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RESUMO

Introducédo: O subnudcleo postero-dorsal da amigdala medial (MePD) modula
comportamentos sociais e fatores de transcricdo LIM (Lhx) participam da
diferenciacdo de neurbnios locais. Espinhos dendriticos sdo especializacdes
pés-sinapticas, mas detalhes sobre sua morfologia em fémeas
(comparativamente com machos), em diferentes subpopulagdes neuronais e a
ocorréncia de receptores glutamatérgicos e GABAérgico nesses espinhos sédo
conhecimentos ainda inéditos para o MePD.

Objetivos: 1) Estudar a morfologia dos espinhos dendriticos de neurénios do
MePD em ratas ao longo do ciclo estral, 2) Estudar a morfologia dos espinhos
dendriticos das subpopula¢des neuronais Lhx6, Lhx5 e Lhx9 e, 3) Estudar a
presenca e distribuicdo dos receptores AMPA (subunidade GluR1-4), NMDA
(subunidade GIluN1) e GABAA em espinhos dendriticos do MePD de ratos.
Material e Métodos: Estudaram-se ratos Wistar adultos mantidos sob
condicdes padrao de biotério e cuidados éticos. Os experimentos envolveram
seccOes coronais do MePD e reconstrugédo tridimensional das imagens dos
espinhos dendriticos visualizados com fluorescéncia pela carbocianina Dil
associada com imunomarcagdes sob microscopia confocal.

Resultados: A densidade de espinhos dendriticos das fémeas,
respectivamente em diestro, proestro e estro, foi (médiatdesvio padréo):
0,9+0,1; 0,6+0,2; e, 0,6+0,1 espinhos/um dendriticos. A imunomarcagcao para
Lhx6, Lhx5 e Lhx9 ficou restrita ao corpo neuronal e espinhos dendriticos dos
tipos fino e espessos/achatados foram os mais abundantes nesses neurénios

(80% do total), variando entre 0,4-2,3 espinhos/um, sem diferenca estatistica
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entre as diferentes subpopulacées neuronais locais. Imunomarcacdes para os
receptores testados ocorreram nos ramos dendriticos proximais e distais e em
diferentes espinhos. Observamos a presenca espinhos multisinapticos, ou seja,
a co-localizacdo desses receptores sugere que 0s espinhos recebem mais de
uma sinapse ao mesmo tempo. Conclusdes: Esses resultados complementam
os obtidos pela técnica de Golgi e microscopia eletrdnica ao revelar
caracteristicas importantes dos espinhos dendriticos e da composicéo celular
do MePD de ratos adultos, além de proporcionar uma nova visdo sobre a

complexidade da organizacao sinaptica deste subnucleo.
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ABSTRACT

Introduction: The rat posterodorsal medial amygdala (MePD) modulates social
behaviors and LIM homeobox transcription factors (Lhx) are involved in the
differentiation of local cells. Dendritic spines are post-synaptic specializations,
but details about their morphological differences in females (compared to
males), presence in different neuronal subpopulations and expression of
GABAergic and glutamatergic receptors are currently unkown for the MePD.
Objectives: 1) To describe the morphology of MePD dendritic spines in females
along the estrous cycle, 2) To describe the morphology of dendritic spines in the
different Lhx-expressing neuronal subpopulations, and 3) the presence and
distribution of AMPA (GluR1-4 subunits), NMDA (GluN1 subunit) and GABAA
receptors on each different type of dendritic spine in the MePD of male rats.
Materials and Methods: Adult Wistar rats were housed under standard
laboratory conditions and ethical care. Data were gathered from coronal
sections of the MePD and three-dimensional reconstructions of dendritic spines
were visualized by Dil dye fluorescence and immunolabeling procedures under
confocal microscopy.

Results: Females showed a spine density (meanztstandard deviation) of
0.9£0.1; 0.6x£0.2; and 0.6£0.1 spines/dendritic um in diestrus, proestrus and
estrus, respectively. Immunostaining for Lhx6, Lhx5 Lhx9 was restricted to the
neuronal cell bodies, thin and stubby/wide spines were the most abundant types
(~80%) and showed 0.4-2.3 spines/dendritic um, but no statistically significant
difference in their occurrence was found among these cell subpopulations.

Immunolabeling for glutamatergic and GABAergic receptors was found in
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proximal and distal dendritic branches as well as in different dendritic spines.
The colocalization of receptors suggests that spines receive both excitatory and
inhibitory synapses in the MePD.

Conclusions: Results agree with previous Golgi method and electron
microscopy data and revealed relevant features of dendritic spines and the
cellular composition of the adult rat MePD. They also provide new insights into

the complexity of the synaptic organization of this subnucleus.
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1. INTRODUCAO

1.1 Amigdala

A amigdala (complexo amigdal6ide ou, preferentemente, amigdaliano;
Rasia-Filho e Hilbig, 2005) de ratos € formada por um conjunto de nucleos e
subnudcleos localizados no telencéfalo basal, subcortical no lobo temporal
anterior, lateral ao hipotalamo e ventral ao estriado (Alheid e cols., 1995;
Canteras e cols., 1995; Everitt, 1995; Swanson e Petrovich, 1998; Brusco,
2012). Embora historicamente tenha sido considerada como uma estrutura
unitaria, a amigdala, no entanto, ndo é nem homogénea anatomicamente e
nem funcionalmente (Swanson e Petrovich, 1998) além de se estender além de
seus limites anatémicos (Johnston, 1923). Atualmente sabe-se que a amigdala
€ uma estrutura que compreende nudcleos e subnlcleos que formam uma
complexa rede estrutural inter-relacionada e multifuncional, uma vez que esta
envolvida na modulacéo de diversos comportamentos e ajustes homeostaticos
de diversas variaveis fisiologicas (Alheid e cols., 1995; Everitt,1995; Swanson e
Petrovich, 1998; Rasia-Filho e cols., 2000; de Olmos e cols., 2004; Rasia-Filho
e cols., 2009; Brusco, 2012).

Estudos mais recentes sobre a divisdo da amigdala de ratos
apresentam-na dividida em quatro regibes, segundo a sua citoarquitetura,
hodologia e funcionalidade, a saber. 1) amigdala “expandida”, denominada
assim por se estender além de seus limites anatdmicos, sendo formada pelos
nacleos medial (AMe) e central (ACe); 2) amigdala com caracteristicas
corticais, subdividida em porcao basolateral (BLA) e em porcdes que se ligam

as vias olfativas e vomeronasal; 3) area de transi¢ao, localizada entre a porcao
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ventral dos nucleos da base e a amigdala “expandida”; e 4) nucleos ainda nao
classificados, constituidos por um grande grupo de células dispersas na
substancia branca e no interior do nucleo proprio da estria terminal (ET; Alheid
e cols., 1995; Canteras e cols., 1995; Heimer e cols., 1997; de Olmos e cols.,

2004; Quagliotto, 2006; Figura 1).

1.2 Ndcleo Medial da Amigdala

Um dos nudcleos que tem recebido muita atencdo nos ultimos anos é a
AMe (Newman, 1999; Gréco e cols., 2003; Zhou e cols., 2005; Lehman e
Erskine, 2005; de Castilhos e cols., 2006; Hermel e cols., 2006a; Bennur e
cols., 2007; Cooke e cols., 2007; Brusco e cols., 2010; Rasia-Filho e cols.,
2012a,b). A AMe é um dos componentes da denominada “amigdala expandida”
e um dos nucleos superficiais amigdalianos (Alheid e cols., 1995; de Olmos e
cols., 2004). E formado por uma coluna proeminente de células que surgem em
justaposicdo a superficie lateral do trato optico (TO) e, mais caudalmente, em
posicao ventral em relacdo a ET (de Olmos e cols., 2004). A AMe encontra-se
em posicdo medial e posterior ao nucleo do trato olfatério e, como limite
posterior, estd aproximadamente onde surgem as porcdes temporais dos
ventriculos cerebrais (de Olmos e cols., 1985; 2004; Canteras e cols., 1995;

Alheid e cols., 1995).
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Figura 1: Classificacdo dos nucleos que compfe a amigdala do rato com suas

subdivisbes anatbmicas e seus componentes principais, baseado em Alheid e

cols. (1995), modificado por Rasia-Filho e cols. (2000) e como apresentado em

Marcuzzo (2006).
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O rato tem sido o0 modelo experimental mais empregado nos estudos da
citoarquitetura, conexdes, funcdes e plasticidade neuroglial dessa area
complexa (como revisado em Rasia-Filho e cols., 2009). Nao obstante, a AMe
do camundongo tem sido utilizada para estudos citogenéticos (Garcia-Lopez e
cols., 2008; Carney et al., 2010; Bupesch et al., 2011). Nestes, a AMe é
formada por células oriundas do palio ventral, da porcdo caudoventral da
eminéncia ganglionar medial (MGEcv), da porcédo comissural da area pré-optica
e da regiao paraventricular hipotalamica formando como que um “mosaico” de
subpopulacdes celulares locais (Garcia-Lopez e cols., 2008; Bupesh e cols.,
2011).

Ademais, a AMe é subdividida nos subnucleos antero-dorsal (MeAD),
antero-ventral (MeAV), poéstero-dorsal (MePD) e péstero-ventral (MePV) o que
veio a ser ratificado posteriormente por outros autores (Alheid e cols., 1995;
Canteras e cols., 1995; Newman, 1999; de OIlmos e cols., 2004;
Dall’Oglio et al., 2008a,b; Figura 2). Nos quatro subnucleos da AMe de ratos ha
praticamente uma homogeneidade quanto aos tipos morfolégicos de neurdnios
gue podem ser observados pela técnica de Golgi tanto em machos quanto em
fémeas (Rasia-Filho e cols., 1999, 2004; de Castilhos e cols., 2006). Trata-se
de neurbnios multipolares de tamanho pequeno (corpos celulares com 8-10 um
de diametro) a médio (corpos celulares com 10-15 um de diametro; McDonald,
1992; Rasia-Filho e cols., 1999; Niimi e cols., 2012). Seus corpos celulares
podem ser ovais, arredondados ou fusiformes (Alheid e cols., 1995; McDonald,
1992; Rasia-Filho e cols., 1999). Pelo aspecto dendritico, esses sdo neurdnios
multipolares (Ramén y Cajal, 1995) do tipo “bitufted” (“bipenachados”, como

tentativa de aproximacdo do termo a lingua portuguesa) caracterizados por
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apresentarem dois ramos dendriticos primarios, e do tipo estrelado, com trés
ou mais ramos dendriticos priméarios (Rasia-Filho e cols., 1999; Marcuzzo e
cols., 2007; Dall’Oglio e cols., 2008a).

As propriedades eletrofisiologicas dos neurbnios da AMe foram
estudados por técnicas de “current-clamp” e “voltage-clamp” (modo “whole-
cell’) em secgbes do cérebro de camundongos (Niimi e cols., 2012). Os
neurénios foram classificados, baseado no padrdo de atividade em resposta a
despolarizacdo mediada por pulsos de corrente, em trés tipos: neurénios com
disparos de potenciais de acdo regulares (tipo 1), neurénios que reduzem a
frequéncia de potenciais de acdo mediante corrente despolarizante (tipo Il) e
neurdnios com adaptacdo completa e param de disparar potencial de agao (tipo
[11). O neur6nio tipo | foi 0 mais comum (56%), seguido pelos tipos Il (12%) e II
(3%; Niimi e cols., 2012).

O MePD seréa objeto de estudo deste trabalho e descrito com maiores
detalhes. Localiza-se adjacente ao TO e ventralmente a ET na parte mais
posterior e dorsal da MeA (Figura 3). Em cortes histologicos coronais corados
pela técnica de Nissl, aparece com a forma de um triangulo alongado, com uma
base ventral que se estende no terco caudal da AMe (Alheid e cols., 1995; de
Olmos e cols., 2004). O MePD apresenta como caracteristica citoarquitetdnica
uma regido de células densas que se estendem superficialmente e
profundamente, separadas por uma regido intermediaria de células esparsas
(de OImos e cols., 1985). Com isso organiza-se em colunas orientadas
paralelamente a superficie lateral do subndcleo, as quais podem ser
subdivididas em trés regifes: medial, intermediaria e lateral (Alheid e cols.,

1995; Coolen e cols., 1997; de Olmos e cols., 2004). A coluna superficial ou
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medial (MePDm) é formada por células densamente agrupadas, de pequeno a
meédio tamanho; a coluna mais lateral (MePDI) é constituida de células de
tamanho médio densamente compactadas, e a terceira coluna possui células
de tamanho médio, que se organizam de maneira a constituir uma coluna
intermediaria (MePDi) entre as colunas MePDm e MePDI (de Olmos e cols.,
2004; Figura 4).

O MePD possui aferéncias que advém de diferentes regiées do encéfalo
(McDonald, 1998; Pitkanen,2000) entre as aferéncias mais estudadas, estédo as
hipotalamicas (da area hipotalamica anterior, areas pré-opticas medial e lateral,
nacleo arqueado, nucleos dorsomedial, posterior, lateral, pra-mamilar ventral,
supra-optico, tuberal e ventromedial), as do coOrtex cerebral ( da area pré-
limbica, cortex entorrinal, infalimbico e perirrinal dorsal), as da area septal e as
aferéncias talamicas (do nucleo medial, parafascilular e posterior, por
exemplo), as do tronco enceféalico (nucleo dorsal da rafe e nlcleo parabraquial)
e as da via olfativa (do cortex piriforme, bulbo olfativo acessoério e nucleo
endopiriforme). Ademais, existem também as aferéncias intra-amigdalianas
onde destacam-se as da area de transicdo amigdalo-hipocampal e dos nucleos
basal e acessorio e as dos nucleos corticais anterior, posterior, lateral e medial
(McDonald, 1998). A atuacao de diferentes substancias como os esterdides
sexuais, por exemplo, pode alterar as regides de aferéncias com o MePD e,
desta forma, modificar sitios sinapticos importantes como o0s espinhos

dendriticos (Brusco, 2012).
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Figura 2: Representacdo esquematica de cortes coronais do encéfalo do rato
onde se pode observar os quatro subnucleos do AMe: MeAD (em amarelo),
MeAV (em verde), MePD (em azul) e MePV (em vermelho). Os valores em mm
colocados no lado direito das imagens referem-se a distancia posterior ao
bregma. As coordenadas espaciais referem-se ao hemisfério direito e séo
dorsal (D), ventral (V), medial (M) e lateral (L). Figuras adaptadas do atlas do
encéfalo do rato de Paxinos e Watson (1998) e conforme apresentado

originalmente por Quagliotto (2006).
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Figura 3: Fotomicrografia do MePD de rato. Opt, trato optico; st, estria terminal;
MePD, amigdala medial postero-drosal; MePV, amigdala medial postero-
ventral; D, dorsal; V, ventral; M, medial; L, lateral. Escala = 500 um (A) e 250

um (B), como apresentado em Hermel (2006b).

Bregma -3,14mm

Figura 4: Esquema representativo de corte coronal do encéfalo do rato onde
se observa as subdivisdes do MePD. Adaptado de Paxinos e Watson (1998),
correspondente a figura 32 do atlas mencionado, conforme apresentado em

Forti (2005).



22

Em relacao as eferéncias do MePD, as mais estudadas e significativas
sdo as para os nucleos hipotalamicos periventricular antero-ventral (AVPV) e
pré-mamilar ventral (PMv), as corticais (principalmente para a area entorrinal
lateral, area de transicdo pos-piriforme, area CA1 hipocampal e subiculo), as
do tronco encefalico (para a area tegmental dorsal e substancia cinzenta
periagueductal) e para outras regides, como, por exemplo, para 0 nucleo
préprio da ET (parte antero-dorsal e posterior principal). Existem também as
eferéncias intra-amigdalianas onde, dentre outras, destacam-se aquelas para
0s nucleos central, cortical péstero-lateral e péstero-medial (Canteras e cols.,
1995; Petrovich e cols., 2001).

