rest intervals and was video-recorded. Off-line blind analysis was made.
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In order to ensure that this L-Dopa treatment scheme did not produce locomotor
alterations, the swimming speed in the first trial was measured as follows: the
swimming paths weremanually traced using an acetate projection sheet placed on a
monitor and traced with a marker while playing the experimental recording.
Swimming velocity was measured only when rats were swimming and floating
movements were eliminated. The tracings were then digitalized and the swimming
distance per minute was measured with the “NeuroJ” plugin for ImageJ (Meijering
et al., 2004). Path lengths were divided by latencies and velocity was obtained
(expressed as cm/s).

2.3. Immunohistochemistry (IHC)

For perfusion-fixation, rats were deeply anesthetized with an overdose of
pentobarbital (63 mg/kg) and perfused for 15 min transcardially with 0.9% saline
followed by cold ice fixative containing paraformaldehyde 4% in 0.1M sodium
phosphate buffer (PB, pH 7.4) plus 15% v/v of saturated picric acid. After perfusion,
the brains were removed from the skull, thoroughly rinsed with PB and brain
vibratome sections of 70 mm were collected.

2.3.1. IHC against Fos
To evaluate the neuronal activity the protein product of the proto-oncogene fos

was used (Kovacs, 1998). Fos is best detected in the interval between 60 and 120min
after a neuron is activated (Kovacs,1998). Hence, we chose the following time-points
after the last L-Dopa administration: a) early phase of T: 3 h after last L-Dopa
administration (Basal 3 h, n ¼ 4); b) late phase of T: 12 h after last L-Dopa admin-
istration (Basal 12 h, n ¼ 4); c) sixty minutes after MWM test (MWM, n ¼ 4). It is
worth mentioning that L-Dopa plasmatic concentration peaks around 2 h after
administration and drops to a negligible level at 10e11 h after administration (Chana
et al., 2003; Khor and Hsu, 2007). Hence, the late phase of T represented a virtual
abstinence phase.

For IHC, every third section spanning from Bregma e 3.6 mm to Bregma e

4.3 mm, according to the Paxinos and Watson brain atlas (Paxinos G, 1998), were
blocked with 20% normal goat serum (NGS) 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 (RT) and then
immunoreacted overnight with rabbit anti-Fos primary antibody (SC52, 1:1000,
Santa Cruz Biotechnology, Santa Cruz, CA) in TBST þ1% NGS at 4 �C with gentle
shaking. Afterwards, sections were rinsed three times for 10 minwith TBST and then
incubated for 2 h at RTwith 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 diaminobenzidine 0.05% as chromogen. Sections were rinsed and
permanently mounted with Permount mounting medium (Electron Microscopy
Sciences, Hatfield, PA). Fos immunoreactive nuclei per 540 mm of length of cell body
layers were counted using a Nikon Eclipse 50i microscope and a drawing tube.

2.3.2. IHC against dopamine receptors
Four rats per group were perfused as previously described (Section 2.3). One

sagittal section per subject, containing dorsal and ventral hippocampus (lateral
3.9 mm according to the Paxinos and Watson brain atlas (Paxinos G, 1998), was
selected for IHC against the DA receptors. It is worth noting that the fixation, cutting
and IHC procedures were strictly controlled to be uniform for all rats and all the
freely floating brain sections were labelled with different cuts and underwent the
IHC reaction inside the same vial. Sections were blocked with 20% normal donkey
serum (NDS) in Tris-buffered (0.05M, pH 7.4) saline (0.9%) plus 0.3% of Triton X-100
(TBST) for 1 h at RT and then immunoreacted overnight with the following primary
antibodies: guinea pig against D2r (1:1000, Frontier Institute, Af500); rabbit against
D3r (1:1000, Chemicon, AB1786p); mouse against D5r (1:1000, Chemicon,
MAB5292). After the incubation, the slices were washed three times with TBST and
incubated for 2 h with the following secondary antibodies: CY5 donkey against
guinea pig (AP193S, Millipore); Alexa 594 donkey against rabbit (A-21207, Molecular
probes); Alexa 488 donkey against mouse (A-21202, Molecular probes). Sections
were rinsed and mounted with Vectashield mounting medium. Analysis of signal
intensity was done in photographs taken at 20�with a confocal Leica microscope at
1.5 mm of thickness. For image acquisition and initial observation, Leica LASAF
softwarewas used, while the Fiji version of ImageJ (Schindelin et al., 2012), was used
to calculate the signal intensity, in 50 mm� 50 mmareas inside the cell body layer for
each reading of the corresponding receptor at CA1, CA2, CA3 and dentate gyrus
regions.

2.4. Data analyses

Quantitative results were expressed as mean � SEM. Multiple pair-comparisons
were performed using Bonferroni post hoc test after ordinary one-way, two-way or
three way analysis of variance (ANOVA), specified in the “result section” for each
experiment. For RFST, second day analysis, andMWM, repeatedmeasures analysis of
variance (RM-ANOVA) followed by Bonferroni post hoc test were used, where ‘trials’
was the within-subject factor and ‘treatment’ was the between-subject factor. Post
hoc differences were considered statistically significant at a value p< 0.05 (*p< 0.05,
**p < 0.01, ***p < 0.001).

In order to better understand each population’s dynamic behaviour during the
MWM spatial learning task, probability of escape was analysed. The escape latency
of the individuals was treated as a different data point and then its frequency was
collected using bins of five seconds for each of the four groups (Age e Treatment).
The frequency count was used to construct the cumulative frequency distribution.
The normalization of the cumulative frequency to the total of data points in each
population defines the cumulative probability function of escape latency (CPFEL).
Then a cumulative Weibull distribution function was fitted to the CPFEL using
Matlab R2012a (MathWorks Inc., Natick, MA). The cumulative Weibull distribution
functionf ðxÞ ¼ 1� e�ðt=lÞ

k
, where k is the shape parameter and l is the scale

parameter, was chosen and is commonly used in survival analysis. The cumulative
distribution function obtained in this way provided additional information about
the groups analysed because it better fits the naturally random aspects of rat
behaviour, and because it is a direct measure of the probability of escape. It also
allows us to determine the halftime of escape and the spread of the escape latency
distribution. In order to test for statistical differences between the models, we
compare the resulting parameters from the non-linear fit with an F statistic. As it
will be shown below, this analytical model has the advantage that it naturally fol-
lows the logic of the experiment and it is able to reveal new characteristics in the
interpretation of the MWM spatial learning behaviour.

3. Results

3.1. Behavioural despair measured with RFST was only observed in
the old-treated group

The repeated forced swimming test (RFST) allows for the
assessment of depression-like behaviour, on both acute (first day of
the test) and repeated exposure (second day of the test) and helps
to rule out the possibility of motor impairments. Seven rats per
experimental group were exposed to the RFST. For the first day
data, one-way ANOVA was applied. The analysis showed that the
percentage of immobility differed significantly between age
groups, (p < 0.01, F (3,27) ¼ 6.816), but not between treatments
within the same age group.

For the second day data, repeated measure-two-way ANOVA
was used. Analysis showed that in both age groups, the effect of the
factor trialwas significant (p< 0.001, F (3,36)¼ 35.31 for young and F
(3,36)¼ 40.66 for old subjects). Treatment had no significant effect on
young rats (p ¼ 0.427, F (1,36) ¼ 0.675), however a significant effect
was shown on old rats (p < 0.01, F (1,36) ¼ 11.09). No interaction
between treatment and trial was found in either group. Young
control and L-Dopa-treated rats showed similar immobility pat-
terns along the entire course of the test (Fig. 1A). In contrast, old
animals treated with L-Dopa showed a significant increase in
immobility in trials II (p < 0.01), III (p < 0.05) and IV (p < 0.05) of
the second day of the test when compared to the corresponding
control group (Fig. 1B).

3.2. Sucrose intake test revealed anhedonia in L-Dopa treated old
rats

Anhedonia, a behavioural expression of hyposensitivity to
reward, is interpreted as a symptom of depression and is commonly
tested in rats as a decreased consumption of a sweet palatable
solution. After 4 weeks of pulsatile L-Dopa administration, anhe-
donia was assessed by means of the sucrose (3% sucrose solution)
intake test in a 24hr period. One-way ANOVA showed that the
percentage of sucrose intake in old rats treated with L-Dopa was
significantly reduced compared with all other groups (p < 0.001, F
(3,27) ¼ 42.94) (Fig. 2).

3.3. Chronic pulsatile L-Dopa treatment effectively impaired spatial
learning in old rats

The effect of the long-term pulsatile administration of L-Dopa on
spatial learning was tested using the MWM test. Data was analysed
using a mixed model analysis of variance (ANOVA) of the MWM
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latency time of escape, with factors age (young, old), treatment
(cheese pellets with or without L-Dopa) and trial with repeated
measures (I, II, III, IV, V, VI, VII, VIII). The non-sphericity of the data
was significant, as reported from the Mauchly test. To correct for
the nonesphericity, we used the Huynh - Feldt correction. Using
this correction, three factor interaction was significant, F
(4,193) ¼ 2.815, p ¼ 0.023. Then, in order to search for the in-
teractions we restricted our analysis to a mixed model ANOVA
leaving the age factor fixed, again assigning the factor trial as the
repeated measures.

In the young rat group, the interaction between trial and treat-
mentwas not significant, F (7, 154)¼ 0.821, p¼ 0.571. The main effect
trial was significant, (F (7,154) ¼ 47.245, p < 0.001). These results
indicate that the spatial learning process increases with repetition
(Fig. 3A), but there was no effect of the treatment in the young
group. In the case of the old group, both the interaction and the
main effect were significant: F (7,154) ¼ 5.101, p < 0.001 and F
(7,154) ¼ 34.6, p < 0.001. Then again, the learning process was
different along between the trials but a significant difference due to
the treatment is shown(Fig. 3B). The Bonferroni post hoc test
showed that both the young and old control rats found the platform
in significant less time compared to the L-Dopa treated aged rats in
trials III, V and VII. Fig. 3C combined the panels A and B. In this
panel, a subtle difference between the control groups (young vs.
old) can be seen (see insert of panel D, where we analyse the curve
“shape” parameter kappa (one can easily observe the similitude
inside and the difference between the age groups). Fig. 3D shows
the cumulative probability of the escape latency (CPFEL) for the
different groups. The symbols represent the experimental data and
the segmented lines the corresponding non e linear fit. A clear
difference in the CPFEL was observed for the L-Dopa old group in

which half of the population reached the platformwith times lower
than 22.5 s. The insert in Fig. 3D shows the estimators for the shape
(k) and the scale (l) parameters (open symbols) with their 95% CI
(error bar). The estimators are showed in segmented lines in the
inset. It can also be seen that the halftime of escape is greater only
for the old treated group (Fig. 3D, right insert), while the halftime of
escape for the three other groups is statistically the same. None-
theless, the data distribution for the control old group, reflected by
the curve shape estimator (k), was different compared to the young
groups (Fig. 3D, left insert). With this representation, the individual
variation became part of the population behaviour and the differ-
ences between the groups could be clearly visualized.

3.4. The L-Dopa treatment did not produce locomotor alterations as
revealed by swimming speed analysis

The swimming speed measured for the first trial of the MWM
test is showed in Table 1. No differences were found between
control and L-Dopa treated groups, whereas significant differences
were detected between age groups (Table 1).

3.5. “Spontaneous” Fos expression in hippocampus at “basal 12 h”
in the treated groups and dampened Fos induction by MWM in the
old treated group

The expression of Fos was evaluated in the hippocampus (CA1,
CA3 and DG) after 4 weeks of pulsatile L-Dopa administration at
three different time-points: 3 h and 12 h after the last L-Dopa
administration, and 1 h after MWM using immunohistochemical
method (see Fig. 4, panels A, B, C and inserts as examples of these
immunoreactions). Using a three-way ANOVA analysis (factors: age,
treatment, time), we observed that for CA3, the time, age, treatment
and all second order and third order interactions had a significant
effect (time: F (2,372) ¼ 814.99, p < 0.001; treatment: F (1,372) ¼ 4.91,
p < 0.02; age: F (1,372) ¼ 26.51, p < 0.001; time.treatment: F
(2,372) ¼ 17.49, p < 0.001; treatment.age: F (1,372) ¼ 4.91, p ¼ 0.027;
time.age: F (2,372) ¼ 14.18, p < 0.001; treatment.age.time: F
(2,372) ¼ 4.72, p ¼ 0.009). For CA1 the main effect of time and
treatment as well as its interaction, the interaction of time and age
and the three order interaction had a significant effect (time: F
(2,372) ¼ 961.7, p < 0.001; treatment: F (1,372) ¼ 14.15, p < 0.001;
time.group: F (2,372) ¼ 4.0, p ¼ 0.019; treatment.age: F (1,372) ¼ 5.74,
p¼ 0.071; treatment.age.time: F (2,372)¼ 5.82, p¼ 0.003). For DG the
third order interaction and the second order interaction treat-
ment.age were not significant, therefore we fitted a simple model
without these terms (time: F (2,375)¼ 445.43, p< 0.001; treatment:
F (1,375) ¼ 25.51, p < 0.001; age: F (1,375) ¼ 20.58, p < 0.001,

Fig. 1. Behavioural despair assessed by repeated forced swimming test (RFST). Histograms show the percentage of immobility episodes that occurred in the young (A) and old (B)
groups. Day 1: the last 5 min of a 15 min trial were assessed; day 2: the last 5 min in each of four 6 min trials were assessed. Values represent mean � SEM, *P < 0.05, **P < 0.01,
n ¼ 7. C.Y.: control young; L.Y.: L-dopa young; C.O.: control old; L.O.: L-Dopa old.

Fig. 2. Anhedonic behaviour measured by the sucrose preference test (SPT). Histo-
grams show the percentage of sucrose intake related to the total volume of liquid
consumption (plain water þ water with 3% of sucrose). Values represent mean � SEM.
***P < 0.001, n ¼ 7. C.Y.: control young; L.Y.: L-Dopa young; C.O.: control old; L.O.: L-
Dopa old.
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time.treatment: F (2,375) ¼ 17.19, p< 0.001; time.age: F (2,375)¼ 24.83,
p < 0.001). Post hoc Bonferroni test was used to compare the data
from different time but within the same group and same hippo-
campal subfield. The results are reported in the table at the end of
Fig. 4.

Minimum Fos expression levels were found in all groups at 3 h
after the last administration of L-Dopa, (Fig. 4, panel A and blue bars
of panels D, E, F). However, at the 12 h point, young and old treated
animals showed a significant increase (p < 0.001) in the neuronal
activation in the CA3 and DG hippocampal subfields (Fig. 4, panel B
and green bars of panels D, E, F). The spatial learning test induced a
further significant increase of Fos expression in all groups when
compared with the basal 12 h condition (p < 0.001) (Fig. 4, panel C
and red bars of histograms D, E and F). However, the relative Fos
elevation induced by the MWM was blunted in the old treated
group, especially in the DG (Fig. 4, panel F, C.O vs L.O., shade
segments).

3.6. The density of D5r, D3r and D2r was increased in the old groups
and the treatment differentially modified the ratios D5r/D3r and
D5r/D2r, between the age groups

Using IHC and confocal microscopy, D5r, D2r and D3r optical
density measurements were performed in the CA1, CA2, CA3 and

DG hippocampal subfields, the results of a two-way ANOVA anal-
ysis (treatment þ age pooled as group), showed significant effects
of: group (p < 0.001; CA1: F (3,138) ¼ 777.9; CA2: F (3,108) ¼ 469.5;
CA3: F (3,180) ¼ 359.9; DG: F(3,138) ¼ 334), receptor subtype
(p < 0.001; CA1: F (2,138) ¼ 135.8; CA2: F (2,108) ¼ 248.5; CA3: F
(2,180)¼ 234.4; DG: F(2,138)¼ 251.5), and interaction (p< 0.001; CA1:
F(6,138) ¼ 45.26; CA2: F(6,108) ¼ 44.39; CA3: F(6,180) ¼ 23.09; DG:
F(6,138) ¼ 16.61). The results for the receptor density ratios showed
also significant effects of group (p < 0.001; CA1: F (3,92) ¼ 305.3;
CA2: F(3,72) ¼ 226; CA3: F(3,120) ¼ 102.8, DG: F(3,92) ¼ 8.67), receptor
density ratio (p < 0.001; CA1: F(1,92) ¼ 323.5; CA2: F(1,72) ¼ 611.3;
CA3: F(1,120) ¼ 585.4, DG: F(1,92) ¼ 65.3) and interaction (p < 0.001,
CA1: F(3,92) ¼ 22.42; p < 0.001, CA2: F(3,72) ¼ 70.16; p < 0.001, CA3:
F(3,120) ¼ 44.9, p < 0.05, DG: F(3,92) ¼ 3.85). A Bonferroni post-hoc
test to compare receptor densities or receptor density ratios be-
tween groups within each region was performed.

By performing confocal microscopic observation, we found that
D5r, D3r and D2r were mainly localized at the somata and the
proximal segments of the main dendrites (Fig. 5, panels A0 and B0

and Fig. 6). The distribution of immunoreactivity for the three
studied receptors was not homogeneous through the hippocampus
subfields but displayed a CA2/3, CA1 and DG gradient. A signifi-
cantly increased density of the D5r, D3r and D2r was found in the
aged control group as compared with the young control rats (Fig 5,
A panels compared to B panels, and histogram of 5C). L-Dopa
treatment had no effect on D5r expression in young subjects, except
in DG where a reduction was observed. In contrast, the treatment
enhanced the D5r expression in aged rats in all hippocampal re-
gions evaluated. Conversely, the treatment enhanced globally the
D3r and D2r expression in both young and aged rats, except in CA3
and DG of young subjects where no significant differences were
detected (Fig. 6, panels As and Bs, C, D, E, F),

Fig. 3. Mean latency of escape from the Morris Water Maze test comparing control and L-Dopa treated groups in young (A) and old subjects (B) and comparison of the performance
of the 4 groups (C) (n ¼ 10; *p < 0.05; **p < 0.01). (D) Cumulative probability of escape latency (CPFEL) from the Morris Water Maze test. Note that the cumulative probability of
escape was lower for the L-Dopa treated old group (L.O) than for any other group at any time. The probability of scape of 50% of the population, other than the L.O., presented a
latency time lower than 10 s (less than half of the time for the L.O.). The insert shows the comparison of the parameters k and l from the non-linear fit of the Weibull distribution
function. It can be noticed that the values for k groups/cluster seem to draw together in young and old groups, but the difference is significant between them. On the other side, the l

parameter is different only for the L.O. (For details see discussion in the text). C.Y.: control young; L.Y.: L-Dopa young; C.O.: control old; L.O.: L-Dopa old.

Table 1
First trial speed analysis.

Young (cm/s) Old (cm/s)

Control 20.8 � 2.9 14.2 � 1.8 p < 0.01
L-Dopa 22.1 � 1.8 14.6 � 2.1 p < 0.01

ns ns

ns: not significant.
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Fig. 4. Hippocampal Fos expression observed at time-points “Basal 3 h”, “Basal 12 h” and 1 h post MWM conditions. Panels A, B, and C, photomicrographs of typical Fos expression
patterns in aged hippocampus under the three conditions above mentioned. Scale bars: 1 mm for A, B and C; 200 mm for inserts. Histograms show the number of Fos positive nuclei
in CA1 (D), CA3 (E) and dentate gyrus (F) under the three experimental conditions: “Basal 3 h”: blue bars, “Basal 12 h”: green bars and “MWM”: red bars. Bars with unequal lettering
are statistically different at p < 0.05. Table underneath histograms reports statistic results between experimental conditions within the same age/treatment group. C.Y.: control
young; L.Y.: L-dopa young; C.O.: control old; L.O.: L-Dopa old. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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We next examined the modification of D5r/D3r and D5r/D2r
ratios as consequences of ageing and L-Dopa treatment. Because
binding of D5r and D2r/D3r produces opposing influences on
adenylyl cyclase signalling cascades, as previouslymentioned in the
“Introduction”, and the experimental data mentioned above

indicated that the three DA receptors studied here were mostly co-
expressed in the same cellular compartments, the ratio of D5r/D3r
and D5r/D2r become important factors for dopaminergic neuro-
transmission homeostasis (Neve, 2005; Thompson et al., 2010). The
assessment of these indicators after chronic L-Dopa treatment

Fig. 5. Hippocampal dopamine receptor expression in control rats. A and A0 and As: low and high magnification of immunofluorescence photomicrographs of ventral hippocampus
of old rat. D5r (red), D3r (green) and D2r (blue); B and B0 and Bs: the same region of a young rat processed with the same immunohistochemical conditions. Scale bars: A, B: 500 mm;
As and Bs: 50 mm; A0 and B0: 10 mm. G. C and D: Histograms showing the immunofluorescence optical density differences of D5r, D3r, D2r in dorsal (dHi) and ventral (vHi) hip-
pocampal cell body layers between old and young control subjects (C) and the ratio between D5r/D3r, D5r/D2r in the above regions. ***p < 0.001, **p < 0.01. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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provides a functional measurement of the dopaminergic system
regulation in different treatment/age groups.