Os subnucleos da AMe, e principalmente o MePD, modulam de forma
relevante atividades relacionadas com a percepcao de informacgfes olfativas,
vomeronasais e genitosensoriais (Guillamoén e Segovia, 1997; Pfaus e Heeb,
1997; Dielenberg e McGregor, 2001; Meredith e Westberry, 2004; Pro-Sistiaga
e cols., 2007), afetam a ocorréncia de comportamentos reprodutivos de
machos e fémeas, como os comportamentos sexual e maternal (Fleming e
cols., 1980; Rasia-Filho e cols., 1991; Coolen e cols., 1997; Newman, 1999;
Sheehan e cols., 2001; de Castilhos e cols., 2006), os comportamentos
agressivo e defensivo (Newman, 1999; Savonenko e cols., 1999; Rasia-Filho e
cols., 2012a), a elaboracdo de respostas emocionais a estimulos em que a
ansiedade e o medo estejam envolvidos (Adamec e Morgan, 1994; Duncan e
cols., 1996) e participam nos ajustes cardiovasculares simpaticos e
parassimpaticos relacionados a génese e a modulacdo de comportamentos
sociais (Quagliotto e cols., 2008; Neckel et al., 2012; Quagliotto e cols., 2012).

O estudo dessas funcdes necessita que sejam detalhados a morfologia
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neuronal local, a plasticidade dos espinhos dendriticos, os contatos sinapticos
e 0S receptores para neurotransmissores presentes nos neurdnios do MePD de

ratos, o que sera abordado a segquir.

1.3 Acao dos hormonios gonadais no dimorfismo sexual do MePD

A exposicdo do sistema nervoso a esterbides sexuais influencia uma
variedade de caracteristicas, tais como o tamanho e o numero de neurdnios, 0s
ramos dendriticos e as conexdes sinapticas, ndo somente no desenvolvimento,
mas também em idade adulta (Gomez e Newman, 1991; Woolley e cols., 1997;
De Castilhos e cols., 2008; Brusco e cols., 2008; McCarthy, 2008; De Castilhos
e cols., 2010; McCarthy e Arnold, 2011; Rasia-Filho e cols., 2012a; Rasia-Filho
e cols., 2012b). O dimorfismo sexual no sistema nervoso € um fendmeno onde
fémea e macho da mesma espécie diferem entre si em parametros
morfolégicos e, consequentemente, funcionais incluindo-se a secrecéo ciclica
das gonadotrofinas e o comportamento sexual, o de agressividade, o
emocional e o cognitivo, respostas a estimulos estressantes e ansiedade
(Stefanova e Ovtscharoff, 2000; McCarthy, 2008).

O MePD de ratos € uma regido particularmente sensivel a acédo dos
horménios gonadais dada a alta expressdo de receptores para esses
esterdides e diferencas estruturais e neuroquimicas entre os sexos (Nishizuka

e Arai, 1981; Rasia-Filho e cols., 2004; Cooke e Woolley, 2005; Rasia-Filho e

cols.,, 2012a,b). De fato, o MePD apresenta uma alta concentracdo de

receptores para testosterona e receptores de tipo a e § para estradiol, além de

receptores para progesterona (Simerly e cols., 1990; Gréco e cols., 1996;
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Shughrue e cols., 1997; Gréco e cols., 2001,2003; De Vries e Simerly, 2002). A
aplicacdo de cristais de testosterona ou de estradiol no MePD é capaz de
aumentar o comportamento sexual de hamsters e ratos machos castrados,
respectivamente (Rasia-Filho e cols., 1991; Wood e Newman, 1995; Newman,
2002). Em ratos, o MePD esta relacionado com a ocorréncia de atividade
copulatéria e de ejaculacdo (Coolen e cols., 1996; De Castilhos e cols., 2006)
ou na percepc¢ao da estimulagdo vaginocervical (Coopersmith e cols., 1996;
Pfaus e Hebb, 1997; Lehmann e Erskine, 2005; Lehmann e cols., 2005). Além
disso, neurbnios que expressam receptores para horménios gonadais fazem-no
também para c-fos apds a percepcdo de estimulo olfativo e comportamento
sexual (Gréco e cols., 1996 e 2003; Coolen e cols., 1997). Varios resultados
experimentais indicam que o MePD forma um circuito sensivel aos hormonios
gonadais e que, por suas eferéncias, conecta-se a varios ndcleos
hipotalamicos que integram informacfes olfativas e a regulacdo da atividade
neuroenddocrina para modular a ocorréncia do comportamento sexual de
machos e fémeas (Wood e Newman, 1995; Guillamon e Segovia, 1997; Dong e
cols., 2001; Petrovich e cols., 2001; Choi e cols., 2005). De fato, o MePD
recebe informagdo direta e indireta proveniente das vias olfatéria e
vomeronasal e projeta eferéncias para os nucleos hipotalamicos periventricular
antero-ventral (AVPV) para alterar a secrecdo neuroendocrina de GnRH (De
Vries e Simerly, 2002) e para os nucleos pré-6ptico medial, pré-mamilar ventral
e a parte ventrolateral do nucleo ventromedial para modular o comportamento
reprodutivo (Canteras e cols., 1995; Guillamon e Segovia, 1997; Petrovich e
cols., 2001; Newman, 2002; Meredith e Westberry, 2004; Choi e cols., 2005;

Cavalcante e cols., 2006). Muitas dessas conexdes sdo reciprocas e fazem
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sinapse ao longo de sua projecdes em subregibes do nucleo intersticial da
estria terminal (Dong e cols., 2001; Choi e cols., 2005).

O volume do MePD de ratos machos € maior, aproximadamente 85%,
do que nas fémeas (Hines e cols., 1992). E, baseado em dados publicados nos
altimos anos (Rasia-Filho e cols., 1999, 2002 e 2004; Hermel e cols., 2006a;
Martinez e cols., 2006; Dall'Oglio e cols., 2008a,b), a acdo dos hormdnios
gonadais em ratos adultos podem afetar marcadamente o volume do soma
neuronal e a estrutura do neurépilo do MePD (composto por ramos dendriticos,
espinhos dendriticos, conexdes sinpticas e células gliais) tanto em machos
guanto em fémeas. Por exemplo, embora a quantidade de ramos dendriticos
seja a mesma em neurbnios de machos e fémeas em diestro, o padrdo de
orientacdo espacial dendritico é diferente entre os sexos e provavelmente
relacionado com a chegada de axoénios diferente no MePD de cada um deles

(Dall'oglio, 2008a).
1.4 Espinhos Dendriticos

Dendritos e espinhos sdo os principais sitios celulares para as funcées
conectivas e integrativas dos neurbnios, fato igualmente evidente no MePD
(Rasia-Filho e cols., 2004; Hermel e cols., 2006b; Dall'Oglio e cols., 2008b;
Rasia-Filho e cols., 2009; Brusco et al., 2010) e relevantes para a formacgao de
circuitos e da plasticidade sinaptica (Alvarez e cols., 2007; Bourne e Harris,
2007; Yuste, 2011; Rasia-Filho e cols., 2012; de Vivo e cols., 2013; Hill e Zito,
2013). O padréo de desenvolvimento, forma e fungéo dos espinhos dendriticos
modifica de forma marcante a excitabilidade neuronal (Coolen e cols., 1996;
Dong e cols., 2001; Segal, 2005; Genoux e cols., 2007; Segal, 2010; McKinney,

2010; Niimi e cols., 2012; Rochefort e Konnerth, 2012).
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Os espinhos sdo pequenas protrusbes neuronais mais
abundantemente encontradas em ramos dendritico, descobertos faz mais de
cem anos por Ramon y Cajal (1888), heterogéneos tanto morfologicamente
quanto funcionalmente (Lee e cols., 2012; Rochefort e Konnerth, 2012).
Espinhos podem ser encontrados no corpo da célula neuronal e no segmento
inicial do axénio de algumas células do SNC (Peters e cols., 1991; Rasia-Filho
e cols., 1999, 2004). Os espinhos dendriticos sdo encontrados em todos 0s
vertebrados e em alguns invertebrados, sendo que o0 seu tamanho varia ao
longo das diferentes regides nervosas ou dentro de uma mesma, assim como
entre as espécies (Rochefort e Konnerth, 2012). Os espinhos dendriticos séo
unidades integradoras multifuncionais que formam compartimentos
especializados poés-sinapticos com receptores de neurotransmissores para
alterar as propriedades neuronais locais e para ativar sequiencias bioquimicas
intracelulares (Shepherd, 1996; Nimchinsky e cols., 2002; Segal, 2005).
Diferencas no comprimento do pescoco e diametro da cabeca dos espinhos
também séo evidenciadas ao longo dos ramos dendriticos do mesmo neurdnio.
A diferenciacéo dos espinhos pode ser baseada em sua morfologia geral, como
o comprimento do pescogo, a forma da cabeca e o nimero de protusbes a
partir de um Unico pescoco. Dessa forma, os espinhos podem ser classificados
como de tipo achatado/espesso, fino, com formato de cogumelo ou com outras
formas menos frequentes, como com ramificacbes (Valverde, 1962; Peters e
Kaiserman-Abramof, 1970; Woolley e McEwen, 1993; Wearne e cols., 2005;
Arellano e cols., 2007; Kim e cols., 2007; Brusco e cols., 2008; Dall’Oglio e
cols., 2008b; Brusco et al., 2010; Dall'Oglio e cols., 2013; Figura 5). Algumas

formas intermediarias também podem ser visualizados entre as diferentes
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classificacdes (Brusco e cols., 2010). Esta caracteristica impressionante dos
espinhos, relacionada a variedade de seus formatos e tamanhos, sugere uma
possivel diversidade funcional (Rochefort e Konnerth, 2012).

Os espinhos dendriticos podem ser estaveis ou podem sofrer
mudancas notaveis em sua forma e numero sob diferentes condicBes
fisiolégicas ou experimentais, e isso no decurso de minutos, horas ou dias
(Toni e cols., 1999; Nimchinsky e cols., 2002; Kasai e cols., 2003; Marcuzzo e

cols., 2007).
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Figura 5: Desenho representativo das diferentes formas dos espinhos
dendriticos do MePD de ratos adultos machos evidenciados pela fluorescéncia
com o corante extracelular Dil e microscopia confocal, como publicado em

Brusco e cols. (2010)
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A maioria dos neurénios do MePD possuem espinhos dendriticos,
embora outros escassos apresentem-se sem espinhos nesta regido. Nesses
casos, porém, algumas proeminéncias dendriticas séo identificadas, o que
coloca em davida a presenca ou ndo de espinhos do tipo achatado nesses
ramos irregulares (Rasia-Filho e cols., 2009). Os dendritos do MePD
apresentam uma quantidade moderada de espinhos e a distribuicdo dos
espinhos parece ser relativamente homogénea ao longo do comprimento
dendritico (Marcuzzo e cols.,, 2007). Nao ha, no entanto, diferenca na
densidade de espinhos nos primeiros 40 um dendriticos nem entre as colunas
celulares medial e lateral do MePD (de Castilhos e cols., 2006) nem entre o
MePD dos hemisférios direito e esquerdo (Arpini et al., 21010).

Pela microscopia confocal e com imunomarcacdo para sinaptofisina,
proteina caracteristicamente pré-sinaptica, demonstrou um punctum
caracteristico em aposi¢cdo aos ramos dendriticos e espinhos (Brusco e cols.,
2010; Figura 6). Poucos espinhos ndao apresentavam a imunomarcacao, mas,
muito importante, outros pareciam ser espinhos multisinapticos, apresentando
multiplos puncta de sinaptofisina proximos a eles, o0 que sugere uma
versatilidade sinaptogénica no MePD de ratos (Brusco e cols., 2010). Dados
ultraestruturais revelaram a presenca de espinhos multisinapticos na AMe

humana (Dall’Oglio e cols., 2013).
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Figura 6: Ramos dendriticos e espinhos do MePD de ratos como evidenciado
pela fluorescéncia do Dil (amarelo) associado com a imunomarcacao da
sinaptofisina (vermelho) reconstruida por microscopia confocal. Observe o0s
puncta de sinaptofisina em aposicdo aos ramos dendriticos e espinhos
dendriticos com suas diferentes formas (seta). Ndo obstante, nem todos os
espinhos apareceram marcados (asterisco) e outros mostraram um
agrupamento de marcacao préximo a eles (ponta da seta), como publicado em

Brusco e cols. (2010).

1.4.1 Plasticidade dos Espinhos Dendriticos no MePD

Varias acdes relevantes dos hormonios gonadais diretamente em
dendritos e espinhos ja estdo relatados na literatura, inclusive para a AMe de
roedores (Gomez e Newman, 1991; Blaustein e cols., 1992; Lorenzo e cols.,
1992; Toran-Allerand, 1995; Zehr e cols., 2006; DonCarlos e cols., 2006). O
estudo dos espinhos dendriticos proximais € muito relevante, pois estes
espinhos estédo localizados estrategicamente para afetar a voltagem do soma
neuronal, a geracao do potencial de acéo e as eferéncias para diferentes redes
neurais (Rasia-Filho e cols., 2004; de Castilhos e cols., 2006, 2008; Marcuzzo e

cols., 2007; Arpini e cols.2010; Rasia-Filho e cols. 2012a).
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A densidade dos espinhos dendriticos (ou seja, 0 numero de espinhos
por unidade de comprimento dendritico) nos primeiros 40 um dos ramos
dendriticos primarios de neurbnios do MePD, impregnados pela técnica de
Golgi, esta entre 2,0 a 2,9 espinhos/um em ratos machos Wistar adultos
(Rasia-Filho e cols., 2004; de Castilhos e cols., 2006; Marcuzzo e cols., 2007;
de Castilhos e cols., 2008; Arpini e cols., 2010). Ja a densidade dos espinhos
dendriticos do MePD, em neurbnios Vvisualizados como emprego da
carbocianina Dil e por microscopia confocal, foi de 1,15 + 0,6 espinhos/um
(Brusco e cols., 2010; Rasia-Filho e cols., 2012a). As diferencas metodoldgicas
na preparacao histoldgica e na retracdo tecidual podem explicar a disparidade
dos resultados da densidade dos espinhos entre as técnicas de Golgi e a que
emprega Dil (Rasia-Filho e cols., 2012a).

Os neurdnios multipolares, “bitufted” e estrelados, do MePD de ratos
nao apresentam diferenca na densidade de espinhos dendriticos entre si (de
Castilhos e cols., 2006; Marcuzzo e cols., 2007). Empregando-se a técnica de
Golgi, foi observado que a densidade desses espinhos dendriticos € maior em
machos do que em fémeas virgens em proestro, estro e metaestro ou que
passaram pela experiéncia da maternidade e se encontram em diestro, 0 que
sugere que a densidade de espinhos dendriticos na MePD é sexualmente
dimérfica (Rasia-Filho et al., 2004). Sendo assim, é relevante considerar que a
variacao ciclica dos esterdides ovarianos ou sua elevagcdo durante a gravidez
modifica 0 nimero de locais pos-sinapticos de processamento de informacao
no MePD (Rasia-Filho e cols., 2004, 2012a,b). Ademais, a reposi¢do hormonal
afeta igualmente a densidade de espinhos dendriticos no MePD de ratas. Ou

seja, a terapia substitutiva com estradiol e progesterona, uma semana depois a
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castracdo, aumenta o numero de espinhos dendriticos em relacdo as ratas
controle nao tratadas (de Castilhos e cols., 2008).

Os horménios gonadais podem também alterar a morfologia dos
neurénios do MePD de machos. A castracado de ratos Sprague Dawley pré-
puberes reduz o nimero de espinhos dendriticos sem afetar o comprimento e
ramificacdo dendritica de neurbnios do MePD (Cooke e Woolley, 2009),
enquanto a exposicdo de ratos Long Evans a testosterona por 4 semanas
aumenta em 67% a densidade de espinhos dendriticos em ramos dendriticos
distais (Cunningham e cols., 2007). Em ratos Wistar adultos, a castracao
reduziu a densidade de espinhos dendriticos proximais coincidindo no tempo
com a reducdo do comportamento sexual desses animais (de Castilhos e cols.,
2008).

Avancando os achados sobre a quantidade de espinhos dendriticos no
MePD e sua modulacdo pelos horménios gonadais em machos e fémeas,
descobriu-se que o maior percentual de espinhos dendriticos no MePD de ratos
adultos apresenta formato fino (Brusco et al., 2010), como mencionado
anteriormente. Nao se conhecia, no entanto, qual a morfologia preferencial dos
espinhos dendriticos no MePD de fémeas ao longo do ciclo estral. Esta € uma

das contribuicdes da presente dissertacao.

1.5 Importancia dos Fatores de Transcri¢do Lhx no desenvolvimento e na
conectividade do MePD

As diferentes subdivisbes da AMe estdo envolvidas no controle de
comportamentos sociais, dentre eles o reprodutivo, o defensivo e 0 agressivo
(Choi et al., 2005; Rasia-Filho et al., 2009, 2012b). Essas fun¢cbes sao

moduladas por subpopulacdes neuronais geneticamente distintas no MePD,



32

por exemplo, as quais expressam diferentes fatores de transcricdo da familia
homeodominio LIM (Lhx; Choi e cols., 2005). Os genes especificos de
regulacéo para os fatores de transcricdo Lhx séo expressos de forma diferente
ao longo do desenvolvimento das células locais do MePD (Choi e cols., 2005;
Garcia-Lopez e cols., 2008; Bupesh e cols., 2011). Trés genes da classe
homeodominio LIM, Lhx5, Lhx6 e Lhx9, sdo diferentemente expressos no
MePD (Choi e cols., 2005). Estudos com microscopia confocal indicaram que
células imunorreativas para Lhx6 constituem uma alta propor¢cdo (em torno de
80% £ 1.5%) de todos os neurdnios do MePD (Zirlinger e cols., 2001; Choi e
cols., 2005). Esses neurdnios sao particularmente originados da MGEcv
formando um agrupamento celular que expressa calbindina e, provavelmente,
acido y-amino-butirico (GABA) relacionados com o comportamento reprodutivo
(Bupesh e cols., 2011). A presenca do fator de transcricdo Lhx5 caracteriza
uma subpopulacdo neuronal importante derivada dos nucleos supra-optico e
paraventricular do hipotalamo (Medina e cols., 2011). Ja células oriundas do
palio ventral expressam Lhx9 no MePD (Garcia-L6pez e cols., 2008; Bupesh e
cols., 2011).

O estudo das subpopulagbées neuronais imunomarcadas com os fatores
de transcricdo Lhx6, Lhx5 e Lhx9 no MePD avanca os conhecimentos sobre os
genes relacionados com a circuitaria desta regido, contribuindo para o
esclarecimento do seu desenvolvimento e da sua organizagao funcional (Choi e
cols., 2005). Além disso, por ser uma estrutura essencial para o controle das
emocoOes e do comportamento social (Newman, 1999; Swanson, 2000; Phelps
and LeDoux 2005), a disfuncdo da amigdala estd associada com diversas

doencas neuropsiquiatricas humanas, incluindo a epilepsia do lobo temporal
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(Pitkanen e cols., 1998), o autismo (Amaral e cols., 2008), entre outras. Desta
forma, o estudo do desenvolvimento desta estrutura € importante para a
compreensao da fisiopatologia destas doencas e o rato pode servir como
modelo animal. Os espinhos dendriticos, dada sua relevancia para as
sinapses, nas diferentes subpopulacfes neuronais que expressam esses

fatores de transcricdo e que compde o MePD de ratos sdo igualmente

estudados nesta dissertacao.

1.6 Importancia dos receptores glutamatérgicos e GABAérgicos na
plasticidade dos espinhos dendriticos

Uma sinapse € tipicamente definida pela presenca de uma zona pré-
singptica ativa contendo as vesiculas sinapticas, uma fenda sinaptica bem
definida e uma densidade pds-sinaptica (PSD) que é caracterizada por uma
regido elétron-densa a microscopia eletrénica (Holtmaat e Svoboda, 2009;
Rochefort e Konnerth, 2012). As diferencas no tamanho da cabeca do espinho
sdo correlacionadas com diferengcas no tamanho da densidade pdés-sinaptica
(PSD, McKinney, 2010). Baseado nisso, a forma dos espinhos pode afetar a
estabilidade sinaptica e a funcdo sinaptica (McKinney, 2010; Niimi e cols.,
2012; Rochefort e Konnerth, 2012). Por exemplo, a formacgédo, o
remodelamento, e a eliminacdo de sinapses excitatérias nos espinhos
dendriticos representam formas de refinamento da atividade da microcircuitaria
cerebral (McKinney, 2010). Sugere-se que o formato dos espinhos possa ser
regulado pelos subtipos de receptores glutamatérgicos que ocorrem por causa
e para modificar certas formas de plasticidade sinaptica (Matus, 2000). Sendo
assim, espinhos com morfologia classificada como fina (com um pesco¢co mais

longo e uma cabeca de pequeno volume) se mostram muito mais instaveis
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quanto a seu numero e forma (Lin e cols., 2004; Matus, 2005), enquanto
espinhos maiores e com formato de cogumelo poderiam ser mais estaveis e
capazes de atividades sindpticas mais duradouras (Nimchinsky e cols., 2002;
London e Hausser, 2005). Embora ainda seja assunto em debate (Segal,
2010), acredita-se que espinhos menos estaveis apresentem preferentemente
receptores glutamatérgicos de tipo NMDA e aqueles mais estaveis receptores
de tipo AMPA (Nimchinsky e cols., 2002; London e H&ausser, 2005; Arellano e
cols., 2007; Bourne e Harris, 2007). Esta descrita uma correlacéo estreita entre
o tamanho do espinho dendritico e o tamanho da PSD e entre o tamanho da
PSD e a densidade de receptores glutamatérgicos do tipo AMPA na sinapse
(Hering e Sheng, 2001; McKinney, 2010; Hanley, 2008). Entdo, quanto menor
for a cabeca do espinho, menor é a sua PSD e menor € a densidade de
receptores glutamatérgicos do tipo AMPA (McKinney, 2010). Em contraste,
espinhos maiores como os do tipo cogumelo, por exemplo, tem PSDs maiores
que sao frequentemente de aspecto “perfurado” (Harris e Stevens, 1989; Harris
e cols., 1992).

Contribuicdes tedricas e experimentais vém sugerindo que, além da
geometria do espinho dendritico afetar o processamento biofisico do potencial
elétrico gerado pela atividade sinaptica em relagdo ao dendrito com o qual esta
conectado, ha presenca de receptores para neurotransmissores diferentes
entre os diferentes tipos de espinhos (Segev e Rall, 1998; Nimchinsky e cols.,
2002; London e Hausser, 2005). Os receptores glutamatérgicos do tipo AMPA
e do tipo NMDA estédo colocalizados na membrana pos-sinaptica da maioria
das sinapses excitatorias (Kharazia & Weinberg, 1997; Nusser, 2000). Tendo

papel muito importante na formacgéo das sinapses mais estaveis, encontram-se
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0s receptores glutamatérgicos de tipo AMPA, com as subunidades GIuR1/2
(Tsui, 1996; Oray e cols., 2006; Zito e cols., 2009). A subunidade GLURL1 tem
sido envolvida na morfogénese do espinho, com sua porcdo C-terminal
podendo interagir diretamente com a maquinaria de sinalizacdo intracelular
para promover mudancas apropriadas no citoesqueleto (Hanley, 2008).
Receptores glutamatérgicos do tipo NMDA sédo encontrados em neurdnios
tanto nas sinapses que sao feitas em espinhos dendriticos como em locais
extrasinapticos (Petralia e cols., 2010). A subunidade GIuN1 do NMDA é
essencial para a formacao desse tipo de receptor (Watanabe, 1992).

O glutamato também exerce um importante papel na expansdo e
retracdo do espinho. Os receptores glutamatérgicos regulam essa propriedade
por acdes sobre o citoesqueleto de actina, como a inducdo da
despolimerizacdo da actina (Richards e cols., 2004). Reducdes significativas
na densidade e no comprimento dos espinhos dendriticos dos neurbénios da
regido CA1 hipocampal foram observadas apds a aplicacao de antagonistas do
receptor AMPA ou bloqueio da liberacdo do glutamato pela adicdo da toxina
botulinica a cultura de células (McKinney, 2010). Isso poderia explicar porque a
auséncia da ativacdo do receptor AMPA, ap6s a degeneracdo de aferéncias
pré-sinapticas, inicia um processo de retracdo dos espinhos nas células pos-
sinapticas em CA1 (McKinney, 2010). Desta forma, o glutamato liberado exerce
um efeito trofico sobre os espinhos, agindo sobre os receptores AMPA, o que €
essencial para sua manutencdo (McKinney e cols., 1999). A ativacdo de
receptores glutamatérgicos do tipo NMDA é capaz de induzir mudancas rapidas
na morfologia dos dendritos e no recrutamento dos receptores glutamatérgicos

do tipo AMPA nas sinapses dos espinhos dendriticos (Matus, 2000; Lin e cols.,
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2004; McKinney, 2010). A ativacdo dos receptores do tipo NMDA causa um
aumento rapido e transitério no tamanho de espinhos pré-existentes e, em
seguida, a formacdo gradual de novas protrusbes dendriticas e espinhos
dendriticos (Lin e cols., 2004). Cada uma destas formas de plasticidade pode
ter efeitos significativos na eficacia da transmisséo singptica (McKinney e cols.,
1999; Fischer e cols., 2000; Bnhoeffer e Yuste, 2002; Lin e cols., 2004).

A transmissdo sindptica inibitoria rapida na maioria das sinapses do
SNC é mediada pelos receptores GABAEérgicos ionotropicos de tipo A
(Marowsky e cols., 2004; Heldt e Ressler, 2007) que sdo compostos por cinco
subunidades a partir de um conjunto de sete familias de subunidades (Whiting
e cols.,, 1999; Marowsky e cols., 2004). A variedade de combinagbes das
subunidades resulta em uma populacdo heterogénea dos receptores GABAa
(Heldt e Ressler, 2007); no entanto, a composi¢cdo mais abundante consiste em
duas subunidades a (1-6), duas subunidades B (1-3) e uma subunidade y (1-3).
Os numeros entre parénteses representam as isoformas de cada subunidade
do receptor GABAA (Farrar e cols., 1999; Sieghart e cols., 1999; Whiting, 1999;
Marowsky e cols., 2004; Heldt e Ressler, 2007).

O padrdo de distribuicdo das subunidades do receptor GABAp
dependente de cada regido nervosa e sugere que diferentes receptores estao
envolvidos em circuitos neuronais distintos e com a capacidade de auxiliar uma
sinalizacdo celular especifica (Marowsky e cols., 2004). H4 RNAm para a
subunidade y2 em todo complexo amigdaloide de camundongos com
diferencas de expressdo em cada nucleo, sendo expresso de forma moderada
no AMe e no ACe e fortemente expressa na BLA (Heldt e Ressler, 2007). A

imunomarcacdo para GABA evidenciou uma intensa marcacdo em todas as
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estruturas da divisdo medial da amigdala extendida de ratos. A marcacao foi
principalmente observada no soma, incluindo a porcéo proximal dos dendritos e
axbnios (Pereno e cols., 2011; Niimi e cols., 2012). A grande quantidade de
neurdénios contendo GABA em todos os nucleos da divisdo medial da amigdala
extendida sugere que a AMe tem um importante papel no controle inibitério do
processamento de aferéncias sensoriais e das projecfes para os diferentes
nacleos hipotalamicos moduladores de comportamentos sociais (Choi et al.,
2005; Pereno e cols., 2011; Niimi e cols., 2012).

As sinapses GABAérgicas desempenham diferentes funcoes,
dependentes do tempo exato de sua ativacdo e da sua localizacdo subcelular
(Pouille e Scanziani, 2001; Gulledge e Stuart, 2003). Receptores do tipo
GABAA podem estar presentes em contatos sinapticos que se fazem
principalmente no tronco dendritico proximal e, em casos mais raros, em
espinhos dendriticos (Kisvarday e cols., 1990; Peters e cols., 1991; Lopez-
Bendito e cols., 2004; Cooke e Woolley, 2005). Essas sinapses inibitérias
formadas com os espinhos sdo estrategicamente localizadas para regular as
respostas pos-sinapticas (Keller, 2002).

Imunomarcacdo para GABA foi demonstrada em terminal sindptico
simétrico de sinapses formadas em espinhos, a microscopia eletrénica, no AMe
de ratos pré-puberes (Cooke e Woolley, 2005). Nao ha nenhum dado até o
momento para 0s receptores glutamatérgicos AMPA e NMDA ou para o
receptor GABAa € sua relagcdo com os espinhos dendriticos no MePD de ratos
adultos. Isso importa muito no processamento da informagéo sinaptica, na
estabilidade morfofuncional do espinho e de seus contatos e, na atividade

eletrofisiolégica e bioquimica do dendrito adjacente (Benavides-Piccione e
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cols., 2002; Nimchinsky e cols., 2002; London e Hausser, 2005; Ballesteros-
Yanez e cols., 2006; Bourne e Harris, 2007). Esse tipo de dado pode direcionar
esforcos futuros com outras técnicas de Biologia Molecular, microscopia
eletrbnica e imunocitoquimica para glutamato e GABA no MePD de ratos.
Todos esses dados sédo ainda inéditos, relevantes para a area de estudo e
contribuem diretamente e com os esfor¢cos que estdo sendo realizados para
elucidar a morfologia e a plasticidade dos neurénios do MePD de ratos (Rasia-
Filho e cols., 2004; de Castilhos e cols., 2006, 2008; Dall'Oglio e cols., 2008a;
Rasia-Filho e cols., 2009, 2012a,b). Podem auxiliar também a compreender as
caracteristicas morfoldgicas e funcionais dos neurénios dessa regidao e o papel
integrado do MePD dentro de circuitos envolvidos com a modulacdo de
diferentes comportamentos sociais em machos. Isso é absolutamente relevante
para estabelecer uma correlacdo com os dados sobre a densidade de espinhos
dendriticos de machos obtidos pela técnica de Golgi (Rasia-Filho e cols., 2004;
de Castilhos e cols., 2006, 2008; Arpini e cols., 2010; Brusco e cols., 2010).
Neste sentido, a microscopia confocal e a reconstrucdo tridimensional de
imagens servem como método adequado para estudo da presenca e

localizac&o de receptores em espinhos dendriticos (Rasia-Filho e cols., 2010).
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2. OBJETIVOS
2.1 Objetivo Geral

- [Estabelecer conhecimentos inéditos a respeito da morfologia e da
conectividade dos espinhos dendriticos do MePD de ratos machos e fémeas,
valendo-se da técnica de reconstrucdo tridimensional com microscopia
confocal, a fim de obter dados relevantes e complementares para o
entendimento de certas formas de plasticidade sinaptica e da organizacao
sinaptica desta regido. Tais dados devem avancar o conhecimento sobre a
base celular de organizacéo funcional dessa regido amigdaliana, sendo muito
relevante para os experimentos futuros que visem estudar a importancia do

comprometimento da amigdala medial em condi¢cdes neuropatoldgicas.

2.2 Objetivos Especificos

Objetivo 1 - Estudo da densidade e da morfologia tridimensional dos
espinhos dendriticos da amigdala medial péstero-dorsal de ratas ao longo

do ciclo estral

- Estudar a densidade e a morfologia tridimensional dos espinhos dendriticos,
apos reconstrucdo de imagens de microscopia confocal, no MePD de fémeas

ao longo do ciclo estral.

- Comparar com dados prévios a respeito da morfologia dos espinhos
dendriticos do MePD de machos, analisar o dimorfismo sexual nos espinhos
dendriticos dessa regido amigdaliana e avaliar se a secrecao ciclica dos

esterodides ovarianos pode influenciar a morfologia desses espinhos.
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Objetivo 2 - Estudo da morfologia tridimensional dos espinhos
dendriticos em neurdénios Lhx5%, Lhx6" e Lhx9" na amigdala medial

postero-dorsal de ratos

- Descrever a presenca das subpopulagdes neuronais gque expressam o0S

fatores de transcricdo Lhx6", Lhx5", e Lhx9" no MePD de ratos.

- Estudar a densidade e a morfologia tridimensional dos espinhos dendriticos,
apos reconstrucdo de imagens de microscopia confocal, nas subpopulacdes

neuronais, Lhx6*, Lhx5" e Lhx9" do MePD de ratos, machos e adultos.

Objetivo 3 - Estudo da morfologia tridimensional dos espinhos
dendriticos e da presenca e da distribuicdo de receptores glutamatérgicos

e GABAérgico na amigdala medial péstero-dorsal de ratos

- Descrever a presenca e a localizacdo de receptores poés-sinapticos dos
principais neurotransmissores excitatorio e inibitério nos espinhos dendriticos

do MePD de ratos.