Ageing per se produced reduction in the ratio of D5r/D3r in CA1
and CA2 regions, and D5r/D2r in CA 1e3 in control rats (old rats vs.
young rats) (Fig 5D). Treatment further globally reduced these ra-
tios (Fig. 6, C0eF0). Moreover, aged treated subjects had significantly
lower values of D5r/D3r and higher values of D5r/D2r when
compared with young treated subjects in most of the regions
evaluated (Fig. 6, C0, D0, E0, F0).

4. Discussion

The results from this series of experiments provide the first
evidence that chronic treatment with a therapeutic dose of L-Dopa
could exert an age-dependent effect regarding the genesis of
depression-like behaviour, anhedonia and cognitive dysfunction. A
blunted Fos induction after performing a spatial learning task in the
old treated group, compared both with its age-control group and
treatment-reference fromyoung rats, indicates that the age-related

Fig. 6. Hippocampal cell body layer co-expression of D5r, D3r and D2r of young and old, control and L-Dopa treated rats. As and A’s showing the expression patterns of young
control and young treated subjects, respectively, and Bs and B’s are from the old counterparts/cohorts. Scale bars: 500 mm. Panels C, D, E, F: histograms showing the immuno-
fluorescence optical density of D5r, D3r and D2r in the dorsal hippocampus CA1, CA2, CA3 and DG respectively, of the four experimental groups. C0 , D0 , E0 and F0 show the D5r/D3r
and D5r/D2r ratios analysis of the respective subfields and experimental groups. Bars with unequal lettering are statistically different at p < 0.05.
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decline of neuroplasticity can make this group particularly sus-
ceptible to a centrally acting drug, such as L-Dopa.We also observed
a significant reduction in the ratios between D5r/D3r and D5r/D2r
in both treated groups compared with their respective controls,
which is consistent with previously reported data (Beaulieu and
Gainetdinov, 2011; Creese et al., 1981; Sibley and Houslay, 1994).
Surprisingly, however, we found differential reductions in D5r/D3r
and D5r/D2r by the treatment between the age groups: significant
lower values for D5r/D3r and higher values for D5r/D2r were
observed when comparing old vs. young treated subjects. A func-
tional interpretation of this finding is currently lacking.

Nevertheless, our data suggests that ageing plays a crucial role on
DA receptor dysregulation in L-Dopa treated subjects.

4.1. The effects of a long-term pulsatile L-Dopa treatment on
hippocampus dependent spatial learning in aged subjects

Previous reports have found that after long-term administration
of L-Dopa, normal monkeys developed L-Dopa-induced dyskinesia
(Pearce et al., 2001; Togasaki et al., 2001). However, young rats
treated with one daily dose of L-Dopa for five days showed an
improvement in learning and memory tests (Reinholz et al., 2009).

Fig. 6. (continued).
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It is worth noting that these authors evaluated learning 30 min
after the last L-Dopa administration, but studies on other time-
points during the pulsatile drug administration cycle were
missing. Moreover, there is an absence of well-controlled studies
on the effect of L-Dopa on cognition and emotionality in old sub-
jects in spite of it being a therapeutic agent commonly used in
elderly people with PD. DA modulatory effect for cognitive func-
tions is a complex phenomenon and subtly controlled by the
temporal variation of the levels of ligand/receptors and the pres-
ence of growth factors (for instance, brain derived neurotrophic
factor regulate D3r expression in a development-dependent
manner (Guillin et al., 2001).

There are few studies assessing the effects of chronic L-Dopa
treatment in an intact dopaminergic system ((Hagenah et al., 1999)
for instance). Some studies in humans have shown cognition
improvement in subjects given L-Dopa after stroke, brain trauma or
hypoxic-ischemic episodes (Knecht et al., 2004). However, young
subjects were always used in those reports (Mytilineou et al., 2003)
(Reinholz et al., 2009). It has been reported that most of the bio-
physical properties of hippocampal neurons in aged subjects remain
constant over the life span (Burke and Barnes, 2006). These include
resting membrane potential, membrane time constant, input resis-
tance, threshold to reach an action potential, and the width and
amplitude of Naþ dependent action potential (for a review, see
(Burke and Barnes, 2006)). However, subtle changes in Ca2þ

conductance in aged neurons have been reported. CA1 pyramidal
neurons in the aged hippocampus have an increased density of L-
type Ca2þ channels (Thibault and Landfield,1996) thatmight lead to
disruptions inCa2þhomeostasis (Toescuet al., 2004), contributing to
the plasticity deficits that occur with ageing. DA innervation in
hippocampus, arisen mainly from the midbrain dopaminergic
pathways, plays an important modulatory role for hippocampal
function (Wittmann et al., 2005). Long-term potentiation in the
hippocampus can be enhanced and prolonged by dopaminergic
inputs frommidbrain structures (Morris et al., 2003).

Ontheotherhand, ithasbeen reported since the late80’s thatafter
L-Dopa loading, DA, DOPAC and HVA are increased in striatum, hy-
pothalamus, hippocampus and cerebellum,with the largest increases
in those tissues with less dopaminergic activity (el Gemayel et al.,
1986). This study suggested alternative sources of DA release in
those regions. Recent studies have demonstrated that serotonergic
innervations to hippocampus serve as an important source of DA
release induced by L-DOPA treatment (Navailles et al., 2010, 2013).

DA D1 and D5 receptors are involved in the persistence of LTP
(Frey et al., 1991; Swanson-Park et al., 1999). On the other hand,
Otmakhova and Lisman showed that DA strongly inhibits the
response to perforant pathway (pp) stimulation (IC50; 3 mM), but
not the response to Schaffer collateral stimulation (Otmakhova and
Lisman, 1999). DA reduces both the NMDA and AMPA components
of transmission at the pp (Otmakhova and Lisman, 1999). The data
from this study showed that there is a natural increase of the D5r,
D3r and D2r densities in the normal ageing rat hippocampus. This
observation is in concordance with other data in the literature
showing that old subjects’ dopaminergic systems undergo changes
in DA receptor density in the hippocampus (Amenta et al., 2001;
Hemby et al., 2003; Xing et al., 2010). DA D3 receptor regulates
cAMP-response element binding protein (CREB) signalling, which is
one of the cellular molecules that has been strongly implicated in
synaptic plasticity (Xing et al., 2010). Alterations in the DA D3r
signalling were reported in age-related memory and cognitive
impairment (Xing et al., 2010). Furthermore, a reduced concentra-
tion of DA in the dorsal hippocampus of aged rats (Stemmelin et al.,
2000) could render them less able to compensate for the fluctu-
ating concentrations of DA resulting from pulsatile L-Dopa treat-
ment, as observed in this study.

We have extended the previous observations on the constitutive
Fos expression in the rat hippocampus (Desjardins et al., 1997) by
measuring two time points between two L-Dopa administrations.
Interestingly, we have observed a spontaneously increased Fos in-
duction during the late phase of the inter-administration period in
the hippocampus. In fact, the observed cognitive impairment was
temporally mirrored by a blunted MWM-induced activation of Fos
expression in the hippocampus (Fos counts after MWM vs. Fos
counts at Basal 12 h, Fig. 4, panel F, shade areas). As we mentioned
before, there was a significant global reduction of the ratio D5r/D3r
comparing the old treated subjects with the young ones, which
implicated a pronounced, up-regulated expression of the D3r in the
old rat’s hippocampus. D3r’s function is of particular interest
because evidence suggests its effects are primarily inhibitory
(Flores et al., 1996).

4.2. Differential effect of chronic L-Dopa treatment on mood and
cognition in young and aged intact rats

As early as 1971, Persson and Walinder reported non-
Parkinsonian human cases in which L-Dopa treatment caused
short-term alleviating but longeterm exacerbating effects on
depressive symptoms e just one month of treatment already
prompted patients with worsening of original depressive symp-
toms (Persson andWalinder, 1971). In the present study, we set out
to test the effect of a pulsatile chronic administration scheme of L-
Dopa on mood and cognition in an intact rat model, emphasizing a
comparison at two different ages.We chose a common clinical used
dose and application format. With RFST, an established and pre-
dictive animal model for the study of depression in which antide-
pressants typically reduce the duration of the immobility exhibited
(Lucki et al., 2001; Porsolt et al., 1977b), we observed that in the first
day of the test all the experimental groups had similar perfor-
mance, discarding any possible locomotor impairment by chronic L-
Dopa treatment. In the second day of RFST, aged-treated rats
showed increased immobility compared to controls. This finding is
in accordance with a recent study that used longer and higher
doses of L-Dopa in intact young rats, and showed increased
immobility in a forced swimming test correlated with impaired DA
and serotonin metabolism in some brain areas (Borah and
Mohanakumar, 2007).

The sucrose intake test assesses another aspect of depression-
like behaviour in rats. A reduction of the sucrose liquid intake
provides an indirect measure of desensitization of the brain reward
mechanisms. Aged treated subjects had a marked reduction of su-
crose intake, indicating anhedonia which defined as a lowered
ability to experience pleasure, an important component of
depression. The putative neural substrate of anhedonia is repre-
sented by the dysfunction of a dopaminergic mesolimbic reward
circuit involving the ventral striatum (nucleus accumbens), the
prefrontal cortex and the entorhinal and amygdaloid complexes
(Berke and Hyman, 2000; Kondo, 2008; Tanti and Belzung, 2010).
These structures, and particularly the dopaminergic receptors in
the nucleus accumbens, are considered to mediate the euphorising
effects of psychostimulants, antiparkinsonian drugs and gustatory
reward (Cantello et al., 1989; Norgren et al., 2006) or, as elsewhere
suggested, mediate behavioural activation and effort-related pro-
cesses (Salamone et al., 2007). Our observation suggests an alter-
ation in DA responsiveness in the above regions.

The DAr expression patterns we observed in young control rats
(Fig. 6, panels As) are in concordance with those reported in liter-
ature on the subject (Ciliax et al., 2000). The elevation of D3r in L-
Dopa treated subjects has also been reported (Joyce et al., 2004).
Conversely, we have observed significant increases of D2r, D3r and
D5r expression the cell body layer in CA1, CA2, CA3 and DG in aged
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rats (Fig. 6, panel C, D, E, F respectively) which is in discrepancy
with a study in humans using positron emission tomography (PET)
in which a 10% of loss of D2r/D3r in the hippocampus was reported
(Kaasinen et al., 2000). One possible explanation of this discrep-
ancy is that the resolution of a PET image study is much lower than
immunohistochemistry combined with confocal microscopy as we
used in our study. The altered hippocampal D5r /D3r and D5r/D2r
ratios in the old treated group matched with lower sucrose con-
sumption and increased immobility in RFST. Given that the hip-
pocampus is involved in the feedback regulation of the HPA axis
function, structural and functional changes in hippocampus are
related to mood disorders, including depression, which could result
from an inability to appropriately respond to stress (Duman et al.,
1999). DA receptors are also implicated in the underlying mecha-
nisms in mood modulation; for example, antidepressants based on
adenosine receptor antagonists probably involve interaction with
D2 receptors (Crema et al., 2013).

4.3. Technical consideration for the usage of cumulative probability
of escape latency (CPFEL) for the Morris Water Maze test analysis

Regarding the MWM performance analysis, It is worth
mentioning that the significant interaction between “age”, “treat-
ment” and “trial” factors made the differences observed difficult to
interpret using ANOVA and the Bonferroni pos hoc test. This is a
common problem for the experiments on spatial learning such as
the MWM test: the individual differences and the not-fully pre-
dictable nature of rat behaviour increase the variation for a given
trial, and the lack of independence between the different trials. The
trial correlation is clearly observed in the experiment, and it is an
expected result for a learning-type curve, at least for the control
group. On the other hand, the variability of the response of the rat
in a specific trial could be, even less probable, a temporal behaviour
that does not necessarily reflect its intrinsic learning process.
Evidently, this problem can be solved increasing the n, but by using
the cumulative probability of escape latency (CPFEL), as proposed in
this study, in addition to the repeated measure ANOVA analysis,
this problem can be better solved with smaller n. Moreover, using
this probabilistic approach can reveal additional characteristics of
the rat behaviour. Firstly, the usual analysis could only report the
mean latency time of escape with its variability at a definite trial
and could not answer the question: at which time does the popu-
lation learn the task? As an example, see Fig. 3C. We could interpret
that the experimental old group learn to escape in the trial IV and
on trial V the group unlearnt it. Therefore, did the group learnt to
escape on trial IV or did they not? In our analysis it is possible to
extract this information because we answer that half of the
experimental old population was able to learn to escape on trial VI
with a time lower than 22.5 s. This information provides useful
aspects complementing those reported in the traditional analysis.
Secondly, the usual way to report the variation is to report the
standard error for each trial, because the variation of all of the trials
does not have any sense. However, with our analysis we could
report the variability of the behaviour of the population, and as can
be seen, this variability increases with the age group, as the com-
mon sense would indicate, but now in a quantitative way of testing
it. However, we have to be aware that the span of time chosen could
affect the estimators or l and k.

4.4. Conclusion remark and implications for palliative care in
Parkinson’s diseae

Receptor up- and down-regulation has long been implicated in
adaptive responses to continued pharmacological stimuli. Our re-
sults indicate that a chronic pulsatile L-Dopa treatment within the

therapeutic range could produce depression-like behaviour and
spatial learning impairment in intact rats, with aged subjects being
more vulnerable. Dopaminergic receptor dysregulation is impli-
cated as the underlying mechanism for the demonstrated
emotional and cognitive dysfunctions.

In the past, the non-motor symptoms of PD patients have
received little attention, particularly in the clinical settings
(Bunting-Perry, 2006). Patients with this disorder often develop
depression and cognitive decline culminating in dementia
(Cummings, 1992; Leverenz et al., 2009; Svenningsson et al., 2012).
The results of this study could have important implications for
elderly patients who are treated with L-Dopa for Parkinsonism and
who often develop cognitive impairment and emotional distur-
bances. Hence, this study calls attention to the need for heightened
monitoring of emotional and cognitive functions, as well as
accentuated palliative care for elderly Parkinson’s patients treated
with L-Dopa.
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A B S T R A C T

Pilocarpine model for temporal lobe epilepsy has shown aberrant neurogenesis, but mainly restricted to

the dentate gyrus (DG). Herein, by using a modified protocol, combining pilocarpine with ipratropium

bromide, we unexpectedly observed a heretofore-unrecognized distinct cellular population expressing

the neuroprogenitor marker doublecortin (DCX) on post insult days (PID) 10, 14 and 18, mainly located in

the temporal segment of the hippocampal fissure (hf). Some of these DCX+ cells possessed high

morphological complexity and seemed to disperse toward the CA fields. Next, we injected

bromodeoxyuridine (BrdU) in early (PID 2–4) and delayed (PID 5–7) fashions and killed the rats 7–

35 days later for immunohistochemical and anatomical analysis. Massive increase of BrdU labeling was

found in the delayed group and the neural stem cell-specific marker nestin was highly expressed in the

same narrow band on PID7, so was glial fibrillary acidic protein (GFAP). Using double labeling with BrdU

and a mature neuron marker NeuN, we found discrete but clear BrdU+/NeuN+ double labeled cells in the

Cornu Ammonis (CA) pyramidal cell layer on PID35. Based on immunohistochemical and anatomical

observations, as well as time-course analysis of BrdU, nestin, GFAP, DCX and NeuN expressions in this

population of cells located in/near hf, we wish to suggest that this structure harbors neurogenic niches, in

addition of the possible dispersion of neuroprogenitors from subgranular niches to CA fields also

revealed by this study. Our results support the few previous reports demonstrating hippocampal CA field

neurogenesis in adult rats. Mechanistic basis of the phenomenon is discussed.

� 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Rodent hippocampus is well documented as a structure of high
degree of plasticity. The dentate gyrus (DG) subgranular zone (SGZ)
of the hippocampal formation is widely recognized as holding
neurogenic niches, which continuously produce new neurons
under physiological conditions (Altman and Das, 1965; Bayer et al.,
1982; Kempermann, 2002; Kempermann and Gage, 1999; Kuhn
et al., 1996). There have been some reports showing neurogenesis
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in the hippocampal Ammon’s horn (Cornu Ammonis, CA) fields in
rats (Nakatomi et al., 2002; Rietze et al., 2000) and gerbils (Salazar-
Colocho et al., 2008; Schmidt and Reymann, 2002). However, this
phenomenon remains controversial due to the difficulties in
replicating those observations. Moreover, using the pilocarpine rat
model, researchers have shown that cells generated from neural
stem cells located in the caudal subventricular zone (cSVZ) and the
corpus callosum, migrate to the CA fields and were mostly not
neurons but oligodendrocytes (Parent et al., 2006).

Pilocarpine is a systemic chemoconvulsant widely used to
model experimental epilepsy in rodents (Curia et al., 2008; Turski
et al., 1983). The ability of pilocarpine to induce a status epilepticus

(SE) is likely to depend on activation of the muscarinic acethylcho-
line mAChR1 (M1) receptor subtype (Hamilton et al., 1997).
However, this potent parasympathomimetic alkaloid produces
strong cholinergic side effects (Clifford et al., 1987; Curia et al.,
2008). To minimize pilocarpine peripheral actions, peripheral

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jchemneu.2014.02.002&domain=pdf
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mAChR antagonists are used. Atropine methylbromide and alpha-
methylscopolamine are widely used antagonists for pre-treatment
in this model (Curia et al., 2008), although no apparent contra-
indications, nor characterizations, on the usage of other broad-
spectrum peripheral mAChR antagonists have been documented in
the literature for this animal model.

In a previous study in which we sought to quantitatively
characterize astrogliosis and microgliosis after pilocarpine insult in
relation to the installation of spontaneous seizures (Estrada et al.,
2012), the atropine methylbromide used as peripheral mAChR
antagonist for our study became temporally unavailable and
ipratropium bromide, a broad-spectrum peripheral mAChR
antagonist, was used in one set of rats. This drug is characterized
by a longer duration of action (Gross and Skorodin, 1984; Stoyanov
et al., 1984; Trieb et al., 1979) and can be safely administered
intravenously and intraperitoneally (Urso et al., 1991). Unexpect-
edly, using the neuroprogenitor marker doublecortin (DCX)
(Brown et al., 2003; Kuhn and Peterson, 2008; Rao and Shetty,
2004), we observed a heretofore unrecognized distinct population
of cells expressing DCX, mainly located in the temporal segment of
the hippocampal fissure (hf), forming dense clusters. Hence, we
used anatomical and immunohistochemical techniques against the
neural stem cell-specific marker nestin (Lendahl et al., 1990;
Zimmerman et al., 1994), in combination with glial fibrillary acidic
protein (GFAP) to label the neurogenic region and neural stem cells
(Kuhn and Peterson, 2008), doublecortin (DCX) to label neuro-
blasts, neuronal specific nuclear protein (NeuN) to label mature
neurons (Mullen et al., 1992) and 5-bromo-20-deoxyuridine (BrdU)
to evaluate cell proliferation (Gratzner, 1982) during the first 5
weeks after pilocarpine insult.

2. Material and methods

2.1. Animals and treatments

Seventy-six juvenile male Wistar rats (weighing 200 g � 20 g,
post natal day 45–49) were used in this study. All animal procedures
were approved by the local bioethical committee (approval ID CIEFM-

UNAM-101-2009-mod.2011). Animals were housed on a 12-h light
schedule in a room with temperature between 20 8C and 24 8C with
adequate ventilation and given access to standard rat chow and water
ad libitum.

At the beginning of this study, we injected i.p. ipratropium
bromide/sodium chloride solution (dose 1 mg/kg, 1 mg/1 ml 0.9%
saline, Nephron Pharmaceuticals Corporation, Orlando, USA) in
order to minimize pilocarpine peripheral effects. Thirty minutes
later, we injected pilocarpine hydrochloride i. p. (380 mg/kg)
(Sigma, St. Louis, MO) dissolved in 0.9% saline. The beginning of
status epilepticus (SE) was considered when the animal suffered a
class 4 motor seizure in Racine’s scale of limbic seizures (Racine,
1972), characterized by forelimb clonus followed by sustained
tonic-clonic seizures. Diazepam (5 mg/kg) was administered 1 h
after the induction of SE to stop seizures and as a measure to
standardize the duration of seizure activity. Additional injections
of this drug were administered as needed in order to prevent
further seizures. Five rats received saline and diazepam injections
only and another three rats received ipratropium bromide/saline
and diazepam injections as controls.

During the first 48 h post-insult, rats received i.p. injections of
0.9% saline (2.5 ml every 12 h and alternating with glucose solution
5% 2.5 ml every 12 h) as fluid replacement therapy. All rats were
fed with pap made from rat chow for the first week.