- Estudar os pontos de imunomarcacao da subunidade GIluR1-4 do receptor
AMPA, da subunidade GIluN1 do receptor NMDA e do receptor GABAA sobre a
estrutura tridimensional dos espinhos dendriticos de neurdnios do MePD de
ratos machos adultos pela reconstrucéo tridimensional de imagem obtida por

microscopia confocal.
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3. ARTIGOS CIENTIFICOS

Objetivo 1 = Para contemplar este objetivo, os dados foram obtidos
e publicados na revista Histology and Histopathology no ano de 2012.
Este artigo contém também uma revisdo atual e geral dos conhecimentos

correlatos da MePD de ratos.

Objetivos 2 e 3 = Os dados relacionados com estes objetivos foram
obtidos e compuseram o0 segundo artigo aqui apresentado, a ser
submetido em breve para julgamento na revista Brain Structure and

Function.
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Summary. The medial nucleus of the amygdala (MeA) hypotheses are raised from these experimental data and
is a complex component of the “extended amygdala” inreveal the MePD as a relevant region to study the effects
rats. Its posterodorsal subnucleus (MePD) has :of sex steroids in the rat brain.

remarkable expression of gonadal hormone receptors, |

sexually dimorphic or affected by sex steroids, andKey words: Amygdala/cytology, CREB, Gonadal
modulates various social behaviors. Dendritic spine hormones, Neural pathways/axonal network, Sexual
show remarkable changes relevant for synaptic strengtdimorphism

and plasticity. Adult males have more spines than
females, the density of dendritic spines changethén
course of hours to a few days and is lower in proestrou Introduction

and estrous phases of the ovarian cycle, or is affected

both sex steroid withdrawal and hormonal replaceamen  The amygdaloid complex in the basal forebrain is
therapy in the MePD. Males also have more thin spine.ccomposed of various nuclei and subnuclei with
than mushroom-like or stubby/wide ones. The presencianatomical and functional particularities (Brode®81;

of dendritic fillopodia and axonal protusions ineth McDonald, 1998; Pitkédnen, 2000; Rasia-Filho et al.,
MePD neuropil of adult animals reinforces the evidence2000; de Olmos et al., 2004). Considerable efforts have
for local plasticity. Estrogen affects synaptic and cellularbeen devoted to its study in rodents (e.g., rat, mouse, and
growth and neuroprotection in the MeA by regulating hamster), monkeys, and humans. The medial nucleus of
the activity of the cyclic AMP response element-binding the amygdala (MeA) is a superficial and relatively large
protein (CREB)-related gene products, brain-derivedcomponent of the “extended amygdala” in rats (Alheid et
neurotrophic factor (BDNF), the anti-apoptotic giot  al., 1995; Alheid, 2003; de Olmos et al., 2004)eTh
B-cell lymphoma-2 (Bcl-2) and the activity-reguldte embryological development of the mouse MeA indicates
cytoskeleton-related protein (Arc). These effecs o that it is a “mosaic” formed by cells coming from a
signal transduction cascades can also lead to locecaudoventral pallidal subdivision, the ventral pat,
protein synthesis and/or rearrangement of thethe commissural preoptic area, and the supraopto-
cytoskeleton and subsequent numerical/morphologicaparaventricular domain of the hypothalamus (Garcia-
alterations in dendritic spines. Various working Lopez et al., 2008; Bupesh et al., 2011). These data did
not support an exclusively striatal nature for thige

Offprint requests to: Prof. Alberto A. Rasia-Filho, UFCSPA/Physiology, MeA (Swanson and Petrovich, 1998). The rat MeA can
R. Sarmento Leite 245, Porto Alegre 90170-050 RS, Brazil. e-mail: be further subdivided _accordlng '[0_ hIStO|Qg_I§Ia|,
rasiafilho@pg.cnpg.br connectional, neurochemical, and functional crien
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the anterodorsal (MeAD), anteroventral (MeAV), studied apart and, in adult females, the phasabef
posterodorsal (MePD), and posteroventral (MePV)estrous cycle have to be considered as a presumed
subnuclei (Alheid et al., 1995; Petrovich et al., 2001; desource of variability in the results. If femalesdhidne
Olmos et al., 2004; Carrillo et al., 2007; Dall'@glkt experience of motherhood, the MePD differed from that
al., 2008a,b). In coronal sections, the MePD shows thre of a virgin age-matched female in various respects
parallel vertically-oriented columns of aggregatedls (Rasia-Filho et al., 2004). These methodological
that extend from the medial to the lateral border of thisprocedures were achieved after many trials, based o
subnucleus, close to the optic tract (OT) and ventrally ttmany pioneering results, and they are helping us to
the stria terminalis (ST; de Olmos et al., 2004). conduct future work. In the present review, whemeve
Surrounding the external borders of the MePD armd th possible, attention will be given to the MePD (Figure 1)
MePV there is a cell-sparse rim initially termedeth because of its known plasticity.

“molecular layer”, but rather formed by axons cogin

from outside the MeA subnuclei (Scalia and Winans, The posterodorsal medial amygdala

1975; Nishizuka and Arai, 1983; de OImos et al., 2004).

Neuroanatomical and functional differences of MeA The basic morphological description of the MePD
subnuclei were revealed by different methodologicalwas provided from prepubertal Sprague Dawley rats
approaches (Coolen et al., 1997; Newman, 1999 (Cooke et al., 2007). In these animals, the MePD volume
Petrovich et al., 2001; de OImos et al., 2004; Rasia-Filhcwas greater in males in both left and right hemispheres
et al., 2004, Blake and Meredith, 2011). Previous result((mean + standard error of the mean, 0.242+0.03 and
suggested that the MeA could have an anteriol0.258+0.026 mrh, respectively) than females
chemosensory information-sensitive part and a(0.203+0.01 and 0.216+0.023 rAmespectively), which
hormonally-sensitive posterior aspect (Gomez ancrepresents a statistically significant sex difference close
Newman, 1991; Malsbury and McKay, 1994; Wood andto 155 %. The neuronal density was estimated using the
Newman, 1995; Rasia-Filho et al., 1999). However, dueoptical disector in Nissl-stained coronal sections. In the
to its axonal projections, the MePD appeared tdhee left and right MePD of males there were 101,744+7,686
most different component within the rat MeA, even and 110,168+7,905 cells/nfnwhereas females had
when compared to the MePV (Canteras et al., 1995). Th110,306+10,223 and 107,208+6,930 cells/fam
proposition of a “ventral” MeA, made by the MeAD and respectively. By the relative neuronal density aotal
the MePV, received additional commentaries questionincvolume of the MePD, males had more neurons in the
its actual existence in rats (Dall’Oglio et al.,03®). right, but not in the left, MePD than females. That is, for
Therefore, as previously stated for the whole amygdaloicthe left and right MePD, values were 24,611+3,858 and
complex (Brodal, 1981; Swanson and Petrovich, 1998)28,550+4,525 for males and 22,411+2,934 and
the MeA is neither an anatomical nor a functional unit. 23,079+2,355 for females, respectively. From elactro
The MeA can have subregion-specific features and thiimicrograph images the neuropil of the left MePD of
heterogeneity can affect the interpretation of dla¢ga  males, compared to females, showed significantly higher
from the whole MeA (see parallel comments in Rosa evalues, mainly due to the volume occupied by dendritic
al., 2011). This implies that the experimental datashafts (41% vs. 32%) and glial cells (15% vs. 13%). On
obtained from the whole MeA have to be considered a:the other hand, more axons filled the left MePD in
the “resultant” of all subnuclei contributions. T™hu females than in males (50% vs. 40%). Dendritic spines
remarkable results could be due to a great effecand synapses accounted for 1% each in both sexes. That
consistently found in one or more than one of itsis, genetic and/or early epigenetic-mediated sex
subnuclei. Otherwise, it is also possible that a significandifferences affect the rat MePD prior to the pubkrt
effect in one subnucleus can be masked or dimidishe “activational” period of gonadal hormone action.
after mixing data from other subnuclei where the actions  In Sprague-Dawley rats (7 months of age) the total
are less intense. number of Nissl-stained cells in the whole MeA

The MeA subnuclei are part of brain circuits (including the surrounding “molecular layer”) was
sensitive to sex steroids where local cells shoastjd estimated using the optical fractionator method in
changes according to the level of gonadal hormames coronal sections (Chareyron et al., 2011). According to
circulation (Gréco et al., 1998, 2001, 2003; Newman these authors, the MeA has (mean * standard deviation)
1999; Rasia-Filho et al., 2004, 2009, 2012; de Castilho:188,742+19,688 neurons and 103,936+9,036 glia.cells
et al., 2008). The expression of receptors forNo sex difference or lateralization was found in the data
testosterone, estradiol or progesterone is different in th.obtained from 2 males and 2 females.

MeA subnuclei (Simerly et al., 1990; Shughrue et al On the other hand, Morris et al. (2008) studied
1997; De Vries and Simerly, 2002). The MePD presentsspecifically the MePD of young adult Long Evans rats.
one of the highest concentrations of sex steroidThey used the thionin technique in coronal sections and
hormones receptors in the rat brain, resemblingeho counted cells by the optical fractionator methotie T
found in the hypothalamic nuclei that control MePD volume was greater in the right hemisphere than
reproduction (Simerly et al., 1990; Shughrue et al. in the left and males had higher values than females. For
1997). This suggests that males and females have to tthe left and right MePD of males the results were (mean
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Fig. 1. A. Cresyl violet staining and schematic drawing of a coronal
section showing the ventral aspect of the Wistar rat brain and the
location of the posterodorsal medial amygdala (colored gray) close to
the optic tract (opt) and the stria terminalis (st) approximately 3.30
mm posterior to the bregma (based on Paxinos and Watson, 1988).
B. Reconstructed digitized microscopic image showing representative
multipolar neurons from the rat MePD. Golgi-impregnated multipolar
neurons were classified as bitufted (black arrow head) or stellate
(white arrow head) ones. C. Photomicrograph showing Golgi-
impregnated pleomorphic spines (arrows) protruding from a proximal
dendrite. Only background contrast was adjusted (Photoshop CS3
10.0, USA). Reprinted from Arpini M., Menezes I.C., Dall'Oglio A. and
Rasia-Filho A.A. “The density of Golgi-impregnated dendritic spines
from adult rat posterodorsal medial amygdala neurons displays no
evidence of hemispheric or dorsal/ventral differences”. Neurosci. Lett.
469, 209-213. Copyright (2010) with permission from Elsevier. Bars:
A, 1 mm; B, 50 um; C, 10 pm.
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+ standard error of the mean) 0.29+0.01 andand rats the local axons project with different
0.325+0.015 mrf) whereas females had 0.18+0.01 and orientations but emerge or leave the MePD via the ST, a
0.18+0.01, respectively (approximate data based orbidirectional pathway of this subnucleus (Valverde,
results presented in Figure 3A, page 855). The numbel962; Cooke and Simerly, 1995; see also below).
of neurons was higher in the left MePD than in the right
MePD and males have more neurons than femalesSex steroid actions in the MePD
Approximate values for the number of neurons in the left
and right MePD of males were 29,000+2,500 and The MePD neurons and glial cells in both sexes are
26,000+2,500, and females had 21,000+2,500 andchormally affected by sex steroids, as summarized
16,000£2,000, respectively (based on data presented elsewhere (Rasia-Filho et al., 2009, 2012). They are also
Figure 4A, page 856). The number of glial cells is sensitive to changes in plasma levels of these hormones
greater in the right than the left MePD and males haveafter experimental manipulations, such as castration and
more glial cells in both hemispheres compared toreplacement therapies (Rasia-Filho et al., 2004;
females (left and right male MePD, approximately Cunningham et al., 2007; de Castilhos et al., 2008). By
16,000+1,000 and 24,000+2,000; in femalesin situ hybridization, high concentrations of mMRNA for
12,500+2,000 and 13,000+1,000, respectively; Figureandrogen receptors (AR) were found in the MePD
4B, page 856). That is, in the young adult rat, l#fe  (Simerly et al., 1990). Functionally, pheromonal
MePD is smaller in volume but contains more neuronsstimulation increased the number of AR-immunoreactive
than the right MePD, which has more glial cells. cells in MePD neurons of male hamsters (Blake and
Johnson et al. (2008) confirmed these MePD volumeMeredith, 2011). In addition, a complete overlapswa
data and found that astrocytes were more numerous ofound between the immunoreactivity of the immediate
the right than in the left MePD and in males than i early gene protein Fos, an indicator of cellular
females. In addition, the left MePD had more comple activation, and ARs in MePD neurons of males that
astrocytes compared to those in the right, anddfte  ejaculated (Gréco et al., 1996). Local estrogen receptor
MePD astrocytes of males had more primary branches(ER)-o. (ER-o) increased density was associated with a
total number of branches, and branch points, and longesingle ejaculation or sexual satiety in male rats (Phillips-
branches than females, although females had aegreatFarfan et al., 2007). In the MePD of female raisr¢h
astrocytic density than males. were high concentrations of both ERand ER-R
Therefore, the rat MePD is an interesting area to(Simerly et al., 1990; Shughrue et al., 1997; Gréco et al.,
study neural gonadal steroid actions. As demonstrated b$998, 2001, 2003). Different regional distributioh
the Golgi method, the neuronal population in thallad these ERs occurs in the dorsal and in the ventral parts of
rat MePD of both sexes is comprised of multipolar cellsthis subnucleus, but both ERs can also be co-localized in
classified as bitufted (not “bipolar”, as per Ramyn the same neurons (Gréco et al., 2001, 2003).
Cajal's classical description; cf. Rasia-Filho et al., 1999)  The replacement treatment with estradiol to castrated
or stellate neurons (de Olmos et al., 1985; Gonmez a females decreased the number of MePD cells
Newman, 1991; McDonald, 1992; Rasia-Filho et al.,immunoreactive to ER: and those co-expressing ER-
1999; Cooke et al., 2007; Marcuzzo et al., 2007;and ER- (Gréco et al., 2001). In castrated and hormone-
Dall'Oglio et al., 2008a). Representative images of theseprimed female rats, Fos-ir following mating occurred in
neurons are shown in Figure 1 (see additionallyidRas cells co-expressing ER-or both ERe/ER- in the
Filho et al., 1999, 2004; Dall'Oglio et al., 2008%e dorsal MePD (Gréco et al., 2003). This same Fos
Castilhos et al., 2008). Bitufted neurons are detection occurred in cells only co-expressing ER-3
characterized by two dendritic shafts that emerge from @he ventral MePD (Gréco et al., 2003). Progesterone
rather fusiform or round soma, whereas stellate neuronseceptors also showed complex dynamics in the female
have three or more primary dendrites (Rasia-Filho et al. MePD along the estrous cycle or after castration (Gréco
1999; to compare general morphology with neuro-et al., 2001; Isgor et al., 2002). In addition, some MePD
chemically distinct MePD neurons, see a recentcells co-express ER-3 and progesterone receptors (Gréco
elaboration in Rasia-Filho et al., 2012). The démr et al., 2001). These data impose another level of
trees are rectilinear or sinuous, branch sparirgflpw ~ complexity on the local effects of sex steroids in normal
preferred spatial localizations and extend overidew cyclic conditions or along the reorganizational period of
range of path lengths (Alheid et al., 1985; Rasia-Filho etthe MePD following castration. For the latter, it is
al., 1999; Dall'Oglio et al., 2008a). There is nlear assumed that these effects can occur by two not mutually
morphological evidence for striatum-like medium spiny exclusive possibilities, i.e., after locally mediated/direct
stellate neurons in the MePD of adult Wistar rdts ( cellular actions, or indirectly via synaptic-indute
comparison, see Bennur et al., 2007; Marcuzzo .et al changes mediated by other hormonally-responsive nuclei
2007; Dall’Oglio et al 2008a), but other way to classify in interconnected brain circuits (Rasia-Filho et al., 1999,
neurons in the caudal MePD of rats was already reporte@012). These propositions were already discussed by
(Akhmadeev, 2008). In mice, some neurons in theother authors (Nishizuka and Arai, 1982; Gomez and
posterior part of the MeA resemble pyramidal nearon Newman, 1991; Lorenzo et al., 1992; Yoshida et al.,
from the piriform cortex (Bian et al., 2008). In both mice 1994; Cooke and Woolley, 2009).
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Furthermore, the rat MePD assembles coexistincrats as described previously using the Golgi method
subpopulations of neurons (Bupesh et al., 2011) with n((Rasia-Filho et al., 2004; de Castilhos et al., 2006, 2008;
obvious general morphological characteristic thatArpini et al., 2010). Moreover, various morpholagic
identify them (Nabekura et al., 1986; Gomez and parameters in the rat MePD are sexually dimorphic o
Newman, 1991; Rasia-Filho et al., 1999), but with affected by sex steroids. Differences between males and
functional particularities (Coolen et al., 1996;6Go et  females include: the volume of this subnucleus (Hines et
al., 1998, 2003; Choi et al., 2005). Cells expressing theal., 1992), the number of neurons and glial cells
transcription factor Lhx6 constitute around 80%adif (Johnson et al., 2008; Morris et al., 2008), the neuronal
neurons in the MePD, as seen with confocal microscop'somatic volume (Hermel et al., 2006a), the spatial
(Choi et al., 2005). This homogeneity for the MePD orientation of the dendritic branches (Dall'Oglib &.,
neurons would explain the low morphological variability 2008a), the density of dendritic spines (Rasiad-ih
(soma size, volume, and dendritic spine density) in maleal., 2004; de Castilhos et al., 2008), the synaptic

Fig. 2. A. Three-dimensional-
reconstructed fluorescent
image of Wistar male rat
posterodorsal medial
amygdala (MePD) neurons
under confocal microscopy
following application of
extracellular sonicated fine
powdered Dil in a coronal
brain slice. Spines were
classified as thin (t), stubby
(s), wide (w), “mushroom’-like
(m), ramified (r), and “others”
(0). At bottom, higher
magpnification pictures to
illustrate the shapes of the
dendritic spines. The asterisks
indicate a spine with an
assumed protruding vesicular
spinule. Arrows point to axons
with varicosities (V).