Fifty percent of the pilocarpine injected rats survived the insult
until post insult day (PID) 7. Twenty-two of the rats received 5-
bromo-2-deoxyuridine injections (BrdU, Sigma, 50 mg/kg/12 h) in
two schemes: early injection on PID 2, 3 and 4 (‘‘PID2–4 inj’’)
23
(n = 13) and delayed injection on PID 5, 6 and 7 (‘‘PID5–7 inj’’)
(n = 9).

2.2. Antibodies

An affinity-purified polyclonal antibody against BrdU (Accurate
Scientific, NY, USA, Cat. No. OBT0030, Clone BU1/75 (ICR1), 0.5 mg/
ml in stock solution) was raised in rats and characterized. An
affinity-purified polyclonal antibody against DCX (C-18, Santa Cruz
Biotechnology, CA, USA, Cat. No. SC-8066, 0.2 mg/ml in stock
solution) was raised in goats and characterized previously (Ekdahl
et al., 2003). The monoclonal antibody against NeuN, obtained
from Chemicon Millipore (Temecula, CA; Cat. No. MAB377, 1 mg/
ml stock solution) was raised in mice. The monoclonal antibody
against nestin, obtained from Chemicon Millipore (Temecula, CA;
Cat. No. MAB353, 0.54 mg/ml stock solution), was raised in mice,
and the policlonal antibody against glial fibrillary acidic protein
(GFAP), obtained from Biocare Medical (Concord, CA, Control
Number: 901-040-031511) was raised in rabbits, and character-
ized previously (McLendon and Bigner, 1994). Policlonal antibody
anti vesicular glutamate transporter 2 (vGluT2), obtained from
Synaptic Systems (Goettingen, Germany, Cat. No. 135 404), was
raised in guinea pigs, and previously characterized (Ziegler et al.,
2005). Secondary antibodies conjugated with different fluoro-
phores (Alexa Fluor 488 goat anti-rat IgG, Alexa Fluor 594 donkey-
anti-goat IgG, Alexa Fluor 488 donkey anti-mouse IgG and Alexa
Fluor 594 donkey anti-mouse IgG) were obtained from Molecular
Probes (Eugene, Oregon, USA). For DCX and BrdU diaminobenzi-
dine (DAB) immunoreaction, we used biotinylated donkey-anti-
goat and donkey-anti-rat antibodies (Jackson ImmunoResearch
Laboratories Inc., Pennsylvania, USA, 1:500).

2.3. Tissue processing and immunohistochemistry

On PID 7, 10, 14, 18, and 35, rats were deeply anesthetized with
an overdose of pentobarbital and transcardially perfused with 0.9%
saline followed by cold fixative containing 4% of paraformaldehyde
and 15% v/v of saturated picric acid in 0.1 M sodium phosphate
buffer (PB, pH 7.4) for 15 min. Brains were removed, blocked, then
thoroughly rinsed with PB. Coronal sections of 70 mm-thickness
from whole hippocampus were obtained.

Immunohistochemical reactions (IR) were performed using the
immunoperoxidase (for single labeling) and immunofluorescence
(for double labeling) methods. Sets of one out of every six sections
containing hippocampus were blocked incubating them with 0.3%
Triton X-100 (Sigma, T-7878) and 20% normal horse serum (NHS,
Vector) in Trizma buffer 0.05 M + 0.9% NaCl (TBS), for 1 h at room
temperature. Next, sections were incubated with the following
primary antibodies (dilutions are referred to the stock solutions
specified in Section 2.2): rat anti-BrdU (1:1000), goat anti-DCX
(1:2000) or mouse anti-nestin (1:1000), rabbit anti-GFAP (1:1000)
diluted in TBS containing 1% NHS over night in at 4 8C with gentle
shaking. BrdU immunoreaction pretreatment was described
elsewhere (Zhang et al., 2006). Sections were then washed and
incubated with the corresponding secondary antibodies at room
temperature for 2 h. Some of the sections were used for
immunoperoxidase detection of DCX and vGluT2. In these cases,
sections were incubated in biotinylated secondary antibodies,
followed by incubation in avidin-biotin-peroxidase complex (Elite
ABC kit: Vector Laboratories, Peterborough, UK) for 1 h at room
temperature. Bound peroxidase enzyme activity was revealed
using 3, 30-diaminobenzidine tetrahydrochloride (DAB; 0.05% in
TB, pH 7.4) as the chromogen and 0.01% H2O2 as the substrate. For
morphological and double immunolabeling analysis, a Nikon
Eclipse 50i light microscope and Leica TCS-SP5 confocal micro-
scope were used.
5
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2.4. Quantification and statistical analysis

For BrdU labeling quantification in saline-treated, and pilocar-
pine treated rats of two injection schemes (‘‘PID 2–4 inj’’ and ‘‘PID
5–7 inj’’), immunoperoxidase-DAB processed and permanently
mounted coronal sections containing hippocampus were subjected
to blinded counting under light microscope. BrdU+ nuclei per
540 mm (diameter of the observation field under 40� objective)
length of cell body layer or hf region on all focal planes were
sketched on paper with the help of a drawing tube. Quantitative
results were expressed as mean � standard error of mean (SEM);
groups were tested for differences by performing one-way-ANOVA
followed by Bonferroni test comparing all pairs of columns, using
GraphPad Prism (La Jolla, CA). Differences were considered statisti-
cally significant at a value p < 0.05.

3. Results

3.1. General behavioral observations

Following injection of pilocarpine, rats remained motionless
and exhibited diverse signs of cholinergic stimulation, such as
diarrhea and piloerection for about 10 min, until gustatory and
olfactory automatisms began. These automatisms (mouth move-
ment, mild salivation, scratching, eye-blinking, tremor, chromo-
dacryorrhea and vibrissae twitching) persisted for 15–25 min.
Immediately after this phenomenon, animals developed motor
seizures, which were accompanied by intense salivation, rearing
and falling and built up progressively into a SE (which was
pharmacologically limited after 60 min, as a measure to standard-
ize the magnitude of the insult in this study).
Fig. 1. Immature neuronal marker DCX expression under control conditions. (A) A low magn

neurogenic niche is indicated by solid arrows. Inset (a) and panel (B) show the moderate im

(cSVZ) and alveus. (C) The presence of DCX+ fibers in the SL of the CA3, demonstrates that the

well-established SGZ neurogenic niche in higher magnification. Hollow arrows indicate DCX

medium size blood vessels in the hf region. Note that there is no presence of DCX-expressin

CA: cornu ammonis; hf: hippocampal fissure; DG: dentate gyrus; SP: stratum pyramidale; SR:

and MLext: internal and external molecular layer respectively; SGZ: subgranular zone; cc
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3.2. DCX expression under control conditions

DCX expression in control conditions in the whole hippocampal
formation is shown in Fig. 1. The SGZ neurogenic niche can be
clearly seen (panel A and D). Numerous immunopositive fibers for
DCX can be observed in the cSVZ/alveus (Table 1 and Fig. 1, inset a)
and alveus/external capsule (Fig. 1B) with sparse somatic labeling
(Fig. 1B, arrowhead). Moderate DCX-expressing fibers were
present in the stratum lucidum of CA3 (SL), mainly parallel to
the pyramidal layer at basal (saline) condition (Fig. 1C, black
hollow arrows). It is worth mentioning that ‘‘ipratropium’’ control
group, consisting of rats receiving only the cholinergic antagonist,
did not exhibit significant changes of DCX labeling pattern in the
SGZ (data not shown).

3.3. Extent of DCX expression at early time-points after SE

At time-points PID 7 (Fig. 2) and PID 10 (Fig. 3), the DG
neurogenesis, revealed by immunolabelling for DCX, showed a
dramatic increase in the production of neuroblasts in the SGZ
(Fig. 2, panels A and B and Fig. 3, panel A) and aberrant presence of
DCX-expressing basal dendrites of newborn granular cells in the
hilar region (Fig. 2A and B, arrows and Table 1). Aberrant migration
of DCX-expressing clusters seemingly dispersed from the SGZ
toward the molecular layer (Fig. 2, panel B). DCX-expressing ‘‘tube-
like’’ migration chains, consisting of spiral profiles, were observed
on PID 7 and 10 (Figs. 2, panels B and C; Fig. 3, panels B and C,
double arrowheads). Several large cells in the pyramidal cell layer
of CA1 (Fig. 2, panel D, arrowhead) lightly expressed DCX on PID7.
Only somatic expression could be clearly seen, no dendrites
connecting to soma were labeled. However, some dendrite and
ification of whole hippocampal view of DCX expression in a saline injected rat. The SGZ

munolabeling of DCX+ cells and fibers in the infracallosal/caudal subventricular zone

 newly born granular neuroblasts extended their axons to join the mossy fibers. (D) the

-expressing fibers. Arrowheads indicateDCX-expressing somata. Asterisks (*) indicate

g fibers in the hf. DCX: doublecortin; SGZ: subgranule zone; hf: hippocampal fissure;

 stratum radiatum. SL: stratum lucidum. SO: stratum oriens. GCL: granule cell layer. MLint

: corpus callosum; ec: external capsule.



Table 1

SGZ MLint MLext hf hilus CA3 CA1 Alveus Notes

Ctrl (Saline) s: +

f: +

s: �
f: ++

s: �
f: +

s: �
f: �

s: �
f: �

s: �
f: + (SL)

s: �
f: �

s: �
f: +

n = 5,

10 hisep sections

Served as reference for comparison

PID 7 s: +++

f: +++

s: +

f: ++

s: �
f: +

s: �
f: �

s: +

f: ++

s: �
f: �

s: +

f: +

s: +

f: ++

n = 2,

16 hisep sections

PID 10 s: +++

f: ++++

s: ++

f: +++

s: ++

f: ++

s: ++

f: ++

s: ++

f: ++

s: �
f: �

s: �
f: +

s: +

f: +

n = 2,

14 hisep sections

1 hitemp section

PID 14 s: +++

f: +++

s: ++

f: +++

s: ++

f: ++

s: ++++

f: ++++

s: ++

f: ++

s: +

f:+++

(SL)

s: +

f: ++

s: +

f: ++

n = 5,

62 hisep sections, 46.7% w/fissure niche

15 hitemp sections

60% w/fissure niche

PID 18 s: +

f: ++

s: �
f: ++

s: �
f: +

s: �
f: �

s: +

f: +

s: �
f: +

s: +

f: +

s: +++

f: ++

n = 4,

39 hisep sections, 10.2% w/fissure niche

18 hitemp sections

5.5% w/fissure niche

Morphological evaluation under light microscopy of the extent of DCX expression in the hippocampal formation at diverse time-points after SE. hisep: septal hippocampus;

hitemp: temporal hippocampus; PID: post-insult day; SGZ: subgranular zone; MLint: internal molecular layer; MLext: external molecular layer; hf: hippocampal fissure. ‘‘s’’:

Dcx+soma; ‘‘f’’: Dcx+fibers; ‘‘�’’: not observed; ‘‘+’’: sparse presence; ‘‘++’’: moderate presence. Control (saline group, bold) served as reference. Percentages indicate the

number of hippocampal fissures containing neurogenic niches in total hippocampal fissures evaluated.
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axon-like processes were immunopositive to DCX, without clear
connection to the immunopositive soma (Fig. 2, panel D, hollow
arrows). It seems that there was a short-term post insult re-
expression of DCX in mature neurons for hippocampal network
repair, as suggested by (Kremer et al., 2013). DCX labeling in the
stratum lucidum (SL) of the CA3, observed under basal conditions,
had disappeared mostly by PID 7 (Fig. 2, panel A) and PID10 (Fig. 3,
panel D). The DCX+ fibers reappeared in the SL with increased
intensity on PID 14 (Fig. 4A, black hollow arrows) and PID 18 (Fig. 5,
panel A).

3.4. Massive DCX+ cell clusters appeared in the hippocampal fissure

region in apposition to blood vessels on PID14, across the

septotemporal axis

On PID10, clear clusters of DCX-expressing cells appeared in the
hf proximal to the fusion zone, most of them surrounding the
internal transversal arteries (Table 1 and Fig. 3, panels A and B,
asterisks). These clusters peaked in number and size on PID 14
(Fig. 4 panels A, C, D and E) and many neuron-like cells dispersed
toward CA1 stratum lacunosum-moleculare (SLM) and stratum

radiatum (SR) (Fig. 4, panels C–F). Only a few DCX-expressing cells
were found within the pyramidal cell layer (stratum pyramidale, SP,
Fig. 4, panel B). The cells within the CA field showed high
complexity regarding their morphology, possessing several
dendrite-like processes and axon-like neurites, which suggest
the possibility of functional integration. Several pyramidal-shaped
cells were found in the CA1 field (Fig. 4, panel D, double
arrowheads). Other DCX-expressing neuroglial-form-shaped cells
were found aligned with the border between SLM and SR of CA1 in
the temporal hippocampus (Fig. 4, panel F, arrowheads). This
phenomenon greatly diminished on PID18 (Fig. 5 and Table 1),
although dispersed DCX-expressing cells in hilus can be clearly
seen (Fig. 5, panel D). The DCX-expressing cells aligned to the
border between SLM and SR in the CA1 region can also be seen
(Fig. 5, panel B). Furthermore, abundant DCX-expressing cells with
smaller soma and glial shape, were observed in the CA2-3 SO/SP
(Fig. 5, panels C and E) confirming previously described evidence
by other research group (Parent et al., 2006).

Fig. 6 shows one double-labeled cluster in the hf in close
relation with a medium size blood vessel, with nuclear expression
of BrdU and somatic expression of DCX (Fig. 6).
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The presence of DCX-expressing cell clusters in the hf was
observed across the entire septotemporal axis of the hippocampal
formation. Fig. 7 depicts this phenomenon by charting under light
microscope observation, examined on PID14 (Fig. 7). It is worth
noting that massive DCX-expressing clusters in close proximity to
the internal transversal arteries were observed across the whole
septotemporal axis (indicated by asterisks in Fig. 7).

3.5. Pilocarpine-ipratropium bromide protocol induced a delayed

increase of cell proliferation in the SGZ, hf and pyramidal layer of CA1

To examine the potential effects of this pilocarpine-ipratropium
bromide protocol on cell proliferation in the hippocampus, we first
injected BrdU during PID2-4. In this first subset of rats, in spite of
having observed massive increase of DCX expression on PID14 in
the hf and CA subfields as mentioned before, the double labeled
cells with BrdU+/DCX+ or BrdU+/NeuN+ were rare observances. For
the second subset of rats, we chose two BrdU injection schemes, i.e.

the early, ‘‘PID 2–4 inj’’ and the delayed, ‘‘PID 5–7 inj’’ and
quantitatively evaluated on PID 14. Consistent with previous
reports (Parent et al., 1997), a small number of clustered nuclei
located in the SGZ in control rats, as well as few BrdU+ nuclei in the
lateral segment of the hf and in the CA1 pyramidal layer, were
observed in control groups (Fig. 8, panels A). In the ‘‘PID 2–4 inj’’
group, numerous BrdU+ nuclei, dispersed from the SGZ to the hilar
region, were found (Fig. 8, panels B, arrows and arrowhead).
However, no quantitative differences in BrdU immunostaining
were noted in the three evaluated regions when compared to
control (Fig. 8, panels D–F). In contrast, quantitative analysis of
sections from group ‘‘PID 4–7’’ revealed significant increases in
BrdU immunostaining in the SGZ/GCL, the hf and in the pyramidal
layer of CA1 (Fig. 8, panels C and D–F and Fig. 9: immunofluores-
cence for hf proliferative activity).

3.6. Stem cell marker nestin expression in the hf was markedly

increased in a well-limited band, together with GFAP and BrdU

(delayed group) observed on PID7

Nestin is the most widely used marker for neural stem cells,
although it can also be detected in vascular structures (Lendahl
et al., 1990). However, the combination of GFAP and nestin appears
to label multi-potent cells in neurogenic regions (Kuhn and
7



Fig. 2. (A) Low magnification of whole hippocampal view of DCX expression on pilocarpine PID 7. In SGZ, DCX expression was massively increased (compare the thickness of

the SGZ). The newly born SGZ DCX-expressing neuroblasts extended horizontal and basal neurites in the hilus (solid arrows). (B) and (C) DCX-expressing cellular clusters

(arrowhead) seem to migrate toward the hf. A ‘‘tube-like’’ structure, consisting of several spiral-shaped DCX-expressing fibers (double-arrowheads), precedes the large cell

cluster. (D) Light somatic DCX-expression in some large somata of the SP (arrowhead), as well as in some fibers (hollow arrows); however, no clearly labeled dendrites

connecting the soma were observed. PID: post-insult day; DCX: double cortin; SGZ: subgranule zone; hf: hippocampal fissure; CA: cornu ammonis; hf: hippocampal fissure;

DG: dentate gyrus; SP: stratum pyramidale; SR: stratum radiatum. SL: stratum lucidum. SO: stratum oriens. GCL: granule cell layer. MLint and MLext: internal and external

molecular layer respectively; SGZ: subgranular zone; cc: corpus callosum; ec: external capsule; MLint and MLext: internal and external molecular layer, respectively; SGZ:

subgranular zone.
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Peterson, 2008). In the rat hf, no specific staining of nestin was
detected in saline injected control sections, while GFAP positive
astrocytes showed thin glial processes (data not shown). Never-
theless, nestin expression was markedly increased on PID 7 in all
examined experimental rats (n = 8). In the septal hippocampus
(Fig. 9, panels A), in addition to their expression in the SGZ and GCL
(Fig. 9, panel A, hollow arrows) and in the CA1 pyramidal layer
(Fig. 9, panel Ba), clusters of nestin/GFAP expressing processes
surrounding the medium arteries (Fig. 9, panel A, asterisks) were
clearly seen (Fig. 9, panels A). It is worth noting that this location
corresponds to DCX+ neuroprogenitor clusters seen on PID14 (for
example, see panel (C) of Fig. 7). In the temporal hippocampus
(Fig. 9, panels B–E), a region in/around the hf with massive
expression of nestin, GFAP and BrdU labeling (in the delayed
group) was found. The extension of this region was well correlated
with the one determined by DCX immunostaining, as shown in
Fig. 7 panels F and H. It is interesting to observe that this region was
well overlapped with a marked glutamatergic input, containing
vesicular glutamate transporter 2 (vGluT2, Fig. 9, Ac, Bc and Ec).

3.7. Discrete generation of new neurons in the CA fields as revealed by

BrdU/NeuN double labeling on PID35

We further investigated whether those post-insult newborn
neuroblasts had become mature neurons by immunofluorescent
238
staining for BrdU and mature neuron marker NeuN. The study
clearly revealed that on PID35, numerous BrdU+/NeuN+ neurons
were inserted in the stratum radiatum (Fig. 10, panels A) and in the
CA1 (Fig. 10, panels B) and CA3 (Fig. 10, panels C) pyramidal layer.

4. Discussion

In the present study we provide a detailed spatial-temporal
description in relation to cell proliferation and neurogenesis along
the hippocampal septotemporal axis in a pilocarpine rat model of
experimental epilepsy. The two key findings of this study are (1)
the experimental protocol used here triggered neurogenesis in the
hippocampal fissure and in the CA fields, seen from PID 7 to PID 35,
based on the observations that the DCX expressing neuron-shaped
cells were widely distributed across the septotemporal axis and
NeuN+/BrdU+ cells were found in the pyramidal layers and in the
stratum radiatum at PID35; (2) hippocampal fissure was identified
as a neurogenic niche under this experimental condition, as there
was an increased mitotic activity in the ‘‘PID 5–7 inj’’ group in a
well-limited band in/surrounding hippocampal fissure, which
overlapped with increased expression of nestin and GFAP observed
at PID7 and DCX expressing clusters, which peaked at PID14. The
complex neuron-like morphology suggests that endogenous
neural stem cells contribute to the self-repair of the hippocampal
CA fields after the insult. The intriguing overlap of this dense BrdU



Fig. 3. (A) A low magnification of DG and hf at PID 10. Significant presence of DCX-expressing cell bodies (arrowheads) and fibers were found in the hf (panel B), in close

relationship to the medium size blood vessels (*). Numerous migration chain-like structures were found in the ML (C, double arrowheads). However, the presence of DCX-

expressing fibers (arrowhead) in the SL is greatly reduced (panel D). PID: post-insult day; DCX: double cortin; hf: hippocampal fissure; CA: cornu ammonis; DG: dentate gyrus;

SP: stratum pyramidale; SL: stratum lucidum. SLM: stratum lacunosum moleculare. GCL: granule cell layer. MLint and MLext: internal and external molecular layer respectively;

SGZ: subgranular zone.
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labeling and high nestin expressing with the dense extra-
hippocampal glutamatergic input containing vGluT2, in a narrow
band, suggests possible extra-hippocampal mechanisms for
hippocampal CA field neurogenesis control.

4.1. Experimental proofs of the hippocampal fissure harboring

neurogenic niches as implied by anatomical basis and recent

discoveries

Based on the data of this study, hippocampal fissure (hf) is
identified as a region that harbors neurogenic niches. This
conclusion is already implied by anatomical knowledge and recent
discoveries. Hippocampal fissure is formed at an early embryonic
stage as a telencephalic external surface indentation (covered by
leptomeninges) between the primordial dentate gyrus (DG) and
the cornu ammonis (CA) due to the uneven thickening of the two
structures (Humphrey, 1967). The fissure deepens, becomes more
sharply defined and is orientated toward the CA after the DG begins
to develop its granular layer. As the DG increases in size, it grows
toward the CA, in part as a result of cell migration into it. This
growth, added to that of the CA, causes the triangular zone of
scattered cells between the molecular layer of the DG and that of
the CA to be compressed into a narrow band (compression zone).
Fusion of this zone occurs quickly afterwards to form a total fissure,
entrapping blood vessels and leptomeninges (Decimo et al., 2012;
Humphrey, 1967). During this developmental stage, the region
23
around the hippocampal fissure contains central radial glial
scaffolding (Zhao et al., 2006). It has been reported that
leptomeningeal-derived DCX+ cells participate in post-stroke
neocortex repair (Decimo et al., 2012; Nakagomi et al., 2012).
Furthermore, stem cell niches are closely associated with blood
vessels, namely, a vascular stem cell niche (Palmer et al., 2000).
Endothelial cells produce factors that promote self-renewal and
expansion of the neural stem/progenitor cell population (Shen
et al., 2004).

On the other hand, it has been reported that pilocarpine
induced experimental SE dilates to 125% the diameter of internal
transversal arteries, located in the fissure region (Ndode-Ekane
et al., 2010). The hf is a richly vascularized region harboring the
internal transversal arteries and veins (Coyle, 1978). Accurate
anatomical evaluations revealed that meninges penetrate the
central nervous system (CNS) by projecting between structures (as
in the case of the hippocampus proper and the DG (Humphrey,
1967)) to form the perivascular (Virchow–Robin) space of every
parenchymal vessel (Decimo et al., 2012; Zhang et al., 1990). Brain
ischemia, derived from inadequate hemodynamic changes, pro-
duces extravasation of inflammatory factors to the CNS (Iadecola
and Alexander, 2001; Lipton, 1999). This is more pronounced in the
Virchow–Robin space of the hippocampal fissure region (Decimo
et al., 2012; Zhang et al., 1990). Data from our previous research
has shown a dense band of microglial activation in the hf region,
supporting this notion (Estrada et al., 2012).
9



Fig. 4. (A) A low magnification view of the exuberant DCX expression on PID 14 in the whole hippocampus. The DCX expression in SGZ was massively increased. The newly

born SGZ neuroblasts also extended horizontal and basal neurites in the hilus (solid arrows) and DCX-expressing mossy fiber sprouting was observed (hollow arrows). (B) A

pyramidal shaped cell, with strong DCX expression both in soma and numerous dendrites, was found inside the SP of CA3. (C)–(E) Some striking examples of the massive

presence of DCX-expressing cell clusters in the hf perivascular regions in yuxtaposition with medium size blood vessels (*). Individual neuron-shaped cells (e.g. pyramidal,

double-arrowheads, and bipolar and stellate shaped, arrowheads) seemed to disperse from these clusters toward the CA1. F: temporal (temp) hippocampus, in which DCX-

expressing neurogliaform-like cells were found aligned between the CA1 SLM and SR. PID: post-insult day; DCX: doublecortin; SGZ: subgranular zone; hf: hippocampal

fissure; CA: cornu ammonis; hf: hippocampal fissure; DG: dentate gyrus; SP: stratum pyramidale; SR: stratum radiatum. SL: stratum lucidum. SO: stratum oriens. GCL: granule

cell layer. MLint and MLext: internal and external molecular layer respectively; SGZ: subgranular zone; cc: corpus callosum; ec: external capsule; ML: molecular layer,

respectively; SGZ: subgranular zone.
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4.2. Possible mechanisms of this pilocarpine-insult-trigered activation

of the dormant neurogenic niches in hf

Our data on increased BrdU labeling is in consistence with
previous results, which demonstrate that pilocarpine-induced
status epilepticus leads to increased dentate granule cell neurogen-
esis (Parent et al., 1997; Shapiro and Ribak, 2006; Shapiro et al.,
2007). However, the time-course reported (Parent et al., 1997) was
not phase-coherent with the present data (Parent and cols reported
a sharp increase of BrdU labeling from PID 3 onwards, whereas we
found a similar phenomenon between PID 5–7, see Fig. 8, panel E),
240
nor were the increased mitotic/neurogenic activities in hf reported.
The chronological discrepancy here reported, suggests that
intrinsic mechanisms triggering increased DG neurogenesis in
these two pilocarpine protocols are not the same. So, what are the
functional differences of the present rat pilocarpine model from
other similar models? Due to the limitation of this study, which
was mainly a time course analysis of the anatomical and
immunohistochemical expression of a few classical neurochemical
markers for the study of neurogenesis, the following discussion is
based mainly on correlative data in relation to previous results
published in the literature.



Fig. 5. (A) A low magnification whole hippocampal view of DCX expression in pilocarpine PID 18, showing persistent increased SGZ neurogenesis that exhibits a more

heterogenous pattern (solid arrows) and abundant DCX-expressing cells dispersed in the hilus (panel D, arrowheads). Individual DCX-expressing cells could still be observed

in the SLM but no DCX-expressing clusters were present in the hf (panel B, arrowheads). DCX-expressing cells were observed in the transition between SLM and SR in CA1

(panel C, arrowheads). Abundant DCX-expressing cells, which had a smaller soma and were glial shaped, were observed in the CA2-3 SO/SP (panel E, arrowheads). PID: post-

insult day; DCX: double cortin; SGZ: subgranule zone; hf: hippocampal fissure; CA: cornu ammonis; hf: hippocampal fissure; DG: dentate gyrus; SP: stratum pyramidale; SR:

stratum radiatum. SL: stratum lucidum. SO: stratum oriens. GCL: granule cell layer. MLint and MLext: internal and external molecular layer respectively; SGZ: subgranular zone;

cc: corpus callosum; ec: external capsule; MLint and MLext: internal and external molecular layer, respectively; SGZ: subgranular zone.
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Pilocarpine is a systemic chemoconvulsant which produces
widespread neuronal injury and seizure activity, in addition to
various systemic alterations (Cavalheiro, 1995). The present
pilocarpine insult protocol was designed using ipratropium
Fig. 6. Cellular co-localization of doublecortin (DCX) and 5-bromo-2’-deoxyuridine (Brd

(A) Co-localization of BrdU (green) with DCX (red) in the fissure, in close relation to a med

for BrdU and DCX, respectively. Scale bar: 10 mm. CA: cornu ammonis; SLM: stratum lacu

this figure legend, the reader is referred to the web version of this article.)
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bromide as a peripheral mAChR antagonist. During the first hour
after pilocarpine administration, we observed pronounced
peripheral cholinergic signs (as described in the ‘‘Results’’
section), indicating that our drug combination had an over-
U) immunoreactivity in hippocampal fissure (hf), analyzed by confocal microscopy.

ium size blood vessel (bv: delineated with a dashed line). (B) and (C) Single channel

nosum-moleculare. Scale bar: 20 mm. (For interpretation of the references to color in

1



Fig. 7. Charting of the septotemporal position of DCX positive cells revealed by anatomical analysis using the immunoperoxidase method on PID 14. Blue dots symbolize the

well-established subgranular zone neurogenic niches. Green dots symbolize the resurgence of DCX-expressing cells and fibers in the infracallosal/caudal-SVZ and alveus

dispersed to the CA2-3 SO and SP. Red dots symbolize the appearance of neurogenic niches in the hf and the possible dispersion of newborn neuroblasts from these niches

toward CA fields. Photomicrograph insets show the most striking features of this phenomenon observed in the corresponding coronal sections. Observe the massive DCX-

expressing clusters in close proximity to the internal transversal arteries, indicated by asterisks. Dispersed DCX-expressing cells in the SLM/SR of the CA1 region (insets B–E)

and neurogliaform-like DCX-expressing cells (inserts G-I) are indicated by arrowheads. PID: post-insult day; DCX: double cortin; SGZ: subgranule zone; hf: hippocampal

fissure; CA: cornu ammonis; hf: hippocampal fissure; DG: dentate gyrus; SP: stratum pyramidale; SR: stratum radiatum. SL: stratum lucidum. SO: stratum oriens. GCL: granule

cell layer. MLint and MLext: internal and external molecular layer, respectively; SGZ: subgranular zone; cc: corpus callosum; ec: external capsule; MLint and MLext: internal and

external molecular layer respectively; SGZ: subgranular zone. Scale bars in insets: 100 mm. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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weighed parasympathomimetic peripheral action. It was evident
that the insufficient antagonism exerted by this ipratropium
bromide dose, in comparison to the potent agonistic actions of
pilocarpine, resulted in a transient global hypoxia/ischemia state,
as pilocarpine causes short-term hypotension and bradycardia
242
and long-lasting compensatory hypertension and tachycardia
effects (Takakura et al., 2011). It is also known that pilocarpine
application activates the hypothalamic supraoptic and paraven-
tricular magnocellular nuclei (Takakura et al., 2011) and that
vasopressin released from these nuclei has been shown to



Fig. 8. Delayed up-regulation of cell proliferation in the adult rat hippocampus after the application of pilocarpine-ipratropium bromide protocol evaluated on PID-14. Panel

(A): baseline mitotic activity of saline treated control rat identified by BrdU labeling and immunohistochemistry. Note that few BrdU+ nuclei could be seen in the CA1

pyramidal layer (pyr. l.) (inset Ab). Panel (B): mitotic activity of experimental group with BrdU injection during the early post-insult stage (PID 2–4, ‘‘PID 2–4 inj’’). Note that

numerous BrdU+ nuclei, dispersed from SGZ to the hilar region, were found (arrowheads). Panel (C): proliferative activity in SGZ and CA1 was significantly increased, as

identified with delayed BrdU injection during the post-insult days 5, 6, 7 (‘‘PID 5–7 inj’’). (D)–(F) Quantitative analysis (mean � SEM) of proliferative activity in the 3 groups

from the region CA1 pyramidal layer (pyr. l. in D), subgranular zone/granule cell layer (GCL in E) and lateral segment of hippocampal fissure (hf in F). Brdu: bromedeoxyuridine.

Different lettering in (D)–(F) denote statistically significant differences (p < 0.05; ANOVA with Bonferroni post hoc multiple comparisons). Scale bars (A)–(C) 500 mm and the rest

100 mm.
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constrict hippocampal blood vessels (Smock et al., 1987). Vascular
endothelial growth factor (VEGF) is part of a system which
restores oxygen supply to hypoperfussed tissues when blood
circulation is inadequate (Holmes et al., 2007) and has been
demonstrated to promote perivascular niche neurogenesis
(Palmer et al., 2000). Hence, the first important mechanism for
the activation of the hf neurogenic niches could be the systemic
factors, triggered by the aforementioned mechanisms, which
24
reached the fissure region through the internal transversal
arteries. This deduction is consistent with the data showing that
the nestin+/GFAP+ cells and processes were found in high-density
in apposition to blood vessels (Fig. 9, panels A and panels D) at the
early post-insult stage (PID 7), so was the BrdU labeling (Fig. 9,
panels E). Additionally, it was revealed that the DCX clusters in the
hf were in juxtaposition with the internal transversal arteries on
PID 14.
3



Fig. 9. Increased nestin immunoreactivity in hf region, in correlation with BrdU, GFAP and vGluT2 immunostaining on PID7. (A) Representative examples of double

immunofluorescence labeling of nestin and GFAP in septal hippocampus (corresponding to the DCX-IR of panel (C) of Fig. 7), showing neural stem cells/processes in the SGZ

and GCL (hollow arrows). In the hf, increased but heterogeneous expression of nestin was found in close relationship to blood vessels (asterisks) (A and Aa), while GFAP

immunostaining labeled enlarged and thicker astrocytic processes (Ab). Note that the nestin/GFAP double-positive cells/processes surround a medium size artery (A inset,

arrowheads). Ac shows the whole septal hippocampus, corresponding to the same coordinates as vGluT2 immunostaining. The region corresponding to panel (A) is

highlighted with a rectangle. Panels (B): coronal sections of hippocampus (around Bregma �4.56 mm, corresponding to the DCX-IR of panel (F) of Fig. 7) with nestin (Ba), BrdU

(Bb) and vGluT2 (Bc) immunostaining. Squared regions correspond to high magnifications of panel (C), double immunostaining of nestin/BrdU and panel (D), double

immunostaining nestin/GFAP. The arrow in (D) indicates an example of nestin/GFAP co-expressing neuroprogenitor cell located in the hf. Panel (E): coronal sections of

temporal hippocampus around Bregma �5.52 mm (corresponding to the DCX-IR of panel (H) of Fig. 7) with BrdU (Ea), nestin (Eb) and vGluT2 (Ec) immunostaining. Note that a

well-limited band with massive BrdU incorporation from the delayed group situated in and surrounding the temporal hf, correspond with high expression of nestin (Ed). Inset

‘‘i’’ illustrates the BrdU+ clusters in the SGZ in high magnification. Inset ‘‘j’’ illustrates 2 BrdU+ nuclei in CA1 SP. Note that due to the DNA denature procedure for BrdU

immunostaining, the immunofluorescence reaction had high background in the SP. Inset k: high magnification of hf BrdU labeling. PID: post-insult day; DCX: doublecortin;

GFAP: glial fibrilary acidi protein; VGluT2: vesicular glatamate transpoter isoform 2; BrdU: bromedeoxyuridine; SGZ: subgranular zone; hf: hippocampal fissure; hf:

hippocampal fissure; SP: stratum pyramidale. Scale Bars (A) 50 mm; (Aa), (Ab) (Ds) and (G): 100 mm; (B) and (C) and panel (E): 500 mm; SP: stratum pyramidale; hf:

hippocampal fissure; ML: molecular layer.
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We have here reported that as a result of using this pilocarpine
insult protocol, the increase of mitotic activity, both in the SGZ and
in the hf, as well as in the CA pyramidal layer was delayed. The
significant increases were observed in the ‘‘PID 5–7’’ group but not
in the ‘‘PID 2–4’’ group (Fig. 8). Adding this chronological data to
the interesting observation concerning the anatomical concur-
rence of increased BrdU labeling and enhanced nestin expression
together with the immunostaining of the vesicular glutamatergic
transporter isoform 2 (vGluT2) in a well-limited narrow band
along the hf (Fig. 9), we wish to suggest that the activation of the hf
neurogenic niches depends, at least in part, on a slowly
reorganizing homeostatic mechanism of the up-stream region(s),
rather than on hippocampal local factors. This suggestion is based
on the observation and reasoning that the glutamatergic pathway
revealed by vGluT2 intense labeling (Fig. 9, panels Ac, Bc, Ec),
overlapped almost perfectly with the hf neurogenic band (labeled
by high BrdU+/nestin+ expression, Fig. 9). It has been shown that
the mRNA for vGluT2 is absent inside hippocampus (Fremeau
et al., 2004; Ziegler et al., 2002) indicating the extra-hippocampal
origin of these vGluT2 containing fibers. Hypothalamus is a highly
probable site because of the fact that it is the main brain center for
homeostatic regulation and that the main isoform for vesicular
transporters of the glutamatergic neurons is vGluT2 (Ziegler et al.,
2002, 2005). Several hypothalamic nuclei have been shown to
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project to hippocampus. Hippocampal fissure region, the stratum

lacunosum moleculare (SLM) and the hippocampal CA2 subfield
receive rich excitatory innervations from the hypothalamus (Cui
et al., 2013; Haglund et al., 1984; Zhang and Hernandez, 2013).
Interestingly, in this report, those regions also had high presence
of DCX+ neuroblasts (Figs. 4–6) and NenN/BrdU co-expressing
cells were found in SR near this region at PID35 (Fig. 10). In a recent
study, the neurodevelopmental role for vGluT2 in pyramidal
neurons was unveiled using recombinant vGluT2 knockout mice
(He et al., 2012). Based on this analysis, an interesting possibility
becomes evident: the hf dormant neurogenic niche could be
regulated by hypothalamic glutamatergic input to the hippocam-
pus. In support of this hypothesis of extra-hippocampal gluta-
matergic transmission regulating hf dormant neurogenic niches,
Parent and cols. reported an appealing finding in 1997,which
showed that neurogenesis in the SGZ is significantly increased 6
days after a 6 h electrical stimulation to the perforant path, in
absence of prolonged motor seizure, widespread injury or
convulsant drug effects (Parent et al., 1997).

An additional, but not less important finding from this study,
is that in the time-course anatomical analysis of DCX expression
and location, we frequently observed ‘‘tube-like’’ structures
(Fig. 2 panels B and C; Fig. 3, panels B and C; Fig. 4, panel F; Fig. 7,
panel G), with several spiral-shaped DCX-expressing processes,



Fig. 10. Generation of new neurons in the CA fields. (A) Co-localization of nuclear neuronal marker (NeuN, red) with BrdU (green) in the stratum radiatum (SR) close to the

stratum lacunosum-moleculare (SLM) border of the CA1. (B) Low magnification photomicrograph of CA1 SP with numerous NeuN+/BrdU+ cells labeled. Inset Ba shows an

example of immunoperoxidase-DAB BrdU reaction in the SP; Bb–d shows a double-labeled neuron in higher magnification. (C) Co-localization (arrows) of NeuN+/BrdU+ in CA3

SP. BrdU: bromedeoxyuridine; NeuN: neuronal nuclear specific protein; SP: stratum pyramidale; SR: stratum radiatum; SLM: stratum locunosum moleculare; hf:

hippocampal fissure. Scale bars for (A)–(C): 100 mm; rest: 10 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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which seemingly served as migration-chains connecting the
neuroprogenitors generated in the SGZ to the fissure crossing
through the interior and exterior molecular layers. While this
finding does not contradict our main conclusion, it clearly
indicates the existence of attracting factors in the fissure region
and suggests that at least portions of these progenitor  clusters
found in the hippocampal fissure arose from the SGZ. These cells
could have either arrived as neuroblasts or as neural stem/
progenitor cells, which underwent further proliferation/differ-
entiation in peri-vascular niche-like regions rich in neurogenic
promoting factors, as discussed above, in addition to the ones
brought from the blood torrent as previously suggested (Palmer
et al., 2000). Interestingly, a ‘‘switching-effect’’ of the fibroblast
growth factor 2 (FGF-2) on neural progenitor proliferation/
differentiation has been demonstrated: a low concentration
determines neurite outgrowth direction and a high concentra-
tion promotes progenitor proliferation (Israsena et al., 2004;
Kelly et al., 2003). It seems that this hypothesis of FGF-2
‘‘concentration-dependent switching effect’’ could apply to the
phenomenon observed in this study.
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In  this  work  we  examined  the  correlation between long-term glial  resilience  and  slow  epileptogenesis
using  the  pilocarpine-insult  rat model.  We  assessed, quantitatively  and  morphometrically,  glial fibril-
lary  acidic  protein  (GFAP)  expression  and  cell  densities in hippocampus in a  dose–response  manner 2, 4
and  8  weeks  after  the  pilocarpine  insult.  GFAP  changes were  correlated  with  observations  on  microglial
activation.  We  used a commonly  applied  epileptogenic  pilocarpine  dose (380  mg/kg)  and  its fractions  of
1/10,  1/4  and 1/2. GFAP  expression  evaluated  at  2 weeks revealed  dose-dependent  cytoskeletal  hyper-
FAP
D11b
icroglia
orphometric analysis

trophy  and  loss  of GFAP+  cell  densities in hippocampus.  At  4-week timepoint,  recoveries  of the  above
mentioned  parameters  were  observed  in all groups,  except for  the  full  dose group in which  the  astrocytic
hypertrophy  reached  the  highest  level,  while its  density dropped to the  lowest  level. Strong and  local-
ized  microgliosis revealed  by  CD11b  immunoreactivity  was observed  in hilus  in the  full  dose group  at 2-
and  4-, persisting at  8-week timepoints. Through  changing  pattern  analysis,  we  conclude that  the  loss of
astroglial  resilience is likely  to be  a determining  factor for  spontaneous  recurrent  seizure  onset.
. Introduction

The excitotoxic insult triggered by pilocarpine induces short-
erm status epilepticus (SE) in rats, when the applied dose is about
80 ±  20 mg/kg [11,18,34]. This procedure leads to  delayed epilep-
ogenesis, characterized by spontaneous recurrent seizures (SRSs),
hich occur after a  relatively long “silent” period, characterized by

n apparently normalized EEG and behavior [3,27]. The ability of
ilocarpine to  induce SE seems to  depend on activation of the M1
uscarinic receptor subtype [9]. However, the factors contribut-

ng to  the development of SRSs after the silent lapse are not  well
nderstood.