B. Representative drawings of
the different shapes of the
dendritic spines from the
MePD of adult male rats as
evidenced by Dil fluorescence

E and confocal microscopy.
y C. Three-dimensional-
“"HI"I reconstructed image under
JM confocal microscopy to show
Mm a dendritic shaft and spines
G from the adult male rat MePD

mushraom - like

It ydsc ety

as evidenced by Dil
fluorescence (yellow)
associated with synaptophysin

slu htl'}' and '.l'l'i-dE labeling (red)_. Note thg
synaptophysin puncta in close

1.'...‘...J..IL l 'S ¥ T apposition to dendritic shafts
and spines of different shapes

others (indicated by an arrow, for

{including Mopodiumy  (ramifiad) example), although not all of

the visible spines appeared
x _&.ﬂ" contacted by these puncta
' asterisk) or others showed a
(with spinule - like) f:luster 02 labeled puncta close
lﬂ. to them (arrowhead). In all
X pictures, background and
contrast were slightly adjusted using Adobe Photoshop 7.0 software (USA). Reprinted from Brusco J., Dall'Oglio A., Rocha L.B., Rossi M.A., Moreira
J.E. and Rasia-Filho A.A. Descriptive findings on the morphology of dendritic spines in the rat medial amygdala. Neurosci. Lett. 483, 152-156.
Copyright (2010) with permission from Elsevier.
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connectivity (Nishizuka and Arai, 1983) and the control column” for reproduction; and, 3) dense
excitatory post-synaptic current frequencies (Cooke andnnervation to the anteroventral periventriculacleus
Woolley, 2005), the content of neuropeptides (Micevych (AVPV) in the periventricular region; to the lateral part
et al., 1988; Oro et al., 1988; Malsbury and McKay, of the medial preoptic nucleus (MPOA) and the ventral
1994; De Vries and Simerly, 2002), and astrocyte densitpremammillary nucleus (PMv) in the medial
measured by glial fibrillary acidic protein (GFAP) nuclei/”behavior control column” for reproduction; and,
immunoreactivity (Rasia-Filho et al., 2002; Martinez et to the posterior nucleus in the lateral zone (Petrovich et
al., 2006; Johnson et al., 2008). al., 2001).

By linking the behavioral displays elicited by the The relevance and functional integration for some of
MePD with gonadal hormonal effects, it became clearthese connections has recently been addressed (Petrovich
that sex steroids can remarkably alter the function of theet al., 2001; Simerly, 2002; Choi et al., 2005; iRas
MePD cells. As reviewed recently (Rasia-Filho et al Filho et al., 2009, 2012; Quagliotto et al., 201R)is
2012), an unilateral implantation of estradiol list  noteworthy that the rat MePD can affect the occurrence
subnucleus restored copulatory behavior in adultof emotionally-loaded social behaviors, according t
castrated male rats (Rasia-Filho et al., 1991) as in aduNewman’s proposition (Newman, 1999). Local
castrated hamsters after implantation of testoseear neurochemical stimulation and inhibition supporé th
estradiol, but not dihydrotestosterone, in the @ast MePD role as a node for the modulation of social
MeA (Wood, 1996). Male mating behavior increased behavior neural networks (see further data and
either after unilateral or bilateral implants of testosteronecomments in Rasia-Filho et al., 2012). Indeed, the MePD
in the MePD of adult castrated hamsters, indicatingdeals with the interpretation of the social relesaf
redundancy, but not amplification, of the androgeni both olfactory and vomeronasal stimuli (Meredittdan
effects in this brain area (Coolen and Wood, 1999). TheWestberry, 2004; Blake and Meredith, 2011; Dhungel et
MePD role in the central modulation of male copulatory al., 2011), the central processing of genitoserdori
behavior is affected by the individual's sexual stimulation and modulation of different aspectstlod
experience and involves the evaluation of the skxuasexual behavior of males (remarkably ejaculatiam] a
receptivity of the female (De Jonge et al., 199@&rl§ females (Rasia-Filho et al., 1991, 2012; Coolemlgt
2005). This suggests that the MePD participatea in 1997; Pfaus and Heeb, 1997; Coolen and Wood, 1999;
plastic circuit that changes with emotional/social Newman, 1999; de Castilhos et al., 2006 linked to Rasia-
processing and learning. According to Newman (1999).Filho and Lucion, 1996), maternal behavior (Fleming et
“These same factors, sex-steroid sensitivity and neuronzal., 1980; Sheehan et al., 2001; Rasia-Filho et al., 2004),
connections, are of course dynamically modulatedaggression (Halasz et al., 2002; Nelson and Trainor
throughout life by sexual maturation, by experieoce 2007; Rasia-Filho et al., 2012), and neuroendocrine
learning, by reproductive cycles and diurnal cycles, ancresponses to stressful stimuli (Dayas et al., 1999;
by disease and aging.... At the very least, these stimulMarcuzzo et al., 2007; Singewald et al., 2008). For
produce immediate changes in synaptic activityhiea t example, the MePD projections to the hypothalamic
nodes of the social behavior network. In some cases thAVPV, MPOA, and PMv are involved with pheromonal
effects are long-lasting changes in the strength oistimuli processing, neuroendocrine, behavioral, and
synaptic connections...We will have to demonstrate sympathetic/parasympathetic responses (Canterals, et
mini-circuits within this network, each one 1995; Petrovich et al., 2001) with some indirect
independently regulating a specific aspect of a particulaconnections via GABAergic efferents from the BNST
behavior.”. (Dong et al., 2001; Polston et al., 2004). As noted in a

In effect, most MePD neurons are connected withrecent review (Rasia-Filho et al., 2009), male rat MePD
the medial hypothalamic nuclei related to repromunct activation during mating and the synaptic codification of
(Choi et al., 2005) either directly or indirectlyav  the MePD output activity to hypothalamic areas wloul
components of the bed nuclei of the ST (BNST; Dong etdisinhibit brain areas involved with sexual activity (Choi
al., 2001) or the hippocampus/septum pathwayet al., 2005) and modulate intromissions and ejaculation
(Petrovich et al., 2001). To the hypothalamus, the MePL(Coolen et al., 1996; Dominguez and Hull, 2001; de
sends projections: 1) with sparse terminaleropassant  Castilhos et al., 2006). Clusters of neurons medially and
buttons to the anterior periventricular nucleus #mel  laterally located within the MePD are respectively
arcuate nucleus in the “neuroendocrine motor zone”; tcinvolved with the occurrence of these two male activities
the anterior nucleus and the dorsomedial part ef th (Coolen et al., 1996, 1997). Besides, projectianshe
ventromedial nucleus in the medial ‘behavior cohtro entorhinal area and to the postpiriform transitional area
column’ involved with defensive display, as well to the would serve as other routes for pheromonal stirtwli
descending division of the paraventricular nucleusaffect the hippocampal circuitry and memory formation
related to ingestive or sympathetic/parasympathetic(Petrovich et al., 2001). From these experimengh d
activities, and to the medial mammillary nucleus or thethat demonstrated multiple demands on MePD cdlls, i
supramammilary nucleus, this one in the lateral zone; 2was suggested that local neurons receive “different
moderate terminals in the ventrolateral part of thedemands from specific pathways, whose inputs are
ventromedial nucleus in the medial nuclei/’behavior temporally and spatially integrated within neural
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networks, triggering the most appropriate action neurons are basically spiny and their spines can be found
according to the animal’s ongoing situation” (Rasia emerging from cell bodies, in the initial axonal cones or,
Filho, 2006; Rasia-Filho et al., 2012 and reference rather, from dendrites (Rasia-Filho et al., 1998ud80
therein). At the cellular level, the dendritic spgnare et al., 2010; Figures 1-3).

candidates for where to look for plastic synaptic As summarized elsewhere (Rasia-Filho et al., 2010),
properties in these neural circuits. They are nigtab several lines of evidence suggest that spines are

affected by sex steroids in adult animals. complex, multifunctional, integrative units, andrio
specialized neuronal postsynaptic compartments with
Dendritic spine plasticity in the MePD neurotransmitter receptor/ionic channels to alteal

dendritic (passive and active) biophysical propesti
A new frontier in MePD neuroanatomy began when (Shepherd, 1996; Benavides-Piccione et al., 2002;
it was possible to look at individual cells within distinct Nimchinsky et al., 2002; Kasai et al., 2003; Tsayl a
circuits (Choi et al., 2005). Although dendriticirsgs Yuste, 2004). Therefore, the pattern of spacing ted
were recognized as a cellular component for more than shape of dendritic spines can alter single spine
century (see Garcia-Ldpez et al., 2010), they havemembrane potential or couple voltages among
received much attention recently as an active rekea neighboring spines and/or dendritic shafts (Haarisl
field for unraveling neuronal plastic propertiese®RD Kater, 1994; Hayashi and Majewska, 2005; Bourne and

Fig. 3. A. Three-dimensional-reconstructed Dil fluorescent images of the Wistar rat posterodorsal medial amygdala (MePD; coronal brain slices
approximately at 3.3 mm posterior to the bregma) neurons under confocal microscopy. A. Two multipolar neurons exemplifying the quality of the
images obtained with this technique. Note the neuronal components and the presence of dendritic spines. B-E. Three-dimensional-reconstructed
images at higher magnification to evidence the density and shape of dendritic spines of adult rats. Representative pleomorphic dendritic spines were
obtained from the MePD of males (B), females in diestrous (C), proestrous (D), and estrous (E). F. Note the presence of fillopodium (small arrows)
among spines in the dendritic shaft, as well as axons with a regular contour and varicosities (asterisks) or (G-H) axonal ramifications with appendages
with different shapes (arrow heads). Brightness and background contrast were slightly adjusted (Photoshop CS3 10.0, USA). Bars: A, 10 um; B-H, 4
pm.
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Harris, 2008). This activation can bring about related to changing neuronal inputs (Lendvai et al.
intracellular biochemical cascades with multiple 2000; Deng and Dunaevsky, 2005; see also data from
functions, such as to induce and endure long-ternYasumatsu et al., 2008). Spines can show dynamic
electrophysiological changes (Kasai et al., 2003; Segalchanges for synaptic plasticity under natural cooils
2005). Spines can also serve to establish a biochemici(e.g., along the estrous cycle; Woolley and McEwen,
compartmentation to deal with calcium influx, to 1992; Brusco et al., 2008) or pathological situasio
integrate synaptic function and/or to prevent the increas (Campbell et al., 2009). It is likely that changes in spine
of ionic concentration to a pathological level digi  shape and number may be associated with various
normal synaptic transmission (Segal, 2005). Spinescellular processes and have an important functional
increase membrane surface and the receptive fagld f implication in the synapse-specific implementatimn

the establishment of contacts whose selectivity ancplasticity (Hayashi and Majewska, 2005).

functional properties determine the type of synaptically = The number and morphology of dendritic spines
generated electric potential (Harris and Kater,4:99 have been studied using the Golgi method (Ramén y
Nimchinsky et al., 2002; Kasai et al., 2003; but see alscCajal, 1909; Jones and Powell, 1969; Peters and
Segal, 2010). In effect, few spines are non-symapti Kaiserman-Abramof, 1970; Ramon-Moliner, 1970;
(Arellano et al., 2007), a variable proportion talde Valverde, 1970; Fairén et al., 1977; Szentagothai, 1978;
(Zuo et al., 2005), and others can provide new synapseWoolley and McEwen, 1992; Dall'Oglio et al., 2010),

Fig. 4. A,B. Camera lucida drawings of the
Golgi-impregnated axonal fibrillar network in
the neuropil of the right and left posterodorsal
medial amygdala (MePD), close to the optic
2 - 5 i tract (opt) and stria terminalis (st) in adult male
¥ Wistar rats. Images were 3.12 mm and 3.36
! mm posterior to the bregma (according to
Paxinos and Watson, 1988). Numbers inside
the MePD borders represent where the
neurons were found. Spatial coordinates are:

! i N D, dorsal; L, lateral; M, medial; V, ventral. (1-5)
] L Camera lucida drawings of Golgi-impregnated
.-._.-'-'.__h neurons from the MePD of adult male rats. As

e a matter of correctness, spine distribution was

L L not drawn for these spiny neurons. Arrows

1 —_— point to axons and their spatial distribution

' within the MePD. Bars: 50 pum.
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intracellular microinjections of Lucifer-Yellow (Duan et showing acontinuumof different shapes and sizes
al., 2003; Wearne et al., 2005), serial section(Rasia-Filho et al., 2004, 2009; Brusco et al., @01
reconstruction of electron microscopy images (Harris eiSpines were classified morphologically as thin,
al., 2006; Arellano et al., 2007), extracellular application mushroom-like, stubby/wide, ramified, with a gemule
of Dil, a diffusible and fluorescent carbocyaninged  appearance or with other transitional aspects (Peters and
under confocal microscopy (Kim et al., 2007; Rasia- Kaiserman-Abramof, 1970; Fiala and Harris, 1999; Fig.
Filho et al., 2009, 2010; Brusco et al., 201i@)vivo 2). In the MePD of adult Wistar males, thin spines were
two-photon imaging (Yang, et al., 2009; Fu and Zuo, the most abundant type (approximately 53%) followed
2011) and in cultured central nervous system neuronby mushroom-like (22%) and stubby/wide spines (21%);
(Zagrebelsky et al., 2010; Srivastava et al., 2(d)la filopodia-like protusions were also found and, tihge
Descriptive studies of this highly specialized akdl with other less frequent spine shapes, accounted fo
structure become even more interesting when integratealmost 3% of all sampled spines (Brusco et al.,0201
with the connectional and functional features (lRiceu For comparison between rat brain areas, this proportion
and Somogyi, 1983; 1zzo et al., 1987; Kisvarday et al.,of thin spines is basically identical to that found in the
1990; Benavides-Piccione et al., 2002; Larriva-Sahd stratum radiatum of hippocampal CA1 area (Fiala and
2008; Lanciego and Wouterlood, 2011; Rasia-Filho etHarris, 1999).
al., 2012) that are needed, for example, to coraitei As the results in Brusco et al. (2010) indicate, “most
the expression of complex behaviors and timedof the MePD dendritic spines showed a thin appearance.
physiological events. Because of their strategic place t(Two interpretations could be made on spine shape an
affect somatic voltage, action potential generatemd  size modifications by the synaptic signal. One suggests
the electrical/neurochemical output coding for eliéint  that morphological changes are not required for all forms
networks, proximal spines of MePD neurons were of synaptic plasticity (see Alvarez and Sabatifi0?),
counted (Rasia-Filho et al., 2004; de Castilhoslet  whereas the other proposes that the diversity of dendritic
2006, 2008; Marcuzzo et al., 2007; Arpini et al., 2010). spines indicates an intrinsic variability for syniap
Data related to these spines are described belovstrength and plasticity (see Arellano et al., 200Hin
However, other spine locations along MePD dendritesspines are usually more plastic, involve NMDA
also provided significant insights about neuronal glutamate receptors, and were named as ‘learning
plasticity (Gomez and Newman, 1991; Cooke andspines’ (Kasai et al., 2003; Bourne and Harris, 7200
Woolley, 2005; Cunningham et al., 2007). For example,The mushroom-like spines are more stable and make
male Sprague Dawley rats castrated before puberty hadsynapses functionally stronger (Kasai et al., 2003;
reduced dendritic spine number (31-46% lower valuesBourne and Harris, 2007). Stubby spines have a low
than control ones) along the first 70 um of primary resistance for the flow of electrical potentials (Korkotian
dendrites or along the last 70um of terminal deedrit and Segal, 2000).” Ramified spines may enhance the
without affecting overall dendritic length or branching of surface available for synaptic contacts but the presence
Lucifer Yellow-filled MePD neurons (Cooke and of filopodia is not usual in normal adult brain and might
Woolley, 2009). This occurred together with an impaired play a role in the establishment of new synapses (Fiala
rate of the typically juvenile rough-and-tumble ydla and Harris, 1999; Bhatt et al., 2009). Spinule-like
attacks (Cooke and Woolley, 2009). As evidenced usin¢protusions could be involved in structural remouaigli
Dil labeling and confocal microscopy, pubertal, and/or intercellular signaling between dendritigneg
gonadally intact Long Evans male rats exposed tcand its surrounding neuropil (Spacek and Harris, 2004).
testosterone proprionate for 4 weeks had a sigmfic Thus, data obtained for the adult male MePD
increase (near 67%) in spine number of MePD dendrite (Brusco et al., 2010) suggest that local “spines ca
at least 20 m in length and 100 pum from the cell body underlie synapses with different plastic capacities
(Cunningham et al., 2007). strength, and functional consequences in adult male rats.
The spine density (i.e., number of spines per unit oiThe dendritic spine geometry would be modeled by
dendritic length) in the first 40 um of dendritic shafts of synaptic activity to regulate the neuronal function
camera lucida drawing Golgi-impregnated MePD (Hayashi and Majewska, 2005; Schmidt and Eilers,
neurons ranged from approximately 2.0 to 2.9 2009). Dendritic spines can be stable in adulthood (Zuo
spines/dendritic pm in adult male Wistar rats (Rasi et al., 2005; Bhatt et al., 2009) but can also show
Filho et al., 2004; de Castilhos et al., 2006, 2008 dynamic changes linked with endogenous or
Marcuzzo et al., 2007; Arpini et al., 2010). Using environmental influences (Rasia-Filho et al., 2004;
confocal microscopy and the same rat strain and se>Marcuzzo et al., 2007). It is likely that above this basal
spine density in proximal branches was (mean tnumber, the epigenetic influences of the androgens can
standard deviation) 1.15+0.67 spines/dendritic pmincrease the dendritic spine density in the MePD.
(Brusco et al., 2010). Methodological differences in the Furthermore, MePD dendrites with stable spines migh
histological preparation, mainly fixation, would account indicate that neurons can have more steady properties in
for the discrepant data. As originally depicted, male-typical neural networks, whereas other modifiable
pleomorphic spines were found in the adult Wistdlr r spines would represent an intrinsic plastic capafcit
MePD, either isolated or in small clusters, notably local information processing and behavior modutatio
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In this sense, most MePD dendritic spines receiveAxospiny inhibitory synapses would account for a small
excitatory synapses (Hermel et al., 2006b) and long-ternproportion of contacts on MePD neurons. However,
potentiation was described in the MeA (Shindoulgt a some GABAergic terminals and possible inhibitory post-
1993), which might be related to memory formatian i synaptic currents can be dependent on spines (Kisvarday
some parallel neural circuits (Petrovich et al.020 et al., 1990; Lopez-Bendito et al., 2004; Huanglet
Prior experiences and associative learning involving the2005). GABA-immunoreactivity occurred in presynaptic
MePD can lead to permanent modifications, at l@ast terminals on symmetric synapses in the MePD of
the sexual performance of male rats (Stark, 2005).” prepubescent male rats (Cooke and Woolley, 2005).
However, one must bear in mind what was critically Although the percentage of occurrence of inhibitory
argued by Segal (2010) about dendritic spine plasticity spine synapses is small, they actually involvergda
“... there is an assumption that the size and number camount of contacts per cubic millimeter of brain tissue
miniature excitatory postsynaptic currents are elps (Popov and Stewart, 2009). Multisynaptic spines add to
correlated with, respectively, the physical size of the complexity of both the organization and functioning
synapses and number of spines. However, several receof local synapses as well (Popov et al., 2005). Therefore,
observations do not conform to these generalization the propositions regarding the associations between
necessitating a reassessment of the model: spinneurotransmission from the intra-amygdaloid or a&xtr
dimension and synaptic responses are not alwayamygdaloid fibre plexus to MePD dendritic spines have
correlated. It is proposed that spines are formed a to include the dual possibilities of excitation and
shaped by ongoing network activity, not necessarily by ¢inhibition of local neurons in the course of information
‘learning’ event, to the extent that, in the absence of suclprocessing (Rasia-Filho et al., 2004, 2009; Marcuzzo et
activity, new spines are not formed and existingon al., 2007).
disappear or convert into thin filopodia. In thesabce Furthermore, the occurrence of “silent synapses” and
of spines, neurons can still maintain synapses witkthe proportion of MePD spines that are genetically and
afferent fibers, which can now terminate on its dendritic functionally developed to be connectionally stahitel
shaft. Shaft synapses are likely to produce largeithose spines that are rather labile and plastic remains to
synaptic currents than spine synapses. Following loss cbe elucidated. One intriguing idea is that MePD
their spines, neurons are less able to cope with the larcdendrites with stable spines may suggest that local
synaptic inputs impinging on their dendritic shafts, andneurons can have some steady properties in neural
these inputs may lead to their eventual death. Thusnetworks, whereas unstable spines would represent a
dendritic spines protect neurons from synapticvigti intrinsic plastic capacity for synaptic processimgd
induced rises in intracellular calcium concentnasid. behavior modulation; in these latter the gonadal
These relevant ideas have to be tested in the MePD hormones would act to modulate spine number and
well. distribution (Rasia-Filho et al., 2009, 2012; Brusco et al.,
To add new data on this issue and to verify the2010).
synaptic connectivity of MePD spines, Dil was used In the MePD of adult Wistar rat brains, no
concomitantly with the immunolabeling for statistically significant difference was found inhet
synaptophysin, a pre-synaptic protein present in contacdensity of Golgi-impregnated proximal spines in bitufted
sites (Fig. 2). This approach proved to be very successfior stellate neurons (de Castilhos et al., 2006), neither in
in the rat MePD under confocal microscopy (Rasia-Filhothe percentage of each different shape of dendritic spines
et al., 2010; Brusco et al., 2010). Most spinesn&t  in those neurons (Brusco et al., 2010), nor in the
synaptophysin puncta close to its head or neck, whereedendritic spine density in both the medial or the lateral
other spines had no evident labeled puncta on them oaspects of the MePD (de Castilhos et al., 2008), which
conversely, multiple puncta appeared on one spine in thare differently involved with male sexual behavior
adult male rat MePD (Brusco et al., 2010). In adult male(Coolen et al., 1996). There was also no differeimce
Wistar rats, ultrastructural results showed thatstmo dendritic spine density in dorsally- or in ventsall
contacts (67.5%) were axodendritic, symmetrical andlocated neurons of proestrous females MePD (Arpini et
asymmetrical synaptic ones in the MePD neuropil ancal., 2010), in spite of the local heterogenic
92% of them appeared excitatory. Near 23% of all expression/distribution of ER-and ER-3 (Gréco et al.,
synapses were on dendritic spines, with no inhiito 2001). No evidence was found for a left to right
synapses on them (Hermel et al., 2006b). Although i hemisphere di€rence in the density of MePD proximal
was suggested that dendritic spines mostly recaive dendritic spines when comparing data from adult males
asymmetrical synapse with no dense-cored vesicleand diestrous females (Arpini et al., 2010), which
(87.5% of the cases; Hermel et al., 2006b), inbilyit  contrasts with prepubertal Sprague Dawley data that
and multisynaptic contacts were also found on dendriticshowed more dendritic shafts and greater branching
spines of the adult male MePD as evidenced in ar(Cooke et al., 2007), as well as more asymmetric
additional electron microscopy study (Rasia-Filho et al.,excitatory synapses on dendritic spines in the left MePD
2009: Brusco et al., unpublished data). The relevance cneurons of males than in females (Cooke and Woolley,
this kind of inhibitory contact on spines was 2005). Apart from possible strain differences, othe
hypothesized previously (Marcuzzo et al., 2007). disparities between young and adult animals may be due
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to increased levels of gonadal hormones during pubertydensity as well. Adult male castration notably restli
which may result in the rearrangement of dendrites dendritic spine density 90 days after testes rejova
dendritic spines and/or other types of synapsethén leaving a lower basal value of stable spines in the MePD
MePD of both hemispheres. Indeed, there is a dendritiiat this time (de Castilhos et al., 2008). This fird
pruning in MeA neurons during pubertal development inreinforces the proposition that androgens can affect the
male Syrian hamsters (Zehr et al.,, 2006) and a MePIMePD neuropil and local synaptic organization, as
synaptic reorganization, indicated by an increaséhée previously indicated by the reduction in substaRce
number of puncta immunoreactive for vesicular immunoreactivity and MePD volume (Malsbury and
glutamate transporter-2 and post-synaptic density 9 McKay, 1994) or dendritic atrophy after castration
two markers of excitatory synapses, in male Silmeria (Gomez and Newman, 1991). Considering morphology
hamsters during puberty (Cooke, 2011). and function, it is interesting to note that the decrease in
As found originally by Rasia-Filho et al. (2004), the the MePD spine density 90 days following testes
density of proximal dendritic spines in the MePD of removal coincides temporally with the marked
adult Wistar rats is sexually dimorphic (higher in males postcastration reduction in ejaculatory and intromission
than in proestrous, estrous or metaestrous females) arbehaviors in rats (Rasia-Filho et al., 1991; Ré#siae
is affected by the normal fluctuations in plasma ovarianand Lucion, 1996; de Castilhos et al., 2008). It remains
steroids along the estrous cycle (near 35% of reductioito be determined whether MePD spine reduction
during the transition from diestrous to proestroas) following gonadectomy is the cause or the consequence
after the occurrence of motherhood (almost 24% towe of male sexual behavior impairment.
in postpartum diestrous females than in age-matche In adult Wistar female rats, estradiol and
virgin diestrous females). The mean spine density in theprogesterone replacement beginning 1 week after
initial 40 pum of Golgi-impregnated dendritic branches castration increased spine number to supra-physiological
studied under light microscopy ranged from levels when compared to the normal number of spines
approximately 2.2 spines/dendritic um in diestroas t during the proestrous phase (Rasia-Filho et al., 2004; de
1.35 spines/dendritic um in the other phases of theCastilhos et al., 2008). In this experiment,
estrous cycle (Rasia-Filho et al., 2004). In another set covariectomized (OVX) females received one of the
experiments using Dil and confocal microscopy underfollowing treatments: (1) rats that received 2 dtijens
the same methodological conditions describedof sesame oil as vehicle (0.1 mL, s.c.), 24 h apart each
previously (Brusco et al., 2010), adult Wistar males hacone, and a third injection of oil 48 h later; (2) rats that
(mean % standard deviation for proximal dendrites) received 2 injections of estradiol benzoate (EB) (1
1.3+£0.3 spines/dendritic pm (n=6 rats, 2.5+1.4 ogar pg/0.1 mL, s.c.), 24 h apart each one, and a third
per rat), whereas females had 0.9+0.1 spines/dandri injection of sesame oil 48 h later; and, (3) rdtatt
pm in diestrous (n=4 rats, 4.2+2.6 neurons per rat) received 2 injections of estradiol benzoate (100.b/
0.6+0.2 spines/dendritic um in proestrous (n=4 rats,mL, s.c.), 24 h apart each one, but the third injection was
4.2+1.5 neurons per rat), and 0.6+0.1 spines/dgadri of progesterone (500 pg/0.1 mL, s.c.) 48 h latex (d
pm in estrous (n=5 rats, 3.8+1.6 neurons per rat; Fig. 3)Castilhos et al., 2008). The proximal dendriticrepi
These data agree with the interpretation of prewviou density of females treated with EB and progesterone
Golgi results, i.e., that the number of proximal dendritic reached statistically significant values when compared to
spines is different between sexes in rats (Rasia-Filho eboth oil-treated (near 68% more spines) or only EB-
al., 2004) and are in accordance with previous confocatreated rats (around 42%; de Castilhos et al., 2008). The
data obtained in males (Brusco et al., 2010). bs¢h  higher MePD spine density under the effects of EB and
newly sampled MePD neurons, diestrous females haiprogesterone indicates a complex modulation ofespin
approximately 51% of thin spines, 31% of stubby/wide, number by ovarian steroids and their receptors unde
12% of mushroom-like, and 6% belonging to the otherdifferent experimental or physiological conditions
spine shapes. Proestrous females showed near 53% (compare data in Rasia-Filho et al., 2004; de Castilhos et
thin spines, 28% of stubby/wide, 10% of mushroom-like, al., 2008; see a parallel discussion in Martinealet
and 9% belonging to the other spine shapes. Estrou2006).
females showed around 47% of thin spines, 34% o  Based on dendritic morphology and spine data
stubby/wide, 14% of mushroom-like, and 5% belonging acquired until now, it was suggested that adult Wistar rat
to the other spine shapes. These novel descrigat@ males and females might be receiving inputs from
indicate that males have more than threefold mushroomdifferent spatially-oriented neural pathways (Da{i{®
like spines than females along the estrous cycle. Takinet al., 2008a). This might not occur during the-pre
into account the putative stability of this kind gfine pubertal period in Sprague Dawley male rats submitted
and the relative percentages of the other shapes along tto gonadectomy (Cooke and Woolley, 2009). In the latter
estrous phases, the present data expand the observaticcase, spine density did not show distinct changes in one
on cyclic synaptic plasticity in the female rat M2P particular set of inputs to the MePD, as evaluated by the
(Rasia-Filho et al., 2004, 2009). general reduction in spines whatever the dendritic
Gonadal steroid withdrawal and replacement projection was (Cooke and Woolley, 2009). Apart from
hormonal therapies affected MePD dendritic spinethe possible differences due to the rat strain, sample size,
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or methodological approach, in adult Wistar rats, MePDfibrillar pattern of the MePD resulted from these mixed
dendritic shafts and spines might be receiving fepu circuits with branchings in various directions (Fig. 4). In
from different circuits. That is, there were more dendritic this regard, axons might be coming from the ipsilateral
branches oriented dorsolaterally and medially in malesMeA subnuclei or other intra-amygdaloid connections
whereas diestrous females had predominant dorskl ar(including fibers from the intercalated nuclei or from the
ventromedial orientated dendrites (Dall’Oglio et,al cortical ones) or from various extra-amygaloid
2008a). The medial dendritic orientation suggeltg t connections (Nishizuka and Arai, 1983; Canteras et al.,
males are rather gathering synaptic inputs from the1995; McDonald, 1998; Pitkanen, 2000; Meredith and
superficial “molecular layer”, where vomeronasal Westberry, 2004).
information passes through (Scalia and Winans, 1975;d  In the adult male Wistar rat MePD a single Golgi-
Olmos et al., 2004; Pro-Sistiaga et al., 2007). Males alsiimpregnated axon per neuron was found emerging from
have a higher number of dendritic shaft synapses in ththe cell body or, sometimes, from a primary derdrit
medial part of the ventromedially surrounding Axons had regular contours and they likely représen
‘molecular layer’ and more spine synapses in its ventraonly the subpopulation of unmyelinated nerve fibers
aspect (Nishizuka and Arai, 1983). “On the other hand (Lanciego and Wouterlood, 2011). The presence of only
morphological (dendritic spine density changes) andan initial axonal cone in well-impregnated MePD
biochemical switches (as found for the expressibn o neurons (Rasia-Filho et al., 1999; Dall’'Oglio et,al
different neuropeptides) suggest that the femal®M™e 2008a) indicates that the Golgi reaction was impaired by
play a relevant role in altering the course of informationthe myelin sheath. The axons usually presented
through interconnected circuitries during the essro varicosities but the occurrence of non-classieal
cycle (Oro et al., 1988; Fergunson et al., 2001; Polston epassantsynapses related with these varicosities was not
al., 2001; Rasia-Filho et al., 2004; Simerly, 2004)r studied by electron microscopy until now. Axonal length
instance, fewer dendritic spines in the MePD occurwas variable due to technical reasons. Local axons
during proestrous and estrous females, coincident with .coronal sections showed a tortuous course with a fibrillar
decrease in the number of synapsin reactivity, Wwhic aspect composed by parallel and oblique fibers in
could be associated with synaptic pruning (RasilaeFi relation to the OT. Some axons were found going
et al., 2004; Oberlander and Erskine, 2008). Thus, it wadorsally to the ST (Fig. 4). Supposedly, those nesiro
also hypothesized that labile dendritic spineshia t would be classified as projecting ones, but the end-target
MePD, which change their number along the estrousof these axons could not be determined with the present
cycle, would serve to modulate phasic synaptic impu approach. Other neurons had axons directed to the
whereas dendritic shafts would serve to receiveemor medial “molecular layer” or were projected ventrally or
stable afferences (Rasia-Filho et al., 2009). It would beprovided an apparent innervation to its close surrounding
interesting to know whether the synaptic inputs to space (Fig. 4). Some neurons appeared to have recurrent
dendritic spines and shafts are neurochemically differenaxons but their actual existence has to be confirmed. The
and/or whether they come from different subpopulationspattern of ramification of the sampled axons was no
of input neurons...” (Rasia-Filho et al., 2012; additional very extensive and the number of collaterals was notably
comments in Rasia-Filho et al., 2009). fewer than some interneurons in the rat cerebral cortex
Another clue for elucidating the plasticity of the (Fig. 4). Local axonal morphology, branching and
MePD neurons is provided by the aspect of the dxonalengths did not allow the reliable classification of MePD
network in the neuropil of this subnucleus. Becausecells as interneurons or projecting ones. This issue needs
dendritic spines usually establish contact with one axoradditional effort using electrophysiological recogs.
(Hermel et al., 2006b; but see Rasia-Filho et al., 2009 As noted here, there is an interesting researdid fie
Brusco et al., 2010), the study of the featureshef = opened to new and exciting discoveries.
axonal organization in the MePD deserves further In addition, one morphological aspect of the MePD
consideration. Axonal morphology of the MePD of adult axons focused our attention: the presence of axonal
male Wistar rats was studied by the "single-settion ramifications along the axon length appearing as
Golgi method and its variant (Gabbott and Somogyi, pleomorphic protusions from the axon membrane. They
1984; Izzo et al., 1987; Bolam, 1992) with light appeared as a kind of growth cone restricted to the end
microscopy and Dil labeling on confocal microscopy. of the axon (Fig. 3). The appearance of each protusium
Different Golgi procedures provided separate under confocal microscopy was usually as a small, thin
possibilities for the evaluation of axonal featussxd appendage extending from the parent axon. Varying
extensions. In our hands, the Golgi procedure developeshapes were observed, including a single fine
by Izzo et al. (1987) provided the best resultse Th prolongment that resemble a filopodium, those
spatial distribution of local axons partially resembled theappearing like “spines” with a neck and a bulbous head
one previously observed in the MePD of mice (Valverde,or ramified (Fig. 3). They were not as complex las t
1962; Fig. 4). Isolated axons in the MePD neuropil werelarge end bulbs of Held in the anteroventral coahle
often observed with both Golgi and Dil procedurdes. nucleus (Lorente de NG, 1981; Ryugo and Fekete, 1982).
these cases there were no obvious conditions to classiiHowever, these axonal protusions appear similar to
them as afferences or efferences because the axonterminals found in the accessory olfactory bulb (Larriva-
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Sahd, 2008) or the auditory cortex (Szentagothai, 1978)Serine-133 by various kinases, including: protein kinase
two highly plastic structures in the rat brain. It is unclear A (PKA), calcium/calmodulin-dependent protein kinase
whether these axonal appendages may be in the procelV (CaMK 1V) and ribosome S6 Kinase (RSK) (cf.
of forming new local connections or if they had already reviews in Lonze and Ginty, 2002; McClung and Nestler,
made mature, stable connections, adding furthezsclu 2008). Phosphorylated CREB (pCREB) is capable of
for synaptic processing in the MePD of adult anenal forming homo- or heterodimers with cyclic AMP
Interestingly, among local spines, filopodia wetsoa responsive modulator protein (CREM) or activating
observed arising from dendritic shafts of adultsrat transacting factor (ATF). It can then bind to a cRM
(Brusco et al., 2010). Based on these data, a wgrki response element (CRE), which consists of the
hypothesis regarding the formation and stability of palindromic consensus sequence TGACGTCA of
axospiny synapses is as follows: 1) dendritic fiidia promotor regions of genes (cf. reviews in Lonze and
grow to find an axon aiming to form a new contact, 2) anGinty, 2002; McClung and Nestler, 2008). Along with
axon sends out a protusium for a new synaptic site, or Gthe relevant co-activators the complex can activate
both phenomena may occur concomitantly (Nimchinskytranscription of CREB-related genes, such as those
et al., 2002). The spinogenesis and/or plasticity o described above.