Hippocampus is the brain structure most commonly involved
n temporal lobe and limbic epilepsy both in human and in  rodent

odels, which have been extensively studied [27]. Currently, there

s a controversy about the role of neuronal reorganization on
RSs generation. The “recurrent-excitation-hypothesis” proposes
hat after epileptogenic insults, the granule cell axons (mossy
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niversidad  Nacional Autónoma de México, Ciudad Universitaria, México D.F.
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fibers) reorganize and establish an abnormal recurrent excitatory
circuit that generates SRSs throughout positive feedback loops
between granule cells [32]. In contrast, the “recurrent-inhibition-
hypothesis”  proposes that the sprouted mossy fibers preferentially
synapse with inhibitory interneurons rather than with granule
cells [7]. Hence, neuronal reorganization may  be a  homeostatic
mechanism to control hyperexcitability produced by epileptogenic
insults. Recent observations using focally infused or  systemically
applied rapamycin, which suppresses mossy fiber sprouting but
not seizure frequency, in a  mouse model of temporal lobe epilepsy
[1] suggested that mossy fiber sprouting is  neither pro- nor anti-
convulsant. Therefore, the main mechanism(s) contributing to
delayed epileptogenesis remain(s) unclear.

There has been a  growing interest in the role of glial activation
and brain inflammation in  epileptogenesis [11,14,13,28,35]. It is
well known that neuroglia plays a pivotal role for brain metabolism,
extracellular ion homeostasis, intactness of blood–brain-barrier,
immune function, maintenance of extracellular space, exerting key
influences on neuronal functions [12]. Enlargement of  astrocytes
and increased expression of glial fibrillary acidic protein (GFAP)

are indicators of reactive astrogliosis. Reactive astrocytes over-
expressing GFAP may  exert a  protective function in the injured
nervous system by participating in diverse biological processes
[20,23]. Recent studies have shown that astrocytes and microglia

dx.doi.org/10.1016/j.neulet.2012.02.055
http://www.sciencedirect.com/science/journal/03043940
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re rapidly activated after pilocarpine insult [29] and that the acti-
ation of microglia drives to  astrocytic death [11] suggesting that
lial responses after SE may  contribute to epileptogenesis.

Given the controversy and evidences above mentioned, we
ypothesized that there is  a functional limit for neuronal network
ctivation “imposed” by  glial homeostatic regulation. Once this
imit is surpassed, the neuronal network hyperactivates itself, driv-
ng the system to  instability. In this case, glial dysregulation caused
y the progression of abnormal astrocytic morphology synergized
y the loss of astrocytic density makes the glial controlled homeo-
tasis weakened enough to reach the threshold for neural network
yperactivation. To examine this hypothesis, we  made medium and

ong-term quantitative morphometric assessments on individual
stroglial cytoskeletal hypertrophy and population density loss in
he rat hippocampus after pilocarpine insult, in a dose–response

anner. Through the analysis of differential responses to  dis-
inct pilocarpine doses and their temporal changing patterns, we
onclude that the massive astrocytic enlargement and dramatic
ncrease of GFAP expression in  individual astrocytes, together with
he lowest level of astrocytic density detected in  hippocampus, is
ikely linked to the SRSs installation.

. Materials and methods

Sixty-seven  male Wistar rats weighing 220 ± 20 g were used
n this study. All  animal procedures were approved by  the local
esearch and ethics committees (Comisiones de Investigación y
tica de la Facultad de Medicina, Universidad Nacional Autónoma
e México), with the approval IDs 063-2011, in accordance with
he principles exposed in the Handbook for the Use of Animals in
euroscience Research (Society for Neuroscience. Washington, DC
991).

A commonly used epileptogenic dose of pilocarpine (380 mg/kg)
nd its fractions of 1/10, 1/4 and 1/2 were used for this study.
he experimental subjects were distributed in  10 groups (n = 6),
amely, control, “38 mg/kg”, “95 mg/kg”, “190 mg/kg” groups at 2-
nd 4-week timepoints and “380 mg/kg” at 2-,  4-, and 8-week time-
oints (2 W,  4 W, 8 W).

At  the beginning of this study, we first injected i.p. atropine
ethylbromide (5 mg/kg, Sigma, St.  Louis, MO)  in order to  minimize

ilocarpine peripheral effects. Twenty minutes later, we injected
.p. pilocarpine hydrochloride (Sigma, St. Louis, MO)  dissolved in
.9% saline with the corresponding doses to each experimental
roup. The dose of 380 mg/kg was injected to 25 rats and 18 sur-
ived the insult, yielding a survival rate of 72%, and were subdivided
n 2-, 4- and 8-week groups (2 W,  4 W and 8 W respectively). The
eginning of status epilepticus (SE) was considered when the ani-
al  suffered a  class-4 motor seizure in Racine’s scale of limbic

eizures [24]. Diazepam (5 mg/kg) was administered 1 h after the
nduction of SE and then with 30 min  intervals (2.5 mg/kg) for
he following 2 h. It  is worth mentioning that with this treatment
cheme, the interval between SE and the onset of spontaneous
ecurrent seizures (SRSs) is around 4 weeks (unpublished data)
hich is comparable with data from literature [4,15,17], although
e did not properly monitor this parameter in  this study. Taking

nto account these data and the extensive studies published in the
iterature regarding astrogliosis and microgliosis during the first
ew days after the pilocarpine insult, we considered that the best
valuation time-points for this study were 2 W,  4 W  and 8 W.

For  tissue processing, rats were deeply anesthetized with an
verdose of pentobarbital and transcardially perfused at the cor-

esponding time-points with 0.9% saline followed by  cold fixative
ontaining 4% of paraformaldehyde in 0.1 M sodium phosphate
uffer (PB, pH 7.4) and 15% (v/v) of saturated picric acid for
5 min. Brains were removed, blocked, then thoroughly rinsed
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with  PB. Coronal sections of 70 �m of dorsal hippocampi were
obtained, using Leica vibratome VT 1000 (Heidelberg, Germany).
For immunostaining, sets of one out of every six sections from
Bregma −3.2 to −3.8 mm were incubated with Tris buffer (pH
7.4 at 20 ◦C)  plus 0.9% of NaCl (TBS) and 0.3% Triton X-100
(Sigma, T-7878) and 20% normal horse serum (Vector Labo-
ratories, Burlingame, CA) in PB for 1 h at room temperature.
Afterwards, conventional immunoreactions were carried out using
the following primary antibodies: mouse anti-GFAP (Chemi-
con MAB360, Temecula, CA, 1:2000), mouse anti-CD11b (OX-42)
(Serotec MCA275G, Oxford, UK, 1:2000) and secondary antibod-
ies Alexa 488 donkey-anti-mouse IgG (InVitrogen, Carlsbad, CA,
1:1000) and biotinylated goat-anti-mouse IgG (Vector Laborato-
ries, Burlingame CA, 1:1000). For this latter one, sections were
then incubated in  avidin–biotin–peroxidase complex (Elite ABC kit,
Vector Laboratories) for 1 h at room temperature. Peroxidase was
detected using DAB (0.05%) as chromogen and hydrogen peroxide
(H2O2, 0.01%, v/v) as substrate.

For  morphometric assessments, 2 matching sections from the
hippocampi of each of the 6 rats per group were analyzed using a
Nikon Eclipse 50i light microscope and a  drawing tube. Astrocyte
density and morphological changes in stratum radiatum (str. rad.)
from CA1 and CA3 and hilus of the dentate gyrus (DG) were exam-
ined. For density assessment, astrocyte somata were drawn at 10×,
digitalized and analyzed by counting the number of  cell bodies per
unit of area using ImageJ (National Institutes of Health, USA). To
assess the 3D cytoplasmic GFAP arrangement, 4  astrocytes were
randomly chosen in  str. rad. (CA1 and CA3) and hilus. Drawings
were elaborated at 100× and 10× for the drawing tube, varying the
focal planes. A total of 720 cells, i.e. 24 cells per hippocampal sub-
field per group were reconstructed and analyzed. This criterion was
set considering that astrocytes are a  relatively homogeneous popu-
lation at the anatomical level we are studying [2,16,33]. To compare
the relative size of the astrocyte cytoskeletal hypertrophy, filament
thickness was  quantified using digitalized drawings. Summation
of the intersection lengths within the concentric spheres of Sholl
[31] were analyzed as previously described [36]. Briefly, the stereo-
logical graticule consists of seven concentric circles representing
5 �m of actual distance between each circle (under the above opti-
cal settings). The astrocyte somata, identified as having the nuclear
hollow, were placed on the center of the graticule. Thickness of
each intersection was  measured with ImageJ and the sum of the
total length of intersections per each astrocyte was analyzed.

Quantitative results were expressed as mean ±  standard error
of mean (SEM); groups were tested for differences by  performing
a two-way ANOVA (factors: time-points vs doses of pilocarpine)
followed by Bonferroni tests, using Graph Pad Prism (La Jolla,
CA). Differences were considered statistically significant at a  value
P < 0.05 (*P <  0.05, **P <  0.01, ***P < 0.001).

3.  Results

Alterations produced by the systemic administration of pilo-
carpine were dose-dependent. In the groups of  pilocarpine dose of
38 mg/kg, 95 mg/kg and 190 mg/kg, animals exhibited mild signs
of cholinergic stimulation. At  pilocarpine dose of 380 mg/kg, rats
developed motor limbic seizures approximately 15–20 min after
the injection, which built up  progressively into a SE.

Using GFAP labeling and Sholl-ring analysis on intersection
lengths as an operational parameter for astrocytic cytoskeleton
hypertrophy, we observed dose-dependent dynamics of morpho-

logical changes in CA1, CA3 and DG. Systemic administration of
pilocarpine induced short-term GFAP cytoskeletal hypertrophy
with doses of 95 mg/kg and higher evaluated at 2  W  (Fig. 1G–I, red
bars). However, this phenomenon was  reverted when evaluated
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Fig. 1. Morphometric analysis of GFAP expression in the astrocytic populations. Morphometric analysis of GFAP expression in the astrocytic populations within stratum
radiatum (str. rad.) of CA1 and CA3 and hilus of the dentate gyrus. A, B, C,  are photomicrographs of GFAP immunoreaction in the hilus of control (Ctrl), 380 mg/kg group at
4-week timepoint (4 W) and at 8-week timepoint (8 W),  respectively. D, E  and F  are examples of the 2D projections of 3D hilar astrocyte cytoskeletal reconstructions using a
d s resp
w  in the
s the te

a
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t
t
t
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rawing  tube corresponding to Ctrl (D), 2  W  (E) and 4  W  (F) of the 380 mg/kg group
hich we used as an operational parameter for astrocytic cytoskeletal hypertrophy

hown as mean ± SEM. ***P < 0.001. (For interpretation of the references to  color in 

t 4 W in  the groups which did not develop SRSs (Fig. 1G–I, blue
ars of 38 mg/kg, 95 mg/kg and 190 mg/kg groups). In contrast, in
he 380 mg/kg group this phenomenon, evaluated at 4 W,  was  fur-
her exacerbated and still showing significant difference compared
o control at 8 W (Fig. 1G–I, blue and black bars). Abundant astro-
ytes with cellular and nuclear edema (for morphology reference
ee [13]) were observed in  the full dose groups at 2 W  and 4 W
Fig. 1E and F).

GFAP+  cell density in hilus suffered a  medium-term loss, start-
ng at 95 mg/kg group, observed at 2 W (Fig. 2G, red bars). However,

ecoveries were observed at 4 W  in  the 95 mg/kg and 190 mg/kg
roups, which did not develop SRSs before 4 W (Fig. 2G, blue
ars of 95 mg/kg). In the 190 mg/kg group complete recovery was
ot observed at 4 W (P  <  0.001 vs.  control). However, a  significant

250
ectively. G, H  and I show the Sholl-ring analysis on  summed intersection lengths,
 hilus of the dentate gyrus (DG, G), str. rad. of CA1 (H) and CA3 (I). n =  24. Values are
xt, the reader is referred to  the web version of the article.)

difference  respect to the 2 W timepoint of this same group was
observed (P <  0.001). Recovery was not  observed in  the 380 mg/kg
group, which should have developed SRSs around 4 W (Fig. 2G,
380 mg/kg group, red and blue bars) neither at 8  W  (Fig. 2G,  black
bars).

In order to compare microglial activation with astrocytic mor-
phometric and density changes in  this dose-temporality study of
the pilocarpine model, we performed an immunoreaction against
CD11b (OX42), a  marker for microglia [26], at the same timepoints
studied for astroglial hypertrophy and density changes. Many of the

CD11b labeled cells of 380 mg/kg groups in hilus at 2 W, 4  W and
8 W were pleomorphic, with thickened processes and increased
branching points, indicative of activated microglial cells. The acti-
vated microglial cells were intensely immunolabeled and displayed
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ig. 2. Density analysis of hilar astrocytes. (A–F) Sample photomicrographs of hilar G
roup  (B, C)  and long  term loss in the 380 mg/kg group (D, E, F). (G) Histogram show
n  the text, the reader is  referred to the web  version of the article.)

ushy/ramified branching patterns (Fig. 3F,  L and M, for instance),
eing the most notorious at 2 W (Fig. 3J). This population of acti-
ated microglial cells was not  observed in the control rats (Fig. 3A
nd E). Fig. 3 shows clearly that the microglial activation is mainly
ocated in the hippocampus, thalamus and amydgalo/entorhinal
ortex in the group with 380 mg/kg dose (Fig. 3J and K). This acti-
ation had its peak at 2 W (Fig. 3J and F). It  was followed by a slow
ecovery observed at 8 W,  though partial microglial activation could
till be detected (Fig. 3N and M).

. Discussion

Recent studies have shown that astrocytes and microglia
re rapidly activated after pilocarpine insult [29]. However,
here is  a lack of information on this phenomenon assessed at

edium- and long-terms, and the effects of minor doses of this
hemoconvulsant on glial populations. The present study pro-
ides the first dose–time-course quantitative evidences of medium
nd long-term astrocyte and microglia morphometric and den-
ity changes on the pilocarpine model and its possible relation
ith the onset of SRSs. We found that with the epileptogenic

ose, hippocampus had long-term significant GFAP intermediate
lament network alterations and astrocyte density loss. The peak
alue of  astrocyte cytoskeletal hypertrophy and the trough value
f astrocyte density coincided with the time-point (4 W) at which

251
mmunoreactions, showing the reversible loss of astrocytic density in the 190 mg/kg
trocytic densities in hilus. ***P < 0.001. (For interpretation of the references to color

installation  of SRSs for this pilocarpine/atropin methylbromide
treatment was observed. In contrast, groups treated with fractions
of the epileptogenic dose (190 mg/kg and 95 mg/kg) suffered ini-
tial astrocytic alterations and cell loss at 2 W, but they were able
to restore the measured parameters towards control levels at the
4 W.

It  has been shown that chronic microglial reactivity can produce
astrocytic dysfunction, including astrocytic cell death, retraction
of astrocytic foot processes, loss of aquaporin-4 and connexins
[5,13,30], which are crucial for regulation of neuronal oscillations
[21,25]. In the 380 mg/kg group, microglial activation peak was
observed at 2 W  and 4 W and was followed by  a  slow recovery at
8 W.  This is  consistent with the astrocyte density loss observed in
the 380 mg/kg group at all time-points.

Aberrant GFAP intermediate filament networks and loss of
astrocyte density modify the glial regulatory capacity for brain
hydroelectrolytic and excitatory amino acid metabolism and
the extracellular space [10]. It seemed that under the observed
parameters, the limit of glial metabolic regulation capacity was
surpassed serving as the triggering factor for the delayed SRSs
generation. In an early electron microscopy study, Norenberg and

Chu examined rat cerebral cortex in the preictal state following
the intraperitoneal injection of aminophylline and observed mor-
phological changes only in  astrocytes. These changes consisted
chiefly in nuclear and cytoplasmic hydropic alterations, nuclear
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O) Quantification of activated microglial cells intensely labelled with CD11b which
hromatin clumping, and a slight increase in cytoplasmic glyco-
en [22], supporting the observation from this study of massive
strocyte swelling before the expected occurrence of SRSs (Fig. 1E
nd J). Moreover, Guo et al. [8] measured the regional normalized
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sed photomicrographs showing the patterns of microglial activation in different
. Timepoints of 2-, 4-, and 8-week were denoted as 2 W,  4 W and 8 W respectively.
ay bushy/ramified branching patterns in the hilus. *P < 0.01, **P < 0.01, ***P < 0.001.
cerebral  metabolic rate for glucose with (18) F-fluorodeoxyglucose
using small positron emission tomography (PET) in  animals
receiving systemic pilocarpine administration in day 2  (early),
day 7 (latent) and day 42 (chronic phase) after the initial SE,
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nding specific spatiotemporal changes in glucose utilization in
ats during the course of epileptogenesis. Interestingly, they found
hat in the early phase, limbic structures underwent the largest
ecrease in glucose utilization. Most brain structures were still
ypometabolic in  the latent phase and recovered in  the chronic
hase. However, the hippocampus and thalamus presented
ersistent hypometabolism during epileptogenesis. Although
here is only fragmentary knowledge concerning the relationship
etween specific cell type activation and the cerebral metabolic
ate seen through PET and functional imaging data is  commonly
nterpreted in terms of the underlying neuronal activity, glial cells
astly outnumber neurons. Besides, a  number of recent studies
mply that astrocytes are likely to play a key role in regulating
erebral blood delivery. Therefore, by  mediating neurometabolic
nd neurovascular processes throughout the CNS, astrocytes could
rovide a common physiological basis for neuroimaging signals
6]. Hence, the results from Guo and cols. [8] support our data,
howing a  marked loss of astroglia in the dentate gyrus of the
roup treated with the epileptogenic dose of pilocarpine.

Brain blood flow and oxygen metabolism provide the basis for
ormal brain function. Some recent studies associate CNS inflam-
ation with breakdown of the blood brain barrier (BBB), inducing

eizures and contributing to its progression [19]. Our data regard-
ng astrocyte density loss and aberrant morphology are coherent

ith a possible BBB breakdown, which could be contributing to  the
nstallation of the SRSs.

Concluding,  in  this study we  have provided evidence show-
ng that a  long-term gradual loss of glial resilience is  present in
he group treated with the epileptogenenic dose of pilocarpine.
he temporal and spatial coexistence of astrocyte pathology, i.e.
assive astrocytic enlargement and a  dramatic increase in GFAP

xpression of individual astrocytes and the lowest astrocytic den-
ity detected in  hippocampus occurring around the time of SRSs
nstallation raises the possibility of a  causal relationship between
hese two phenomena.
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a b s t r a c t

2-Deoxy-d-glucose (2-DG) administration causes transient depletion of glucose derivates and ATP. Hence,
it can be used in a model system to study the effects of a mild glycoprivic brain insult mimicking transient
hypoglycemia, which often occurs when insulin or oral hypoglycemic agents are administered for diabetes
control. In the present study, the effect of a single 2-DG application (500 mg/kg, a clinically applicable
dose) on glial reactivity and neurogenesis in adult rat hippocampus was examined, as well as a possi-
ble temporal correlation between these two phenomena. Post-insult (PI) glial reactivity time course was
assessed by immunoreaction against glial-fibrillary acidic protein (GFAP) during the following 5 consec-
utive days. A clear increase of GFAP immunoreactivity in hilus was observed from 48 to 96 h PI. Moreover,
enhanced labeling of long radial processes in the granule cell layer adjacent to hilus was evidenced. On
the other hand, a transient increase of progenitor cell proliferation was detected in the subgranular zone,
prominently at 48 h PI, coinciding with the temporal peak of glial activation. This increase resulted in
an augment of neuroblasts double labeled with 5-bromo-deoxyuridine (BrdU) and with double cortin
(DCX) at day 7 PI. Around half of these cells survived 28 days showing matured neuronal phenotype

double labeled by BrdU and a neuronal specific nuclear protein marker (NeuN). These findings suggest
that a transient neuroglycoprivic state exerts a short-term effect on glial activation that possibly triggers
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a long-term effect on neu

ransient hypoglycemia occurs frequently when insulin or oral
ypoglycemic agents are administered for diabetes control;
epending on the severity of this metabolic disorder, tempo-
al and long lasting autonomic, neuro-endocrine and behavioral
esponses could be induced [22]. Glucose is the most important
ource of energy for brain metabolism. Reduction of cellular glu-
ose utilization (glucoprivation) increases aspartate and glutamate
evels during and after the glycopenic insult inducing a sustained
ctivation of glutamate receptors that results in an excitotoxic neu-
opathology in which certain neurons are selectively killed [1,2].
ypoglycemia-induced neuronal death occurs predominantly in

he hippocampal formation, superficial layers of the cortex, and
triatum [2], probably contributing to neurological sequelae such

s cognitive decline. Clinical studies have reported that signifi-
ant learning and memory deficits correlate with the frequency of
ypoglycemia not only in patients with type 1 diabetes but also

n the younger group among the population with type 2 diabetes
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esis in hippocampus.
© 2009 Elsevier Ireland Ltd. All rights reserved.