dendritic spines may now be linked with the axonal Previous studies (Rachman et al., 1998) indicated an
properties in the neuropil of the adult rat MePD. ameliorative effect of estrogen in the forced swim test, a
Likewise, astrocytic morphology and function may be rodent model for depressive-like behavior. This finding
integrated in this dynamic scheme as the “third synapticprompted a search for molecular correlates of this action
element” and for which sexually dimorphic or gonada in brain areas implicated in emotional processing,
hormones effects were already depicted in the MePD oincluding the amygdaloid nuclei and hippocampal fields.
rats (Rasia-Filho et al., 2002, 2012; Martinez lef a Since CREB is a target of antidepressant action (Duman

2006; Johnson et al., 2008; Morris et al., 2008). et al., 1997, cf. also Carlezon et al., 2005), attention was
focused on this gene transcription factor in elatity
Subcellular effects of sex steroids in the MeA some of the molecular mechanisms that may be involved

in estrogen effects in the forced swim paradigm.

Because of its profound effects on cellular and Specifically, the effects of estrogen on the CREB
synaptic growth, estrogen may be thought of as a trophisignaling pathway, including BDNF and Bcl-2 in the
factor (Pfaff and Cohen, 1987). These effects may b whole MeA were examined. In addition to the
direct or indirect via second messenger pathwaysaforementioned effects of estrogen on dendritic spines in
ultimately resulting in the generation of gene proig the MeA, this brain structure was selected for study for
(Woolley and Cohen, 2002, Scharfman and MacLusky,several reasons: its relevance to reproduction (Newman,
2005; Srivastava et al., 2011a,b), which may elicit 1999; McDonald, 2003; Rasia-Filho et al., 20123; it
growth or regulatory effects, such as those for dendriticabundance of ERs (Simerly et al., 1990; Li et al., 1997,
spines described above. Notably, different respoide Shughrue et al., 1997, 1998; Laflamme et al., 1998;
the dendritic spines in the MePD to estrogen occutOsterlund et al., 1998; Gréco et al., 2001; Isgoalg
during physiological cyclic fluctuations of sex istiels 2002) and its documented involvement in
or after ovariectomy and hormonal replacement, twhic neuroendocrine responses to emotional stress (Dayas et
also contrast with the region-specific effects reported inal., 1999; Ebner et al., 2004; Marcuzzo et al., 2007), in
the VMH or the CA1 hippocampal field in female rats which pCREB also appears to play a role (Kuipers et al.,
(compare data in Woolley et al. 1990; Calizo and2006). The MeA or its subdivisions have also been
Flanagan-Cato, 2000; Rasia-Filho et al., 2004; Brusco eshown to be sensitive to steroid hormone manipulations
al., 2008; de Castilhos et al., 2008). (Nishizuka and Arai, 1981; Wood and Newman, 1995;

Among the candidates that are likely to mediate Gréco et al., 2001; Rasia-Filho et al., 2004; de Castilhos
estrogen effects on synaptic and cellular growtt an et al., 2008), as described above, or defective androgen
neuroprotection, in general, are the cyclic AMP respons¢receptors (Morris et al., 2005). Our initial biocheal
element-binding protein (CREB)-related gene prosluct studies employed the whole amygdala because of the
brain-derived neurotrophic factor (BDNF), the anti- difficulty in dissecting out fresh subregions of this brain
apoptotic protein B-cell ymphoma-2 (Bcl-2) and the area. Nevertheless, this approach can provide fares
activity-regulated cytoskeleton-related protein ¢Ar  the subcellular effects of gonadal hormones in the MeA
Furthermore, an emerging and exciting literature subnuclei as well.
describes some of the rapid effects of estrogen on signi  The following section describes some of the effects
transduction cascades that lead to local protein synthesof estrogen on the CREB signaling pathway, inclgdin
(cf. Srivastava et al., 2011a,b for review) and/or its actions on CaMK |V, CREB, pCREB and BDNF and
rearrangement of the actin-based cytoskeleton (Kram Bcl-2 in the MeA of OVX, estrogen-treated female rats.
et al., 2009a,b; see also data in Sekino et al., 2007) arThe central amygdala (CeA) served as a control
subsequent numerical and morphological alterations throughout. In addition, the importance of dose and time
dendritic spines. effects of hormone treatment and a description of some

CREB may be activated by phosphorylation at preliminary findings regarding strain-dependent
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differences in plasma steroid hormone levels and irbrain areas into the MePD, for example, can infbgen
pCREB levels in limbic brain areas of intact and OVX local synaptic growth and development within the
female rats are given. Some of the molecularMePD. Alternatively, the MePD may be sensitive to
mechanisms of dendritic spine growth in relation to other estrogen regimens or other complex ER
signal transduction cascades and studies relating some interactions and responses. Moreover, estrogermtsffe
these cascades to sexual dimorphisms are considereon the CREB signaling pathway in this brain stroetu
Comparisons to other brain areas, where experirhentemay be subject to strain differences and/or sex
data is currently available, are needed to provide insightdifferences, as discussed below. Estrogen effents o
into MeA features and, more specifically, for fueth pCREB protein levels and CRE-DNA activity in the
experiments aimed at the rat MePD. amygdala may presage CREB-binding protein (CPB)
recruitment and the initiation of transcriptionaitigity
Effects of long-term estrogen treatment on CRE-DNA (cf. discussion in Carlstrom et al., 2001).
binding, CREB, pCREB and BDNF in the amygdala and The aforementioned estrogen regimen, however, did
integrated areas not elicit any changes in basal or cAMP-stimulated
activity of protein kinase A (PKA) or in immunolabeling
First, an effect of long-term estrogen treatmentof the a-isoform of the catalytic subunit of PKA
(10ug estradiol benzoate [EB] for 14 days) on CRE-(PKAa-C) in the amygdala of OVX rats following EB
DNA binding activity in neuroanatomical areas retht treatment compared to OVX controls (Carlstrom et al
to emotional processing in OVX rats using the gel-2001). Therefore, an alternative path to CREB
mobility shift assay on nuclear protein extracts from thephosphorylation, i. e., CaMK IV was explored. Upon
amygdala, hippocampus, frontal cortex and, as a controactivation by calcium/calmodulin kinase kinase
the cerebellum was determined (Carlstrom et al., 2001)(CaMKK) CaMK IV can phosphorylate CREB at serine
Hormone treatment of OVX rats over the two week 133. The long-term estrogen regimen increased iprote
period resulted in an increase in CRE-DNA binding levels of CaMK IV in the nuclear fraction of whole
activity in the nuclear extract of amygdala of these ratcamygdala and in the MeA and basomedial amygdala, but
compared to OVX controls, but not in extracts of not CeA or basolateral amygdala, by quantitative
hippocampus, frontal cortex, or cerebellum. Acute Western blot analysis and immunogold labeling,
estrogen treatment (100 pg for one hour), on therot respectively (Zhou et al., 2001). CaMK IV may be
hand, resulted in an increase in CRE-DNA bindinginvolved in dendritic spine growth and synaptic
activity in the frontal cortex of OVX rats treatedth connectivity (Soderling, 2000) and may, therefore,
estrogen compared to OVX controls. However, nomediate estrogen action on dendritic spines in the MeA.
differences were seen in the whole amygdala, Indeed, some of the studies on immunolabeling in
hippocampus or cerebellum using this regimen. Highe the MeA of OVX rats given long-term estrogen
CRE-DNA binding was associated with increases intreatment were confirmed using gold immunolabeling
levels of total and pCREB in amygdala during long-term (Zhou et al., 2005). Estrogen treatment increased
estrogen treatment as seen by quantitative anabfsis immunolabeling of CREB and pCREB in the MeA and
Western blots (Carlstrom et al., 2001). No differences inbasomedial amygdala, but not CeA or basolateral
these parameters were seen with the acute estrogeamygdala (Fig. 5). Also, long-term estrogen treatme
treatment. The lack of effect of the long-term egém  increased gold immunolabeling and mRNA levels as
treatment in the hippocampus may be due to masking cseen within situ polymerase chain reaction (PCR) of
the positive signal in the CA1 and CA3 regions, asBDNF in the MeA and basomedial amygdala and CA1
whole hippocampus was used in these experiments.Thand CA3 regions of the hippocampus, but not in any
importance of this consideration is underscored byother amygdaloid or hippocampal regions examined
studies showing hetereogeneity of dose and time effect(Zhou et al., 2005)
of estrogen on neuron-specific neuronal protein (NeuN}
and pCREB in the hippocampus of OVX rats, where EBDose and time effects of estrogen on the CREB signaling
responsiveness to different regimens varies depgndi pathway, pCREB and Bcl-2 in the MeA and on behavior
on regional specificity of the hippocampus amorgg it
subregions and throughout its extent (Bakkum et al. The aforementioned data suggested a neuro-
2011). protective effect of estrogen in the MeA. However,
To further ascertain the effect of estrogen in theestrogen treatment to OVX females led to opposite
MeA and CeA, immunolabeling for pCREB using results on the density of MePD dendritic spinemtha
immunoperoxidase techniques was performed. Long-seen with normal ovarian steroids fluctuations (&as
term EB treatment resulted in a significant inceeas  Filho et al., 2004; de Castilhos et al., 2008). tTisaa
relative total immunolabeled nuclei in the MeAV; no reduced number of spines is found in the MePD
differences were seen in the MePD or MeAD or MePV concomitant with the physiological elevation of estradiol
subdivisions. However, this finding does not preclude arand progesterone during the proestrous phase, asere
influence of the CREB pathway in these areas.supraphysiological steroid substitutive therapyOigX
Intraamygdaloid connections or connections from otherfemales promoted an abnormal increase of spine counts
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(compare Rasia-Filho et al., 2004; de Castilhoalet of OVX rats with the 10 ug EB for 14 days regimen.
2008).Because hormonal regimens and time courses fctFunabashi et al. (1995) have demonstrated a negativ
hormone replacement therapies vary significantlysi  effect of proestrous or estrogen on calcineurin "ARN
important to address the manner in which differentlevels in the hypothalamic ventromedial nucleus (VMN),
regimens affect the CREB pathway. This issue isand Sharrow et al. (2002) have also shown a negativ
underscored by the emergence of low-dose hormoneffect of proestrous or estrogen on protein leveld a
therapies, which have been developed with theactivity of calcineurin in the hippocampus.