[6]. Despite the high incidence of this common complication for
diabetes control, the specific pathophysiological changes derived
from glucoprivic brain insult and the mechanisms that contribute
to brain repair are still not well defined.

Glial cells have been demonstrated as participating in a vast
number of brain transactions, both normal and pathological.
They exert a particular prominent role in the repairing processes
responding to all forms of central nervous system insults [19].
The astroglial cells become reactive (astrogliosis) after a particular
insult by increasing the synthesis of glial-fibrillary acidic protein
(GFAP), the main cytoskeletal protein for astrocytes, resulting in
hypertrophied somata, thickened and prolonged processes under
GFAP immunohistochemical assessment [19,25,26]. There exists
substantial information concerning molecules able to induce reac-
tive astrocytosis or about changes in molecular expression during
glial activation. Nevertheless, the time course of this process after

injury and the specific functions exerted by it are not well defined.

On the other hand, adult neurogenesis has been implicated in
processes that lead to neural regeneration following central ner-
vous system disease and injuries. In a rat model of hypoglycemia
induced by insulin, Suh et al. [20] reported a transient increase in

http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
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Fig. 1. General experimental design. The time line correlates the experiments per-
formed post-glucoprivation induction (GI). Each interval of time (T) represents a
period of 24 h. Glucoprivation was induced by an injection of 2-deoxy-d-glucose at
time 0, indicated by an open arrow (saline 0.9% for control group). Semi-filled sym-
bols indicate time points where data from control subjects were obtained. Green
color indicates the characterization of time course of reactive astrogliosis reflected in
GFAP immunoreactivity; orange color indicates the characterization of time course of
altered progenitor cell proliferation by GI in SGZ. Blue and purple colors indicate the
evaluations of neurogenesis rates reflected in double labeled neuroblast (BrdU/DCX)
and matured neuron (BrdU/NeuN) counting, respectively. Triangles indicate perfu-
sion time points and rectangles denote BrdU exposure time (12 h). A total of 92
10 F.S. Estrada et al. / Neurosci

rogenitor cell proliferation in the dentate gyrus (DG) subsequent
o an extensive neuronal loss, suggesting a remarkable role for ame-
iorating brain injury by boosting endogenous neural regeneration.

The present experiments aimed to determine several aspects of
hort- and long-term consequences of a single glucoprivic insult.
he first goal was to determine the time courses and the interre-
ationship of reactive astrogliosis and cell proliferation in the DG
f hippocampus subsequent to a mild neuroglucoprivic insult. The
econd goal was to investigate whether the altered cell prolifera-
ion has an impact on neuroblast and mature neuron generation.
o establish a neuroglucoprivic model system that could induce
pecifically a glycopenic brain insult restricting both the adrenal
edullary release of epinephrine and the cortical release of gluco-

orticoids as physiological responses to systemic hypoglycemia, we
sed the antimetabolic glucose analog 2-deoxy-d-glucose (2-DG).
-DG has the 2-hydroxyl group replaced by hydrogen. Hence, it can-
ot undergo further glycolysis. Briefly, 2-DG is taken up into the
ell through the glucose transporters [16] and it is phosphorylated
y glucose hexokinase to produce 2-deoxy-d-glucose-6-phosphate.
he fact that this molecule cannot be metabolized via the glycolytic
athway causes its gradual accumulation within the cell, followed
y the inhibition of glucose-6-phosphate isomerase and the sub-
equent blockade of the conversion from glucose-6-phosphate to
ructose-6-phosphate, a crucial step in this metabolic pathway
11]. This intrinsic property of 2-DG has been applied in clin-
cal pharmacology for the treatment of two common diseases,
ancer and epilepsy, in which elevated metabolic demands are
equired by the pathophysiological states. Moreover, 2-DG crosses
he blood–brain barrier so it can be used experimentally to induce
euroglucoprivation.

Ninety-two young Wistar male rats of 300 ± 10 g were used
n this study. All animal procedures were approved by the local
ioethical and Biosecurity committees. Animals were housed on an
rtificial light/dark cycle (light on at 18:00 and light off at 6:00) with
emperatures between 20 and 24 ◦C, adequate ventilation, food and
ater ad libitum unless specified differently. Fig. 1 depicts the gen-

ral experimental design of the three experiments.
For glucoprivation induction (GI), experimental subjects were

njected (i.p.) a single dose (500 mg/kg) of 2-deoxy-d-glucose (2-
G, Sigma–Aldrich) dissolved in 0.9% saline; control groups were

njected with saline. Injection was performed at 10:00, denoted as
ime 0 (Fig. 1, indicated by an arrow), with 4 h of food restriction
efore and after the injection.

To characterize the time course of reactive astrogliosis, rats
ere sacrificed at the following time points post-GI: T (T denotes
period of 24 h), 2T, 3T, 4T and 5T, n = 6 for each group (Fig. 1,

reen group) through transcardial perfusion with 0.9% saline and
% paraformaldehyde in PB 0.1 M fixative posterior to sodium
enthobarbital anesthesia. Coronal sections (50 �m) of dorsal hip-
ocampus were obtained. For immunostaining, sets of one out
very six sections from Bregma −3.2 to −3.8 mm were processed.
ouse anti-GFAP (1:1000, Chemicon) and chicken anti-mouse

lexa fluor 594 (1:1000, Molecular Probes) were used as pri-
ary and secondary antibodies, respectively through conventional

mmunohistochemical procedures. Hilus of DG was photographed
nd optical density was determined for each group using Fovea Pro
.0 (Reindeer Graphics).

To characterize the time course of cell proliferation due to the
I in the subgranular zone (SGZ), 5-bromo-2-deoxyuridine (BrdU,
igma, 50 mg/kg/12 h divided in three injections) was prepared,
njected and immunoreacted as described elsewhere [27]. In order

o get a relatively precise rate of proliferation near the time point,
rdU injections covered only the immediate 12 h before the perfu-
ions at T, 2T, 3T, 4T, 5T, 7T and 14T time points (Fig. 1, orange group).
ections were selected with the same criteria of experiment 1. Rat
nti-BrdU (1:1000, Accurate Scientific) and goat anti-rat IgG (Alexa

256
Wistar male rats were used, the number of animals per group included in each time
point is indicated below the point of perfusion. SGZ: subgranular zone; GFAP: glial-
fibrillary acidic protein; BrdU: 5-bromo-deoxyuridine (BrdU); DCX: double cortin;
NeuN: neuronal specific nuclear protein.

Fluor 488, 1:1000, Invitrogen) were used as primary and secondary
antibodies, respectively. Immunolabeled nuclei across the section
in the SGZ-hilus were counted.

To assess the post-GI neurogenesis rate in the time point where
highest cell proliferation was observed, rats from experimental and
control conditions (n = 4) were injected with BrdU 12 h previous to
2T. Half of each group was perfused at 7T for BrdU labeled neurob-
last detection, using double cortin (DCX) immunolabeling (Fig. 1,
blue group), and the other half was perfused at 28T for BrdU labeled
matured neuron detection, using neuronal specific nuclear protein
(NeuN) labeling (Fig. 1, purple group). Perfusion, cutting and sec-
tion selection were done as described above. Following primary
antibodies were used for the corresponding immunoreactions:
rat anti-BrdU (1:1000, Accurate Scientific), goat anti-DCX (1:1000,
Santa Cruz Biotechnology) and mouse anti-NeuN (1:1000, Chemi-
con); secondary antibodies: Alexa 488 donkey anti-rat IgG, Alexa
594 rabbit anti-goat IgG and donkey anti-mouse IgG (Molecular
Probes). Blind cell counting was performed by two experimentalists
directly under fluorescent microscope in the SGZ adjacent to hilus
(this region was chosen to set a consistent criterion for all sections).
By quickly changing the filters for Alexa 488 and Alexa 594, one can
unambiguously identify the double-labeled cell, either BrdU/DCX
or BrdU/NeuN.

To evaluate the morphological aspects of the radial glial cell-like
processes, we used a modified version of Sholl rings [26]. Briefly,
the stereological graticule consists of concentric circles with 10 �m
of distance between each. The cellular somata with their visible
branches were placed on the center of the graticule and the number
of intersections (NoI) of radial glial cell-like processes projections
within the graticule was counted.
Quantitative results were expressed as mean ± standard error
of mean (SEM). Groups were tested for differences by performing
one-way ANOVA followed, when appropriate, by the Dunnett’s post
hoc test using Prism (GraphPad Software Inc., La Jolla, CA, USA). Dif-
ferences were considered statistically significant at a value P < 0.05.



F.S. Estrada et al. / Neuroscience Letters 459 (2009) 109–114 111

Fig. 2. Representative photomicrographs of GFAP immunohistochemistry in the DG from control (A) and experimental (B) subjects perfused 48 h post-glucoprivation induction
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brain glucose metabolism in a transient fashion, without producing
behavioral effects, coma or convulsions [3]. The brain, in contrast
to other tissues, is particularly vulnerable to hypoglycemia due to
its critical dependence on glucose for adequate performance. It has
PGI) are shown. Insert (D) shows the hilar region adjacent to the merge region of
FAP-IR processes extending into the GCL are indicated by arrowheads. (C) Histogr

he hippocampus PGI. T = 24 h. (E) Quantification of the number of intersections of
**P < 0.001.

Reactive astrogliosis after a single glucoprivic induction peaked
t 48 h post-insult (PI) and remained significantly different to con-
rol for 3 days: 1 day after the 2-DG administration, astroglial cells
ppeared normal under general observation; measurements per-
ormed at hilus of hippocampus revealed no difference compared
ith control. However, optical density at 2T showed a sheer aug-
ent of GFAP-IR of almost twofolds, it remained elevated in the fol-

owing 2 days and decreased to the control level at 5T (Fig. 2C, opti-
al density at Ctrl = 7.50 ± 0.28; T = 7.24 ± 0.40; 2T = 12.78 ± 0.71;
T = 10.89 ± 0.59; 4T = 10.07 ± 0.69; 5T 7.34 ± 0.57). During morpho-

ogical analysis at 2T, an increase of length (larger number of
ntersections) of radial glial cell-like processes was observed. These
rocesses arise from GFAP-IR somata located on the border between
ilus and granule cell layer (GCL) and extend into GCL more distally
han control (Fig. 2E).

A single glucoprivic insult induced by 2-DG altered SGZ progen-
tor cell proliferation in a time dependent manner with its peak
alue observed at 48 h PI: immunolabeling revealed an elevation
f BrdU+ nuclei at 2T (26.7 ± 3.5), 3T (19.2 ± 0.8) and 4T (21.9 ± 1.9)
ith the highest value at 2T PI, coinciding with the peak of GFAP-IR.

rom 5T to 14T, no significant difference of BrdU+ counts between
xperimental and control (15.5 ± 1.7) was observed (Fig. 3).

Long-term modification on neurogenesis rate was revealed by
igher counts of newly formed cells becoming neuroblasts at
T and matured neurons at 28T in 2-DG rats: the number of
rdU+/DCX+ cells was significantly higher in the 2-DG-injected
roup (13.63 ± 1.4) than in the control (5.5 ± 1.1; Fig. 4). These
ells were commonly observed in clusters along the SGZ. To study
hether this increased rate of neuroblast formation reaches its
nal differentiation and become mature neurons, perfusion of

nimals at 28T PI and immunostained sections with BrdU and
euN was performed (Fig. 1, purple group). A twofold increase

n the number of BrdU+/NeuN+ nuclei was observed in the 2-DG
roup, compared to the control (5.0 ± 0.5 vs 2.5 ± 0.2, respectively;
ig. 4).

257
l and ventral granule cell layers (GCL) with higher magnification. Some radial-like
owing time course of astrocytic reactivity measured by optical density analysis in
glial cell-like cytoskeletal processes with the modified Sholl rings at 2T. **P < 0.01,

Hypoglycemia is a major risk factor of insulin and oral hypo-
glycemic agent therapy for diabetes. Clinical studies revealed that
diabetes patients have a greater rate of decline in cognitive func-
tion [5]. The mechanisms behind this dysfunction are not well
known.

In the present work, experimental rats were treated with the
synthetic non-metabolizable glucose analog 2-DG, a molecule used
extensively as an inhibitor of glycolysis from bacteria to humans.
Experimental rats received a single dose of 500 mg/kg of 2-DG. This
single pharmacological dose used in our study specifically blocks
Fig. 3. Histogram showing time course of cell proliferation in the DG post-
glucoprivation induction. The temporal effect of a single dose of 2-DG (500 mg/kg)
on the number of BrdU nuclei was observed during the first 5 days. Note that the
peak in BrdU nuclei temporally coincides with the peak in GFAP expression in the
hilus at 2T (Fig. 2). T = 24 h. **P < 0.01, ***P < 0.001. Counts were obtained from the
total numbers of BrdU+ nuclei per section’s hilar subgranular zone.
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Fig. 4. Effect of transient glucoprivation on neurogenesis in hilar granule cell layer. (A) Histogram showing the number of BrdU+ nuclei and the number of cells BrdU+/DCX+
in control (Ctrl) and experimental (Exp) subjects. (B) Histogram showing the number of BrdU+ nuclei and the number of cells BrdU+/NeuN+ in control (Ctrl) and experimental
(Exp) subjects. To analyze the nature of the newly formed neurons induced by 2-DG, BrdU was injected 2 days after the 2-DG dose, taking into account the temporal peak of cell
p immu
( y for B
o

b
i
i
r
d
g
p
i

roliferation showed in Fig. 3. (C and D) Representative photomicrographs of double
right) groups. (E) Representative photomicrograph of double immunohistochemistr
f double-labeled cells (A) and nuclei (B) per section’s hilar subgranular zone.

een shown that neuronal damage and cell death may occur when
nsulin or other hypoglycemic drugs are administered [4,28]. Stud-
es in human cases and animal models of hypoglycemic brain injury

evealed that the dentate gyrus of the hippocampus is preferentially
amaged, whereas glial cells are generally spared [1]. Evidence sug-
ests that neuronal death stimulated by hypoglycemia involves a
rocess of excitotoxicity. Hypoglycemia induces neuronal depolar-

zation and therefore raises extracellular glutamate and aspartate

258
nohistochemistry for BrdU/DCX (arrowheads) from control (left) and experimental
rdU/NeuN. (F) Insert of E. ***P < 0.001. Counts were obtained from the total number

concentrations, leading to sustained activation of glutamatergic
receptors. Consequently, there is an increase of Ca2+ influx that
generates mitochondrial calcium deregulation and excessive pro-

duction of free radicals, inducing mitochondrial dysfunction and
DNA damage, finally conducting to cell death [9,15]. The increase in
cell proliferation after 2-DG injection observed in the present study
is in accordance with other reports, showing that diverse brain
injuries stimulate cell proliferation in the SVZ of the DG [12,23],
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robably contributing to the replacement and repair of damaged
issue.

Astrocytes are involved in normal brain functioning through
ntense interactions with neurons. Astroglial cells also play a piv-
tal role in brain homeostasis regulation and repairing process
fter brain injury. The assessment of reactive astrogliosis in the
eurogenic regions is of great importance for understanding the
echanisms underlying the integrative response to brain injury.

he observed glial reactivity early after 2-DG treatment sug-
ests a change in astrocyte-neuron dynamics, which may include
odifications on blood–brain barrier, extrasynaptic space diffu-

ion, neurotrophic factors secretion, neurotransmitter removal [21].
lthough the consequences of astrocytic reactivity are a contro-
ersial issue [7], there is strong evidence suggesting that altered
euron–glia interactions may be beneficial [8]. Astrocytes have
een implicated in reducing neuronal vulnerability to excitotox-

city, since they exert a key role for glutamate uptake within
he CNS [18]. Furthermore, due to their high-energy demands
nd restricted energy stores, neurons are acutely and critically
ependent on a stretched regulation of energy metabolism and
upply. This metabolic energy regulation is mainly sustained in
he brain by astrocytes, as they directly participate in matching
lucose supply to neuronal demands [24]. There exists evidence
uggesting a core glucose-sensing role in the CNS to the glucose
ransporter type 2, which is expressed in glial cells, implicating
strocytes as hypoglycemic sensors [13]. Experimental evidence
uggests that glucose could be first metabolized by astrocytes,
enerating extracellular lactate, which is shuttled to the neu-
ons as a substrate for neuronal pyruvate synthesis [17]. Other
olecules, like fatty acids and ketone bodies, may also be used

s energy sources in the brain under certain circumstances. Astro-
ytes are the only identified cell type to perform �-oxidation
f fatty acids in the brain and they also use fatty acids as pre-
ursors for synthesis of ketone bodies that are exchanged with
eurons [10].

We have observed a phase-matching relationship between the
ime courses of both astrogliosis in the hilus of DG, where resides
he SGZ – the germinal layer for adult hippocampal neurogene-
is – and the cell proliferation rate variation of the same layer
ost-insult. This observation suggests an intrinsic interrelationship
etween the two phenomena. Besides, cytoskeletal hypertrophy of
adial-glia-like astrocytes towards the deep level of granule cell
ayer (GCL) was clearly observed. The phenotype, biological prop-
rties and the fate of the glial-fibrillary acidic protein-expressing
ells in the SGZ are currently of great interest, regarding both nor-
al function and the capacity for ameliorating brain injury. Do all

f these GFAP-expressing astrocytes in the SGZ have multipotent
eurogenic potential? To answer this question satisfactorily, more
etailed knowledge is needed. However, several feasible expla-
ations can be given for this phase-matching condition above
entioned. For instance, it is well documented that astrocytes par-

icipate importantly in the creation of the microenvironment—or
niche” that stimulates neurogenesis [29]. In the 2-DG rat SGZ,
here were consistent increases of both GFAP immunoreactivity and
rdU+/DCX+ cell counting in the niche-like region where the dor-
al and ventral GCL merged (Figs. 2 and 4 photomicrographs). This
henomenon suggests that astrogliosis in this region has an active
ole in neurogenesis. On the other hand, Muller et al. [14] showed
hat ciliary neurotrophic factor (CNTF) is necessary for regulating
he extent of newly formed neurons in the adult SGZ. In unle-
ioned brain, CNTF is expressed by astrocytes at low concentrations,

hereas its expression increases after a lesion. Thus, the injury-

nduced neurogenesis can be promoted by a transient increase in
NTF levels by astrocytes. Our finding of similar temporalities of
oth GFAP immunoreactivity and DG cell proliferation supports this
ypothesis.
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Abstract: The lateral habenula (LHb) is an important epithalamic structure within the
dorsal diencephalic conduction system, which controls the exchange of
information between forebrain and midbrain structures. Its involvement is
implicated in a variety of biological functions, including a strikingly powerful
role in the regulation of midbrain monoamine release. Glutamatergic
projections from the lateral hypothalamus targeting VTA­projecting neurons
in the lateral habenula have recently been reported (Poller WC et al, 2013).
We have also recently reported (Hernandez and Zhang, SfN, 2013) that
vasopressin (VP) containing fibers from the hypothalamic paraventricular
nucleus, specifically the medial magnocellular division (PVNmmd), strongly
project to the medial division of the LHb. However, little is known about the
vasopressin (VP) signaling pathway or the electrophysiological response in the
LHb. Using whole cell patch clamp recording in an acute slice preparation of
the rat LHb, we demonstrate that the application of VP (10nM) to the
recording chamber induces a differential electrophysiological respons. 50% of
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recorded neurons increased their firing rate [post­hoc identification revealed
some of these neurons to contain vesicular GABA transporter (vGAT)], 30%
decreased their firing rate, and 20% had no evident response. Western blot
analysis on fresh microdissected habenula revealed a remarkable expression of
V1a protein (protein bands: ≈ 47 KDa as well as ≈ 70 KDa, Alomone Avr­
010) and the presence of V1b protein as well (protein bands: ≈ 47 KDa as well
as ≈ 70 KDa Enzo ADI­905­750), although the latter one was near the limit of
detection. The ≈ 70 KDa protein band has been attributed to the glycosylation
of the receptors these receptors. These data support the previously reported
presence of vasopressin receptors V1a and V1b mRNA in the habenula by in
situ hybridization. Moreover, at the electron microscopic level, we found AVP
containing fibers establishing asymmetric synapses with lateral habenular
neurons (synapse n=10, 100% type I). Our data strongly suggests that the PVN
VP population is an upstream element for a function of the LHb that mainly
plays an activation role implicated in the promotion of negative rewards
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Abstract: Hypothalamic vasopressinergic mangocellular neurosecretory neurons (VP­
MNNs) are well known to release their peptidergic contents from
neurohypophyseal axonal terminals into the circulation as well as to release
VP locally from their dendrites serving as powerful autocrine and paracrine
signals to their neighboring neuronal populations. However, the possible
crosstalk between these MNNs population and distant neuronal populations
has not yet been explored. In order to assess whether this subcortical
neuropeptidergic system also exerts fast/precise influence to the limbic
regions, we used a combination of electrophysiological approaches, including
in vivo juxtacellular recording, labeling and frequency analysis, in vitro acute
slices patch­clamp recording and pharmacological tools, fluorogold retrograde
tracing, immunohistochemistry, confocal imaging, electron microscopy and
behavioral tests as our study strategy. We show an in vivo labelled PVN VP­
MNN possessing multiple axons and other axons branching very near the
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soma. Beside of the neurohypophyseal axon, neurobiotin labelled axon
segments/terminals were found in the preoptical area, anterior hypothalamic
area (AHA), suprachiasmatic nucleus, in the thalamus and the lateral habenula
(LHb). Frequency analysis of LFP recorded in the PVN showed clear theta
rhythms (7­9 HZ) in the region and the osmotic stressor increased the theta
power and shifted the frequency band to 8­10 Hz. To evaluate the functional
consequence of those intracerebral projections of the MNNs, we used predator
fear behavioural test and c­Fos expression to assess the neural circuits
involved in fear processing under osmotic stress. Our data showed a four­fold
increase of freezing behaviour and modified Fos expression patterns in lateral
septum, AHA, ventromedial hypothalamus, amygdala (MeApd, CeC and
BLA), locus coeruleus and LHb. These findings clearly indicate a regulatory
role of VP­MNNs in stress coping.
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Abstract: Hypothalamic vasopressin containing magnocellular neurosecretory neurons
(VP­MNNs) are potently upregulated by hypertonicity. Traditionally, it has
been considered that this population of neurons almost exclusively projects to
the posterior pituitary. However, recent results from our group, together with
other few groups, have challenged this notion. We have found by in vivo
juxtacellular labeling, retrograde tracing and anatomical analysis that a
subpopulation of MNNs possess important axonal branches from/near MNN­
somata projecting intracerebrally, especially to the limbic regions, such as
ventral hippocampus (1), amygdala (2), locus coeruleus (3) and lateral
habenula (4). However, the functional implications of these intracerebral
projections remain elusive. In order to assess whether a potent upregulation of
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this VP­MNN population modulates predator­fear processing and the neuronal
activation weights in different nodes of the so called "survival circuit", we
used a live­predator (cat) exposure test in rats the assess the changes in
behavior and the neuronal activation weights in hypothalamus, amygdala,
locus coeruleus, hippocampus, striatum and thalamus, under two conditions:
basal and hypertonicity, i.e. 900mM saline, 2% b.w., injected under
sevoflurane­inhalation as transient anesthesia, 30min before the behavioral
test. Ethological analysis showed significant behavioral modifications in
"hypertonicity" group, including a four­fold increase of freezing behaviour.
Immunohistochemical assessment of C­Fos expression showed generally
sharpened patterns in amygdala, thalamus and hypothalamus. The Fos
expression in the basolateral (BLA) and corticomedial (CoMA) nuclei of the
amygdala were significantly attenuated, while the expression of central and
medial nucleus (the postero­dorsal division (MeApd)) were increased.
Remarkable increase of Fos+ nucleus counts was also observed in the locus
coeruleus (LC). Immunohistochemical analysis with light and electronic
microscopy has showed increased VP immunopositve fibers in MeApd, CeA
and LC, where VP containing type I synapse were found. Our data, together
with recent findings reported in the literature, suggest that the up­regulation of
the VP­MNNs exert strong modulatory effects on fear processing. 1. Zhang
L.& Hernandez VS. Neuroscience (2013)228:139­62. 2. Hernandez VS &
Zhang L. SfN 2012, abstract. 3. Zhang L. SfN 2008, abstract. 4. Zhang L.,
Vazquez­Juarez E., Hernandez V. S. SfN 2014, abstract.
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Abstract: The habenula is an evolutionarily highly conservated region that connects
telencephalic structures with brainstem structures and has been implicated in
selecting among stress coping behavioural strategies, in particular through the
modulation of the dopaminergic and serotoninergic systems. In congenitally
helpless rats, fluoxetine treatment has been shown to decrease metabolic
activity in the habenula and reduce immobility time in the forced swimming
test (FST).
Habenula possesses a dense vasopressinergic innervation from hypothamus,
both magno­ and parvacellular regions (data unpublished) and express mainly
V1a receptor through the presence of V1b receptor is not discarded. Synaptic
innervation (Gray type I, glutamatergic mainly) was first demonstrated by
Buijs and Swaab (Buijs RM, Swaab DF. Immun­electron microscopical
demonstration of vasopressin and oxytocin synapses in the limbic system of
the rat. Cell Tissue Res. 1979; 204(3): 355­65). However the role of
vasopressin innervation to habenula in selecting a stress coping strategy is
unclear.
In this study we aim to characterize the effect of up­regulating the
vasopressinergic system, on the FST­induced habenular neuronal­activation
and the display of learned helplessness behaviour. For this purpose an osmotic
challenge was applied to experimental rats by injecting a hypertonic saline
solution, 2h before the FST and allowing the rats to drink water ad­libitum for
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30 min before the FST, the percentage of immobility episodes was evaluated
as a measure of learned helplessness. Fos expression was evaluated in the
habenula, as a marker of neuronal activity induced by the FST. Our results
show that FST induced an alteration in the pattern of activation of habenular
neurons and this is correlated with an increase in immobility in the FST.
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The maternal separation model has been shown to affect the normal development of the vasopressinergic system. Previous results from our group showed that adult rats that were subjected to maternal
separation during the first two weeks of postnatal life, when exposed to water deprivation, show a steeper rise in the plasmatic concentrations of vasopressin as well as a higher level of anxiety behavior
compared with animal facility reared (AFR) animals. 
On the other hand it has been demonstrated a significant vasopressinergic innervation to hippocampus, a structure with a key influence on spatial learning and memory. Besides, it has been reported the
expression of vasopressin V1b receptors, in dorsal hippocampus, mainly in the CA2 region, but the role of these receptors on spatial learning and memory is still controversial.
The aim of this study is to evaluate the spatial learning and memory processes , in maternally separated and AFR rats, under basal conditions and after modulatiing the vasopressinergic
neurotransmission with the selective V1b receptor antagonist SSR­149415 or with an hyperosmotic NaCl solution.
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Maternal separation (MS) has been used to model the causal relationship between early life stress and the later stress­over­reactivity 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 possible role in anxiogenesis, male rat pops were
separated from their dams for 3 hours daily (3hMS) from post­natal day (PND) 2 to15. Fos expression in AVP containing hypothalamic paraventricular (PVN) and the supraoptic nuclei (SON) triggered
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Elevated plus maze test (EPM) and Vogel conflict Test (VCT) were also performed to evaluate unconditioned and conditioned anxious states at PND70­75. At PND10, a single 3hMS event increased the
Fos expression in AVP+ neurons four­fold in PVN and six­ to twelvefold in SON. AVP­mRNA was over­expressed in whole hypothalamus, PVN and SON, as high as 142%, observed at PND21 and
PND62. Volumes of PVN and SON measured at PND75 had marked increases so as for AVP plasma concentration at 12 hr of water deprivation. MS rats demonstrated high conditioned anxious state
under VCT paradigm whereas no difference was found under EPM. These data describe significant AVP­related molecular, anatomical and behavioral abnormalities in MS rat model and indicate a casual
relationship between high conditioned anxiety and potentiated AVP system in MS male rats.
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Abstract: Arginine­vasopressin (AVP) is an important neuropeptide modulating a wide
range of central nervous system (CNS) functions. Synapses containing AVP
immunoreactivity have been only reported in the lateral septum, medial
amygdala and thalamic lateral habenular nucleus (Buijs and Swaab, 1979) and
paraventricular nucleus of the hypothalamus (Zhang et al, 2010) of the rat and
suprachiasmatic nuclei of mouse (Castel et al., 1990) and the information
about the co­localization with other neurotransmitters remained unclear. In
this study, we made a detailed anatomical study on the AVP immunopositive
fiber distribution across the central, medial and lateral amygdala through 3D
Neurolucida mapping and density analysis using NeuronJ for ImageJ. The
neurotransmitter­colocalization and ultra­structure of the synapses were
investigated. The results from our study demonstrated that: 1) the medial
amygdala is the most densely innervated region by vasopressinergic fibres; 2)
thick and thin axons can be observed in the region; 3) thick axons in medial
amygdale colocalize with vesicular glutamate transporter 2 (vGlut2); 4) At
electron microscopy level, both types, the thick axons (type A) with high ratio
between dense­core vesicles and small clear vesicles and the thin axons (type
B) with low ratio of previous parameter were able to establish conventional
synaptic connections. 5) Both Gray type I and Gray type II synapses were
found containing AVP immunoreactivity.
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Effects of chronic levodopa treatment on hippocampal dopamine receptors and spatial learning: a
comparative study in young and aged intact rats

Levodopa is the direct precursor of dopamine and is widely used for the treatment of Parkinson's disease. It is known
that chronic pulsatile levodopa treatment can induce damage to the dopaminergic system demonstrated in vitro or in
damaged-dopaminergic animal models. However, the age susceptibility for this treatment has not been properly
evaluated.  In order to evaluate the effects of a chronic pulsatile treatment of levodopa on hippocampal dependent
spatial learning, comparing aged and young male intact wistar rats, 12.5mg of levodopa plus 1.25 mg of carbidopa per
kg were administered twice daily during 4 weeks.  Dopamine receptors D2r and D5r expression in the dentate gyrus
(DG) and CA 1-3 were evaluated immunohistochemically using confocal microscope. Spatial learning during the late
phase of the interval between levodopa administrations was assessed using Morris Water Maze (MWM) paradigm and
the consequent neuronal activation revealed by Fos expression was evaluated.  Our results showed impaired spatial
learning in the MWM only in the treated aged rats compared to their controls. Fos expression analysis in hippocampal
subfields showed that the short-term abstinence of levodopa induced an increase in basal Fos expression, evaluated
12h after the last dose. Furthermore, aged rats displayed a dampened Fos activation induced by the MWM in the DG
and CA3. Dopamine receptors expression analysis showed that the chronic pulsatile levodopa treatment induced a
significant increase on the D5r/D2r ratio in the granule cell layer only in the treated aged rats. Our results indicate that
a chronic pulsatile levodopa treatment with a therapeutic dose could modify the ratios of the diverse types of
dopamine receptors and produce spatial learning impairment in intact rats, being the aged subjects the more
vulnerable ones. In this sense, an accentuated monitoring on old subjects under levodopa therapy and an improved
supporting strategy should be strengthened.
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EFECTO DUAL DEL ANTAGONISTA VASOPRESINERGICO V1B SSR-149415 SOBRE EL 
APRENDIZAJE ESPACIAL EN RATAS NORMALES Y CON SEPARACIÓN MATERNA, EN 
CONDICIONES BASALES Y ANTE UN ESTRÉS OSMÓTICO AGUDO 
 
V. S. HERNANDEZ, I. NISSEN, L. ZHANG 
 
Se ha demostrado  recientemente que el estrés perinatal por separación materna interfiere con el 
desarrollo normal del sistema vasopresinergico en el cerebro de ratas (Lukas et al 2010, Hernández et al 
2010). Así mismo, en nuestro laboratorio hemos observado que  ratas adultas sometidas a separación 
materna (SM) durante el periodo perinatal muestran una potenciación en la dinámica y magnitud  de 
liberación  de AVP hacia la circulación periférica tras ser sometidas  a un estrés osmótico.  También se 
observa una mayor conducta de ansiedad condicionada en la prueba de conflicto de Vogel.  
 
Por otro lado, antagonistas no selectivos de vasopresina han mostrado efectos deletéreos sobre el 
aprendizaje espacial, sin embargo el papel que juegan los receptores V1b aun es controversial. En el 
presente trabajo evaluamos el efecto de bloquear los receptores V1b por medio del antagonista selectivo 
V1b, SSR-149415, sobre el aprendizaje espacial en ratas normales y SM, tanto en condiciones basales 
como después de un estrés osmótico agudo. 
 
Ratas macho de la cepa Wistar, fueron separadas por 3 horas diarias desde el día 3 hasta el día 17 
postnatal, y a los 90 días fue evaluado su desempeño en la prueba de aprendizaje espacial,  (laberinto 
acuático de Morris). Bajo condiciones basales, no existen diferencias en el desempeño de la prueba entre 
animales controles y SM. Tras la administración aguda de una solución hipertónica de NaCl, ambos 
grupos mostraron un empobrecimiento en  su desempeño, siendo mas pronunciado en los animales MS. 
SSR-149415 ejerce un efecto deletéreo sobre el aprendizaje espacial en condiciones basales, con mayor 
influencia sobre los sujetos controles. SSR-149415 revierte el efecto deletéreo sobre el aprendizaje 
espacial generado por la administración de solución hipertónica de NaCl. Estos resultados sugieren que 
una potenciación de la señalización de vasopresina a través del receptor V1b esta implicada en el 
deterioro cognitivo observado en ratas sometidas a un  estrés osmótico agudo. 
 
DGAPA-UNAM IN218111 
CONACYT 79641 
CONACYT 127777 
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INNERVACION VASOPRESINERGICA AL HIPOCAMPO DE RATAS 
NORMALES Y SOMETIDAS A SEPARACIÓN MATERNA NEONATAL: ORIGEN, 

DISTRIBUCION Y BLANCOS SINAPTICOS 
 

L. ZHANG, V. S. HERNANDEZ 
DEPARTAMENTO DE FISIOLOGÍA, FACULTAD DE MEDICINA, UNIVERSIDAD 

NACIONAL AUTÓNOMA DE MEXICO, MEXICO D. F. 04510 
 
La arginina vasopresina (AVP), cuando se libera en el hipocampo, tiene una fuerte 
influencia sobre el aprendizaje espacial y otros comportamientos complejos tales 
como la ansiedad y conducta social. Sin embargo, el origen, la distribución y sus 
blancos sinápticos de la vasopresina en el hipocampo aun no están muy claros. 
Para abordar esta pregunta, realizamos un estudio anatómico sistemático usando 
métodos de marcaje retrógrado con fluorogold (FG), técnicas de 
inmunohistoquímica (IHC) y de microscopia electrónica (EM) en ratas normales y 
las que fueron sometidas a separación materna neonatal, las cuales hemos 
demostrado previamente que sufren una reorganización del sistema 
vasopresinérgico debido a esta manipulación experimental. Las neuronas y los 
axones vasopresinérgicos se marcaron con tres anticuerpos a AVP. Los blancos 
tanto regionales como celulares fueron identificados con la ayuda del atla cerebro 
de la rata y el uso delos siguientes anticuerpos: calbindina, parvalbúmina, NK1R, 
mGluR1 alfa, M2R. Nuestros datos preliminares muestran que existen tres fuentes 
principales de fibras de entrar en la formación del hipocampo. La primera, la más 
novedosa, es la que proviene de las neuronas magnocelulares del hipotálamo 
(núcleos PVN, SON y accesorios) a través de la vía fornix - fimbria, demostrado 
por marcaje de FG desde varias regions del hipocampo siguiente analisis 
anatómica con IHC. Estas proyecciones viajan a través de la materia blanca 
entrando al hipocampo a través de la parte más medio-dorso-rostral. La mayoría 
de las fibras de este vía de descender a través de la porción rostral del fimbria al 
hipocampo ventral y ampliamente inervan la parte ventral de las regiones CA3 y 
CA2, siendo los estratos oriens, radiatum las regiones más inervado. Estas fibras 
descendentes son especialmente finos y largos que llegan hasta mas de 10 mm 
de longitud desde su origen hipotalámico). Una parte pequeña pero significativa de 
estas fibras viajan a través del alveus dorsal e inervan CA2/CA3 del hipocampo 
dorso rostral principalmente. La segunda vía  vasopresinérgica se origina en el 
bed nucleus stria (BNST), inerva al hipocampo via septum y fimbria. La tercera vía 
provien de las neuronas vasopresinérgicas en los núcleos del amigdala, sobre 
todo la parte dorso medial y el núcleo intercalar. En el nivel de EM, hay 
aparentemente dos tipos de axones vasopresinérgicas en hipocampo: los que 
están llenos de grandes vesículas de núcleo denso (DCV), que rara vez hacen 
sinapsis en el segmento celular del hipocampo, y los que contienen DCV co-
localizadas con pequeñas vesículas sinápticas y hacen sinápsis tanto Gray de tipo 
I (28%) y gris tipo II (72%) sinapsis con interneuronas y las neuronas piramidales 
en hipocampo.  
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Presentation Title: Dual effect of AVP V1b antagonist SSR­149415 on spatial learning in normal
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Presentation time: Tuesday, Nov 15, 2011, 11:00 AM ­12:00 PM

Authors: *V. S. HERNANDEZ, I. NISSEN, L. ZHANG; 
Dept. of Physiology, Fac. of Medicine, Natl. Autonomous Univ. of Mexico,
Mexico City, Mexico

Abstract: A recent paper showed that neonatal maternal separation (MS) interferes with
developmental changes in brain vasopressin and oxytocin receptor binding in
male rats (Lukas et al, Neuropharm 2010) and data from our group
demonstrated that MS induces vasopressinergic system reorganization which
resulted in high plasmatic concentration of this neurohormone under water
deprivation (WD) and enhanced anxiety in their adulthood triggered by WD. It
is still unclear which are the neurochemical components involved in this
impaired stress coping. On the other hand, non­selective vasopressinergic
antagonists have shown deleterious effects on spatial working memory.
However, there is currently controversy about the effects of the selective V1b
antagonist on spatial working memory, SSR149415. In the present study, we
investigated the effect of blockade of V1b receptors on spatial learning in
normal and maternal separated rats under basal and mild stress conditions.
Male Wistar rats underwent neonatal maternal separation (MS; 3 h daily,
postnatal days 3­17). Spatial learning test using Morris water maze was carried
out at rat young adult stage (3 month­old). Under basal conditions there were
no differences in the performance between the groups. However, four days
after chronic mild stress (CMS) procedure, the MS subjects showed impaired
performance in the MWM. On the other hand, SSR149415 (3mg/kg) exerted a
disrupting effect on spatial learning under basal condition, in a greater extent
on the performance of the control subjects. Interestingly, SSR149415 reverted
the CMS induced working memory impairment observed in MS subjects.
These results suggest that a potentiation of AVP signaling through V1b
receptor is implicated in the cognitive impairment seen in the adult MS
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Abstract: Neonatal recurrent maternal separation (MS) during the first 2 weeks of life
has been widely used to model the casual relationship between stress in early
life and the later development of stress­over­reactivity, anxiety and
depression. Among several factors reported to be abnormal, it is interesting to
observe that there is a controversy about levels of arginine­vasopressin (AVP),
which were found either increased or decreased in the hypothalamus and bed
nucleus of stria terminalis. AVP is synthesized largely by hypothalamic
magnocellular neurons localized in paraventricular nucleus (PVN) and
supraoptic nucleus (SON). Through the hypothalamic ­ neurohypophysial
system AVP is mostly transported to the neurolobe of pituitary gland and
further released upon osmoreceptor/baroreceptor activation. AVP is also
critically involved in stress coping and anxiogenesis. PVN is mainly
characterised by its lateral magnocellular division containing mainly AVP and
oxytocin neurons and medial parvocellular division containing mainly
corticotropin releasing factor neurons which had local and wide-ranging
connections. The function of PVN is partially explained by the topographic
distribution and their major connections. To understand whether the recurrent
maternal separation (3­6 h daily) during the first 2 postnatal weeks, in which
the postnatal neuronal patterning (innervation/synaptogenesis vs programmed
cell death) is actively taking place, could exert major influence on
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hypothalamic vasopressinergic system organization, we labelled the AVP
neurons by immunocytochemistry and analysed their numbers and topographic
distribution within the PVN using a stereological method at different postnatal
stages. Our preliminary results showed that the spatial extension of AVP
neurons in PVN from MS rats at postnatal day 15 (PND15) was increased by
15­20%, compared to control, with a remarked modification of the size and
augment of cell number of the medial magnocellular division. These results
indicated that the experimental condition of 3 h daily recurrent maternal
separation till PND15 is already sufficient to produce a re­organization to the
hypothalamic vasopressinergic system in rats.
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Abstract: Thyroid hormones are key modulators of brain development. Previous studies
have shown that variations in normal concentrations of these hormones during
pregnancy can induce subtle but persistent changes in the adult brain. We have
recently reported that high anxious states were exhibited in maternal
hyperthyroid offspring in their adulthood under 48 h of water deprivation
(Vogel conflict test, VCT, for conditioned anxiety), whereas exploratory
behavior showed no differences compared to control (elevated plus maze,
EPM, for unconditioned anxious state). To understand this dual­anxious-state-
behavior, we assessed hypothalamic paraventricular nuclei (PVN) and
supraoptic nuclei (SON) arginine vasopressin (AVP) systems during water
deprivation. We monitored plasmatic AVP levels at different intervals of
water deprivation (6h, 12h, 24h, 48h and postVCT) and with RT­PCR we
assessed the level of preproAVP in PVN and SON at different time points.
Immediate early gene Fos expression in PVN and SON was also measured. In
6h and postVCT, we found a steeper rise in plasmatic AVP levels and
increased Fos expression. These preliminary results suggest an important role
for embryonic thyroxine levels in the regulation of neurodevelopment of
vasopressinergic networks and provide new insights of the functional role of
vasopressin on conditioned anxiety.
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Abstract: Estrogens exert diverse actions in the central nervous system and its
deficiency produces cognitive and emotional impairment. Hormone
replacement therapy (HRT) has been widely used to treat symptoms caused by
natural or surgical menopause. However, possible side effects of HRT, such as
an increased risk of thromboembolic events and breast cancer have risen the
need for alternative therapeutical strategies. In this study, we used N­(3­
hydroxy­1,3,5(10)estratrien­17 beta­yl)­3­hydroxypropylamine (prolame), a
synthetic amino­estrogen with prolonged anticoagulant and brief estrogenic
effects, to examine its influence on the effects elicited by ovariectomy on
spatial memory and anxiety in young adult female rats. 90­day­old female
Wistar rats were assigned to one of the following groups: wild type (WT),
ovariectomized (Ovx), ovariectomized plus estradiol treatment (OvxET) and
ovariectomized plus prolame treatment (OvxPT). At day 28 post surgery,
OvxET and OvxPT rats started receiving a daily subcutaneous injection (50
µg/kg) of estradiol cyclopentyl propionate and prolame respectively, whereas
WT and Ovx groups were injected with vehicle only. After 2 months of
treatment, rats were subjected to Morris Water Maze (MWM) and Elevated
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Plus Maze (EPM) testing. Treatment with prolame effectively prevented the
increase in latency to find the platform in the MWM task, as well as the
anxiety­like behavior exhibited in the Ovx group during EPM
examination.These results suggest that prolame could represent an improved
option of HRT ameliorating cognitive and emotional impairments produced by
estrogen deficiency.
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Abstract: There exist several reports regarding the effect of maternal hyperthyroidism on
neurodevelopment. Particular interest was laid on the accelarated neuronal
differentiation probably produced by abnormal level of thyroxin during fetal
brain development.. We have previously reported that adult rat offspring
subjected to maternal hyperthyroidism showed increased susceptibility to mild
stressful situations, displaying depression­like behavior and impaired
cognitive functions. Due to the involvement of amygdala and hippocampus in
cognitive and emotional functions, we have undertaken the characterization of
the expression of the catecholaminergic system in these regions at different
postnatal stages (P7, P14, P21, P28, P50, and P100) using indirect fluorescent
immunocytochemistry against tyrosine hydroxylase and image analysis. Our
results showed a significant increase in optical density in the central and
basolateral regions of amygdala, and in hilus of hippocampus at all examined
stages, which could suggest an aberrant development of this neurotransmission
system.
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Abstract: 2­Deoxy­D­glucose (2­DG) is a non­metabolizable glucose analogue able to
inhibit glycolysis and protein glycosylation, therefore causing depletion of
ATP and glucose derivates. 2­DG has been widely studied in biomedicine, as a
possible therapeutic molecule for anticancer and antiviral strategies, as well as
a calorie restriction mimetic. It is well known that glucose deprivation may
cause brain function impairment and neuronal damage, including cell death,
probably through excitotoxicity. Hippocampus seems to be an area particularly
vulnerable to brain challenges. Astrogliosis has been observed to be a brain
response to diverse brain injuries. Consequently, in the present study, we
focused in the effect of a sole dose of 2­DG (500 mg/kg i.p.) on astrocytosis
(using glial fibrillar acidic protein (GFAP) expression as an indicator) and on
cell proliferation in the subgranular zone of the dentate gyrus of the
hippocampus. Adult male Wistar rats were injected with 2­DG or saline
solution at experimental day 0 (D0) and then divided in the following groups:
for astrogliosis, rats were sacrificed at D1, D2, D3, D4 or D5; for cell
proliferation, animals were treated with 5­bromo­2­deoxyuridine (BrdU) (300
mg/kg, divided by two doses) and sacrificed 8 hours later at D2. Brains were
cut and processed for GFAP or BrdU immunofluorescence. Results show a
significant increase in GFAP optical density in 2­DG rats from D2 to D4. In
the same experimental group, nearly a 100% increase in the number of BrdU
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nuclei was found also at D2. Our findings suggest that a single 2­DG
administration induces functional alterations in the hippocampus, showing a
temporal correlation between cell proliferation and astrogliosis after such
brain insult.
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Title Vasopressinergic innervations to locus coeruleus in normal and maternal hyperthyroid rats: its role in
triggering anxiety-like behaviour during stress coping.

Text The pontine nucleus locus coeruleus (LC) is a key system involved in arousal and plays a secondary
yet important role in HPA activation. Disrupted noradrenergic transmission is associated with
depression and anxiety. Arginine vasopressin (Avp) is secreted primarily under circumstances of
dehydration. Hypothalamic Avp synthesizing nuclei (PVN and SON) send vasopressin-containing
projections to several neural target areas thought to be involved mainly in cardiovascular regulation.
Post-mortem study of suicide subjects reported an increased Avp-ir in LC, amongst other brain
regions relevant to emotionality. Yet the role of Avp in stress, anxiety and depressive states remains
elusive. To address the question whether Avp plays a regulator role in LC during stress coping, we
used the Vogel thirsty conflict test (VTCT) and rats subjected to maternal hyperthyroidism (MHT),
which have showed an increased vulnerability to mild stressors producing cognitive impairment, but
not anxiety-like behaviour. Young adult rats from control and MHT groups (n=10) were deprived of
water for 48 hours before they underwent VTCT. Two parameters were registered: number of
punished responses (electrical shocks punishing attempts to drink) and time latency to the start of
water intake. The MHT rats showed anxiety-like behaviour expressed as a decreased number of
shocks received (6/5min vs. 43/5min control) and increased time latency (132s vs. 28s).
Immunoreaction of Avp showed Avp-ir fibres innervating preferentially TH-ir dendrites in the rat
pericoerulear regions, with few fibres observed in the "core" of LC in control rats. In MHT rat LC, there
are an increased number of Avp-ir fibres with boutons passing in proximity to TH-ir cell bodies.
Functional contacts and receptor types remained to be investigated. The preliminary results suggest
that MHT could induce reorganisation of Avp innervations to LC.
*On sabbatical leave in MRC-ANU Oxford UK supported by CONACYT & UNAM-DGAPA fellowships.
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It is well known that thyroid hormones play a key role in early neurodevelopment, studies in rats have showed that
there are anatomical modifications in some brain regions when subjected to transient maternal hyperthyroidism. In
order to further investigate the consequences of fetal exposure to increased concentrations of thyroid hormones in
adult life, we used the male offspring of female rats implanted with osmotic pumps, either containing thyroxine (T4)
(1.5 µg/100 g pre­mating body weight/day) or saline (control).
We monitored weight, seric thyroid hormones and glucose levels of the offspring, founding no differences between
control and experimental groups. Then at postnatal day 60, we evaluated the basal exploratory behavior applying the
Elevated Plus Maze (EPM), and afterwards we performed an immunohistochemisty against TH, in amygdala, a
central region of the limbic system involved in emotion and stress coping.
Our results showed an increased basal exploratory behavior in experimental subjects, expressed as more time spent
in the open arms of the maze and an intensification of the TH­ir in the central nucleus of the amygdala (CeA). These
results suggest that exposure to abnormal high levels of thyroid hormones during early brain development, might
modify catecholamine neurotransmission.
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Dopamine (DA) is involved in a variety of behaviors such as locomotor activity, stereotyped behaviors, learning,
motivation, food intake, reward and pathological conditions like Parkinson’s disease (PD), schizophrenia and
attention deficit hyperactivity disorder. DA acts as a powerful regulator of different aspects of cognitive brain
functions. In this respect, normalizing DA transmission will contribute to improve the cognitive deficits not only
related to neurologic or psychiatric diseases, but also in normal aging. L­3,4 dihydroxyphenylalanine (L­DOPA) is the
chemical precursor of dopamine and acts also as a non­specific catecholamine agonist. L­DOPA has been the gold
standard treatment of Parkinson’s disease. Nevertheless, chronic treatment with L­DOPA brings several collateral
damages as dyskinesia and neuropsychiatric problems. There were significant but contrasting effects of L­DOPA
therapy on PD patients on cognition and affective functions. L­DOPA treatment to intact rats is reportedly decreasing
D1 receptor stimulated adenylate cyclase activity. However, the effects of L­DOPA administration on other DA
receptors and consequently on behavior and cognition are less understood. This study was aimed to assess whether
L­DOPA application per se could produce mood alterations and cognition changes in old intact rats. Twenty male
adult Wistar rats of 14 months were separated in 4 experimental groups: Ctrl1, Exp1, Ctrl2, Exp2. Animals were
maintained in light­dark cycle 12:12 with food and water ad libitum. L­DOPA 25mg/kg/12hr with carbidopa were given
to the groups Exp1 and Exp2 for 4 weeks. Open field test (OFT) was used to assess locomotor activity 45min to
60min after drug application and tail suspension test (TST) to assess helplessness to groups Ctrl1, Exp1 during
abstinence (6hrs after drug application). Morris Water Maze (MWM) complex was used to measure spatial learning
and memory (groups Ctrl2, Exp2) after 1hr of drug application. OFT showed a decreased motor activity during the
post drug application period. TST showed a significant increase on immobility accounts. MWM showed learning and
memory deficit in Exp2: smaller slope in spatial learning test but memory retention tests kept unaffected. C­fos
expression was decreased in dorsolateral prefrontal cortex (PfC) but not in medial PfC. The results suggest that
intermittent administration of L­DOPA and consequently the pulsatile elevation of L­DOPA and dopamine contents in
the brain in intact aged rats per se: 1) may be directly relevant to depression observed in Parkinson’s disease
patients; 2) produce modification of motor pattern during OFT; 3) impair spatial learning showed by MWM.
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Norepinephrine (NE) plays an important role in modulating a large variety of processes implied in general brain
function. It is well known that in cortical structures such as the hippocampus, NE is capable to enhance cognitive
processes of memory and attention via activation of β1 adrenergic receptor (β1AR). Metoprolol is a selective β1AR
blocking agent that, due to its chemical structure, is capable of crossing the blood­brain barrier. It’s widely used as a
treatment for hypertension and some other cardiovascular diseases, such as acute myocardial infarction.
Considering the clinical relevance of this drug, we designed the current study in order to assess the extent to which
chronic administration of metoprolol might alter cognition and neural activity. Experimental rats started to receive
subcutaneous injections of metoprolol (4 mg/kg b.w./day dissolved in 0.9% saline) and control rats were injected
using only 0.9% saline vehicle at postnatal day 60. After two weeks treatment, both groups underwent the Radial
Arm Water Maze task. Animals were perfused 90 minutes after the first trial and brain slices were processed for c­
Fos immunoreaction. Our results showed a slight impairment in spatial learning of experimental subjects correlating
with a significant difference in c­Fos positive nucleus density counting on the dentate gyrus. These preliminary data
suggest that blockade induced by β1AR antagonist metoprolol may cause cognitive impairment in rats subjected to a
chronic treatment.
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Abstract:

ENHANCED BASAL EXPLORATORY ACTIVITY, ANTI-NOCICEPTIVE
BEHAVIOUR AND INCREASED TH AND CRF IMMUNOREACTIVITY IN
AMYGDALA OF ADULT RATS SUBJECTED TO MATERNAL
HYPERTHYROIDISM

Hernandez V.S.1 ,  Medina M.P.1 ,  Val le-Le i ja  P.1 ,  Vega-Gonzalez A.1 ,  Morales T.2  and Zhang
L.2

1Depar tment  o f  Phys io logy,  Facul ty  o f  Medic ine.  2 Inst i tu te of  Neurobio logy,  Nat iona l
Autnomous Univers i ty  o f  Mexico.

Thyro id hormone (T4)  has a cent ra l  ro le  in  ear ly  bra in  development .  I t  has been suggested that
hyper thyro id ism dur ing prenata l  s tages induces long- term anatomica l  changes.  In  order  to
invest igate the ef fects  of  gestat ional  exposure to  maternal  hyper thyro id ism (MH) in  adul thood,
we studied male rat  o f fspr ing f rom mothers implanted wi th  a lzet  osmot ic  pumps,  e i ther
conta in ing T4 (1 .5 μg/100 g pre-mat ing body weight /day)  or  sa l ine (contro l ) .  At  P90,  th i rs ty  ra t
conf l ic t  (TRC) and e levated p lus maze (EPM) exper imenta l  protocols  were used to  evaluate
ant inoc icept ive and exploratory behav iours.  Ser ic  cor t icosterone level  was measured wi th
ELISA poster ior  to  TRC. Tyros ine hydroxy lase (TH) and cor t icot rop in re leas ing factor  (CRF)
immunoreact iv i ty  was a lso analysed in  amygdala as a key reg ion o f  the cor t ico l imbic  system
involved in  s t ress coping and cogni t ion.  The resul ts  showed a s ign i f icant  enhancement  o f  basal
exploratory  behav iour  in  MH subjects  wi th  EPM. TRC test  showed a h igher  degree of
ant inoc icept ive behav iour ,  regarded as an increased number  of  e lect r ic  shocks received in  the
MH subjects  compared to  contro l .  Ser ic  cor t icosterone level  was s ign i f icant ly  h igher  in  MH

301



IBRO 2007 Online Abstract http://www.ibro2007.org/cgi-bin/abstract.cgi

2 of 2 31/01/2007 09:36 p.m.

subjects .  Immunoreact iv i ty  for  TH and CRF in  amygdala was markedly  increased in  MH
subjects .  These observat ions suggest  a  modi f ied s t ress coping system in  adul t  ra ts  exposed to
maternal  hyper thyro id ism.
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Abstract:

MATERNAL HYPERTHYROIDISM IN RATS IMPAIRS STRESS COPING OF
ADULT OFFSPRING

Zhang L.1 , Hernandez V.S.1 , Medina M.P.1 , Valle -Leija P. 1 , Hofmann P.G. 1 , Vega-Gonzalez  A. 1

and Morales T.2
1 Department  of Physiology,  Faculty  of Medicine. 2 Institute  of Neurobiology,  National  Autonomous
University  of Mexico  (UNAM.

Given the evidence  that  maternal  hyperthyroidism (MH)  compromises  the expression of neuronal
cytoskeletic  proteins in the late foetal  brain,  which is  suggestive of a pattern of accelerated
neuronal  differentiation, we investigated its possible  consequence on adult  offspring emotional
and cognitive  functions  during acute  and sub-chronic  stress  coping.  Study groups consisted  of
male  adult  rat  offspring from mothers implanted with osmotic  mini-pumps  infusing  thyroxine (T4
1.5 μg/100  g pre -mating  body weight/day) or  vehicle (control)  during pregnancy.  Body weight,
blood  glucose  and plasma  T4 levels were  measured  at different  postnatal stages,  and found  no
significant  differences between study groups. At  P90, forced swimming  stress  (FSS) and a
modified chronic  mild stress  (CMS) paradigm for  10 days were  applied  to experimental  subjects.
Morris water  maze  was used before,  during and after  CMS application to measure spatial  learning
and memory.  Both tail suspension test  (TST) and forced swimming  test  (FST) were  used to
evaluate depression-like  behaviour.  The  MH rats  displayed  normal spontaneous  locomotor  activity
and normal spatial  memory prior  to stressor application, but  impaired spatial  learning and memory
retention after  acute  and chronic  stress.  FST during FSS showed a significant  increase in the
immobility  episodes. This  behavioural  abnormality  was confirmed with TST at the end of CMS.
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These results  suggest  that  adult  rats  who were  subjected to maternal  hyperthyroidism are  more
susceptible  to mild stressful  situations  compared  to control, displaying  depressive- like  behaviour
and impaired cognitive  functions, though their  motor and cognitive  functions  seem to be normal
without  stress.
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Thyroid hormones play an important role on central nervous system development, affec
proliferation, migration and growth. Previous studies in our group showed that adult rats w
subjected to maternal hyperthyroidism are more susceptible to mild stressful situations, d
depressive-like behaviour and impaired cognitive functions. Hippocampal formation (HF), toge
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has major input from the entorhinal cortex through the perforant path where highly processed
information is transmitted. Due to these reasons, we analysed the hippocampal CA3 pyramida
and dentate granular cell morphology during postnatal development. Male Wistar rat offspr
mothers implanted with an infusing thyroxin pump (T4 1.5 μg/100 g pre-mating body weight/
saline (control) were used. Brain samples were collected at P7, P30 and P75 and were proces
the Golgi-Cox impregnation method. Increased dendritic arborisation of hippocampal CA3 p
neurons and dentate gyrus granular cells was observed in rats subjected to MH, compared to co
all developmental stages studied. These results suggest that hippocampal projection
hypertrophy could be a possible anatomical substrate for the observed stress vulnerability in a
subject. 
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Neonatal hyperthyroidism (NH) occurs between 0.2 to 1% of human neonates. The most common cause of this
condition has been reported to be due to abnormal TSH receptor activity in infants born to Graves' disease mothers.
Since the half­life of the TSH receptor is only a few weeks, NH usually resolves completely within 1­3 months after
birth. However, thyroid hormone action early in life has a key role in determining the normal timing of neural
development. It has been suggested that transient NH induces permanent changes in some neuronal structures.
Nevertheless, there have been fewer experiments examining affective and/or cognitive changes in adulthood in
relation to morphological changes, as a consequence of NH. To have a better understanding of this, an animal model
of NH was established, in which the male pups were fed during P1 to P28 by lactating females implanted with
osmotic pumps infusing either vehicle (control) or supraphysiological dose of T4 (1.5μg/100g b.w). At P60, NH and
control groups were evaluated with the classical elevated plus maze (EPM) and Morris water maze (MWM)
paradigms to assess anxiety and working memory. Neuron structural changes were examined with Golgi­Cox
impregnation. Preliminary results of this study showed that (1) NH animals had an enhanced anxiety level at young
adulthood; (2) NH animals had impaired spatial learning abilities; (3) Neocortical (S1BF) pyramidal neuron dendrite
arborisation exhibited a marked atrophy and there was a loss of spine densities. These findings suggest that the
anatomical abnormalities may underlie the emotional and cognitive changes.
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Neonatal hyperthyroidism (NH) which has an incidence of about 0.2% of human neonates, has been reportedly
associated with hypertrophy of both CA3 pyramidal neurons and basal forebrain glial cells which have been
suggested to be permanent changes through adulthood. It is well known that hippocampus plays an important role in
stress response. The transcription factor c­Fos is activated in the hippocampus following a number of stressors,
including restraint stress and forced swimming test (FST). On the other hand, granule cell neurogenesis occurs in the
subgranular zone (SGZ) of dentate gyrus (DG) of the mammalian hippocampus throughout adult life, and
incorporation of bromodeoxyuridine (BrdU) into DNA can serve as a marker of cell division associated with such
neurogenesis. The purpose of this study is to analyze the relationship between the expression patterns of such
immediate early gene and SGZ neurogenesis after restraint and FST stressor applications of adult rats subjected to
NH. Wistar male rats were used in this study and were separated in three groups: pups fed during P1 to P28 by
lactating females implanted with osmotic pumps infusing either vehicle (NH­/S+) or supraphysiological dose of T4
(1.5 μg/100g b.w., NH+/S+). At P60, NH­/S+ and NH+/S+ rats were subjected to restraint stress for 3 weeks. A
separate group with same age/b.w. but restraint­stress­naive (NH­/S­) was also prepared. At P80, all experimental
subjects underwent to FST for 7 min. Half of the subjects were perfused 2hrs after FST and the other half received
BrdU injections for the next 48 hrs before perfusion. Immunoreaction against c­Fos and BrdU were carried out. Our
results showed that Fos+ neurons counts in DG were significantly increased in NH+/S+ and decreased in NH­/S+
compared with NH­/S­, whereas BrdU+ nuclei in SGZ are both decreased compared with NH­/S­. However, counts
from NH+/S+ are significantly higher than NH­/S+. These findings suggest that there might be a higher rate of cell
turnover/apoptosis in the NH animals due to excitotoxicity generated from an abnormal hippocampal neural network
activity more sensitive to stress.
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