assumption that the associated risks are reduced fc¢  The EB-induced increase in the mean numbers of
women (cf. van de Weijer et al., 2007). Also, some NeuN-immunolabled neurons may be due to an increase
animal studies report contradictory findings regagd in neurogenesis, an increase in neurotrophic and/or
the effectiveness of different estrogen regimens. Factorsurvival factors, such as BDNF and Bcl-2, respectively,
that may influence the efficacy of hormone treatteen and/or a decrease in neuronal death. Relevantego th
on the brain and/or behaviors include: regimen (Wise eMeA, Fowler et al. (2005) noted estrogen effects on
al., 2001; Sohrabji and Lewis, 2006; Walf and Frye, neurogenesis in the adult posterior MeA of meadow
2006); dose, manner of delivery [continuous or repeatewvoles. Carillo et al. (2007) have demonstrated an
injections at specific intervals, length of treatment; acuteincrease in neuron number in the MeAV in estrous
versus chronic treatment; cf. Gibbs, 2000)]; length  female rats compared to diestrous rats. There was n
time of ovariectomy (Singh et al.,1995; Cavus and

Duman, 2003; Tanapat et al., 2005; Caruso et al., 2010;

Lagunas et al., 2010); age of animals (Diz-Chaves et al

2012) and/or hormone deprivation (Daniel et al., 2006) T Amygdala

We traditionally used the 10 ug for 14 days estrogen 2Ly o & .
regimen based on previously published data (Rachma Egs 260 ; e
et al., 1998; Carlstrom et al., 2001; Zhou et al., 2005) s« § E§ 200 3
as to optimize the detection of hormonal action on 2k 8 5o
cellular responses and relate our findings to joresly £5s
published biochemical, molecular, and immunocyto- g3
chemical data on estrogen effects on the CREB pathwa a £3 b i
including pCREB (Gu et al., 1996; Zhou et al., 1996 Zz 4 :
Abraham et al., 2003; Szegt et al., 2006; cf. review in WA PR Cehc R
Rgnnekleiv et al., 2007). However, to address sofme i Hippacampus
the aforementioned issues, the effects of EB on neuron: Fgz o . *
numbers (using neuron-specific protein [NeuN] iEE 280 £
immunolabeling) and brain region volume in the MeA _E Sk 200 | ) :
and CeA using stereology were determined (Fan.et al E_EE.'F 184 '
2008a). Ovariectomized rats were injected with vehicle Es% .4
for 14 days; 2.5 pug EB for 4 or 14 days; or 10 pg EB for 58
14 days. NeuN-labeled neuronal number may be relate = Ei ~
to neuronal survival and upregulation of CREB Ei 0

Al CAZ CAI  DDG  Hilus VDG

signaling, therefore the effect of these regimens on level
of pCREB labeling in the MeA and CeA was also tested.
The 2.5 ug EB for 14 days regimen increased the mea
number of NeuN-labeled neurons and pCREB-labelecFig. 5. Quantitation of BDNF immunogold labeling (number of
cells in the MeA Compared to vehicle or 2.5 pg EB for 4 immunogold particles per 100 um? area) shows that estrogen treatment
days, indicating th the effect was time-dependent (Faissnicaniy incieases levlsof 8OW” immunolabeling n speci
et al" 2008?‘)' There was also an increase in volume (hippocampus (bottom). A significant increasé in immunogold Ial’)eling is
the MeA with 2.5 Hg EB for 14 days Compared tO seen in the medial (MeA, p<0.01) and basomedial (BMA, p<0.01), but
vehicle or 2.5 pg EB for 4 days. No differences in thesenot central (CeA) or basolateral (BLA) amygdala of the estrogen-treated
parameters were seen in CeA. These data indicate group (n=6) compared to the ovariectomized (OVX) control animals
neuroanatomical heterogenesity of a time effect of EB or("0)- 4 Asig?’;f:gagéi';‘:;izsgg‘s "(3’;’5(')50‘31??e’\éiFOL'Z”;?Tﬁéag?;iggcfmﬁ;
%ells eXpreSSIn.g NeuN and p(.:REB In the. MeA Versusbut not in the CA2, dorsal dentate gyrus (DDG), hilus, or ventral dentate
. eA. The .tlme'related Incre ase_ n pC_REB gyrus (VDG) of the estrogen-treated group (n=6) compared to the OVX
immunolabeling may be due to an increase in thécontrol (n=6) animals. Values are the mean = S.E.M. and are
number of cells expressing pPCREB or an upregulation o'represented as the mean OD/pixels of area. * Significantly different from
pCREB cells a|ready expressing pCREB Also, Zhou e1vehic|e—trea_1ted rats. Reprinted with kind permission from
al. (2001) showed an estrogen-induced increase in leve roeenetioloy o Co e esion of brain-abried
of the ups_tream regulatot of C_REB' CaMK IV and a neurotrophic factor and cAMP response element-binding protein
decrease in levels of calcineurin (Zhou et al.,40@ expression and phosphorylation in rat amygdaloid and hippocampal
negative regulator of pCREB, in the MeA, but not CeA, structures. Neuroendocrinology 5, 294-310. Copyright Karger.
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increase in bromodeoxyuridine or GFAP immuno- effects on cell survival and/or an effect of ovariectomy
reactivity, suggesting that an increase in the remus on apoptosis or other forms of degeneration. Sévera
glial cells did not contribute to the increase ®llc lines of evidence indicate that estrogen maintains soma
number. Also, because of the variability in cell number size (Cooke et al., 2003; Cooke and Woolley, 2005) and
between estrous and diestrous rats, there was a transiesynaptic structures in the MeA (Ebner et al., 2004;
sex difference between males and diestrous females. Cooke and Woolley, 2005; Cooke et al., 2007) ared th
An EB-induced increase in volume in the MeA, but role of estrogen in neuroprotection is well-docutedn
not CeA, was seen with both of the 14 day EB (cf. reviews in Garcia-Segura et al., 2001; Scothle
treatments. Other studies demonstrated sex differences 2012). In this regard, the EB-induced volume change
the volume of unilateral MeA, with the nucleus bét may be due to a region-specific effect of estrogan
adult male being larger than that seen in fematles; BDNF (Zhou et al., 2005) or Bcl-2 (Fan et al., 2008b) in
difference was evident at postnatal (PN) day 21the MeA, but not CeA.
(Mizukami et al., 1983). Estrogen increased the volume  The survival factor Bcl-2 is a CREB-related gene
from PN days 1 to 30 compared to the non-treatecproduct and is implicated in mediating some of
female, whereas similar administration of estrogaeh  estrogen’s action on neuroprotection. Therefore, th
not affect the lateral nucleus in a comparable wayeffects of estrogen on levels of Bcl-2 gold
(Mizukami et al., 1983). After day PN 30, the volume in immunolabeling in the MeA and CeA of OVX rats
estrogen-treated females was similar to that seen in thtreated with the abovementioned estrogen regimens were
males. Other studies document the maintenance cdetermined (Fan et al., 2008b). The 2.5 ug and 10 pg EB
MePD volume by estradiol following castration of males for 14 days regimens increased levels of Bcl-2 gold
(Cooke et al., 2003). In the present study, differences irimmunolabeling compared with vehicle and 2.5 ug EB
volume among EB regimens may be due to estrogeifor 4 days in MeA, but not CeA (Fig. 6). In additio
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Fig. 6. Quantitation of Bcl-2 immunogold labeling (number of
immunogold particles per 100 um?2 area) in the rat medial amygdala
(MeA, top) and central amygdala (CeA, bottom). There was a significant
difference among treatment groups in MeA (F; ,,=15.4, p<0.001).
Significant increases in immunolabeling were seen in the 2.5ug estradiol
benzoate (EB) for 14 days (2.5 ug/14 days) vs. sesame oil (SO,
p<0.001) and 2.5ug EB for 4 days (2.5 pg/4 days, p<0.001) groups and
10 pg estradiol benzoate (EB) for 14 days (10 pg/14 days) vs. SO
(p<0.01) and 2.5 pg/4 days (p<0.01) groups. None of the groups
displayed differences in gold immunolabeling in the CeA. Values are the
mean + SEM. *p<0.001; !p<0.01 compared with SO; "p<0.001; tp<0.01
compared with 2.5 pg/4 days. Adapted from Fan L., Pandey S.C. and
Cohen R.S. (2008). Estrogen affects levels of Bcl-2 protein and mRNA
in medial amygdala of ovariectomized rats. J. Neurosci. Res. 86(16),
3655-3664. Copyright John Wiley and Sons.
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Bcl-2 mRNA levels in vehicle and 2.5 pg EB for 14 day
groups were determined. There was a significant
increase in Bcl-2 mRNA levels in MeA, but not CeA, of
EB-treated OVX rats compared with vehicle controls.
Disparate effects of estrogen within the MeA may be
due to estrogen effects on classical ERs or memsbran
ERs, which appear to mediate intracellular sigrlin
pathways and are, also, implicated in cell proliferation,
neuroprotection, and growth and survival (Gingeréth
al., 2010; Srivastava et al., 2011a). Membrane ERs
include: mER-Gq, the orphan G-protein-coupled
receptor, GPR30/GPER1, and the plasma membrane-
associated, putative ER-X (cf. Mermelstein and
Micevych, 2008 for review). In terms of sex differences,
Mermelstein and colleagues have shown that activation
of ER-a leads to mGIluRla signaling and
phosphorylation of CREB via phospholipase C
regulation of MAPK, whereas stimulation of &For
ERMR resulted in mGIuR2/3 signaling, with a concomitant
decrease in L-type channel-mediated phosphorylation of
CREB in cultured female hippocampal pyramidal
neurons (Boulware et al., 2005). These bi-direclon
effects of estrogen were sex-specific (Boulwaralet
2005); that is, age-matched cultures from males did not
display an estradiol-induced increase in MAPK-
dependent CREB phosphorylation or the estradiol-
mediated decrease in CREB phosphorylation following
L-type channel activation. The two pathways were
dependent on calveolin proteins. Also, culturesrfro
male rats did not display alterations in CRE-depgend
transcription following estradiol treatment (Boulware et
al., 2007; Mermelstein and Micevych, 2008). These
effects appear to be mediated via membrane-loahlize
receptors that stimulated group | and group Il
metabotropic mGIuR signaling (Boulware et al., 2005).
The importance of ER subtypes in mediating rapid
estrogen effects on signal transduction pathways an
subsequent growth and alterations to dendritic espin
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morphology has been recently reviewed by Srivastava eof perforated PSDs, a putative sign of increased synaptic
al. (2011a,b; see also discussion below). plasticity. Estrogen appears to regulate the expression of
the PSD scaffolding protein PSD-95 in the hippocampus.
Implications for the estrogen effects on signaling Akama and McEwen (2003) demonstrated that estrogen
pathways in the synaptic growth, development, and induced a rapid increase in PSD-95 new protein
generation of sexual dimorphisms in the brain synthesis in NG108-15 neurons and that this new protein
synthesis depends upon Akt (protein kinase B), an

Estrogen’s effects on the CREB pathway and CREB-intermediate in signal transduction involved in the
related gene products are likely to effect the survival ofinitiation of protein translation. Waters et al.0(D)
neurons and specific circuits and, consequently,showed that ER- and ERRB-specific agonists regulate
estrogen-related behaviors. Growth effects of g&ino  the expression of (PSD-95) in the stratum radiaaim
on cells and synapses are well-documented (Woolley anthe hippocampus. Srivastava et al. (2010) also sbdow
Cohen, 2002; Scharfmn and Maclusky, 2005; Srivastavithat ER[ activity increases dendritic spine denaitd
et al., 2011a,b). Some of these effects may be mediatePSD-95 accumulation in membrane regions of synapses.
by increased BDNF (cf. Zhou et al., 2005) or surliva Recently, studies have implicated the coupling of
factors, such as Bcl-2. The trophic effects of agtn membrane-associated ERs, such as those associated with
acting via genomic or non-genomic pathways may dendritic spines, with intracellular signaling pathways in
increase the threshold for stress-related damayge, f mediating the rapid effects of the neurosteroid estrogen
example (see discussion below). on synaptic proteins, connectivity, and synaptic function

As mentioned, estrogen has profound effects orin pyramidal neurons (cf. Srivastava et al., 204 ¥ar
dendritic spines in the MeA subnuclei (e.g., Rasia-Filhoreview). The studies indicate that this neurost@roi
et al., 2004; de Castilhos et al., 2008), as well as in otheemploys particular signal transduction cascades in
brain areas, where some of these actions appea& to disparate brain areas. These characteristics aps@s
mediated by pCREB (Murphy and Segal, 1997; Zhou eimay form the basis for fine-tuning of neural cittcyi
al., 2005). For example, estrogen treatment ofucedt ~ and may contribute to differences in circuitry thiat
hippocampal neurons increased dendritic spine tgnsi turn, are translated to differences in learned behaviors in
and this effect was blocked by prior treatment with males and females, for example. In the model proposed
antisense oligonucleotides against CREB mRNA by Srivastava et al. (2011a,b) estrogen affectslloc
(Murphy and Segal, 1997). protein synthesis in dendritic spines by reducing

Another CREB-related gene product relevant totranslational repression with the consequent upregulation
dendritic spine development is Arc. Flanagan-Cato et alof synaptic proteins, such as PSD-95 and GIuAl which
(2006) demonstrated the induction of Arc expression inin turn may alter dendritic spine structure and the
the ventrolateral subdivision of the VMN by mating, and facilitation of long-term potentiation (Srivastaea al.,
that the induction was consistent regardless of previou2011a,b). Rapid effects of estrogen may also involve the
sexual experience. In these studies, there was a reductilsubsynaptic cytoskeleton, of which actin is a major
in dendritic spines in previously mated animalsin8p constituent. Kramar et al. (2009a,b) have preseated
density was measured five days following mating, soscheme detailing the putative substrates for tipédra
that the effect of mating is long lasting. Howewre effects of estrogen on synaptic function in theladu
paradoxical result of an increased Arc inductiothwi hippocampus, involving the signaling cascade RhoA,
decreased dendritic spine density may be explalyed ROCK and LIM-K, which can inactivate cofilin, a
temporal changes in spine density missed after the fiviblocker of actin filament assembly. In this way estrogen
day period. Also, the observed changes in spine densitcan mediate synaptic structural plasticity and fiomc
may have occurred in neurons other than those¢(Kramar et al., 2009a). Other cascades appear to be
displaying Arc induction and/or that Arc induction is not triggered by the binding of 17-estradiol to ERwhich
causally related to the later action on spine dgnsi induces phosphorylation of the moesin and WAVE-1
(Flangan-Cato et al., 2006). Chamniansawat anccascade, in turn leading to actin remodeling arthac
Chongthammakun (2010) demonstrated that estroge branching, respectively (Sanchez and Simoncini, 2010).
rapidly increases the expression of Arc through-non These types of signaling pathways may be involved i
genomic phosphoinositide-3 kinase (PI-3K)-, mitogen the generation of sexual dimorphism of dendritic spines
activated protein kinase (MAPK)-, and ER-dependentand/or other dimorphic brain structures and is a subject
pathways in SH-SY5Y cells. for further investigation in the MePD.

In addition to its effect on dendritic spines, estrogen  Sexually differentiated intracellular signaling
also appears to have an effect on the structuréef t pathways have been implicated in mediation of sex-
postsynaptic density (PSD), the dense area behiad t specific responses to estrogen in the brain (Gilaad
postsynaptic membrane. Early morphological studiesMcArthur, 2010; cf. also McCarthy et al, 2002; Simerly,
showed changes in the length and curvature of PSD2002; Auger, 2003). Sex differences in CREB
with the long-term regimen of estrogen (10 pug EB for 14 phosphorylation were observed in neonatal rat brain
days) in the midbrain central gray of OVX rats (Chung (Auger et al., 2001; McCarthy et al., 2002; Auger, 2003).
et al., 1998). Also, there was an increase in the numbeSpecifically, male rat pups displayed more pCREB-
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immunoreactive positive cells than females in thetranscription of CREB-related gene products, sugh a
sexually dimorphic areas of the MPOA, the VMN, the BDNF (Berninger et al., 1995; cf. also Auger, 2003, for
arcuate nucleus, and also in the CA1 region of thereferences). Neurotrophic factors may then impact other
hippocampus; similar differences were not seenwim t  processes, including synaptogenesis, which differentiates
thalamic nuclei, which display little to no gonadal male and female brains (cf. McCarthy et al., 2002;
steroid hormone receptors (Auger et al., 2001).sho  Auger, 2003). However, the disparate effect of estrogen
differences were seen in the total number of CREBon CREB signaling cascades in male and female brains
immunoreactive cells. Furthermore, males andis not restricted to the neonatal period. For examp
testosterone-treated females displayed more pCREIAAh&m and Herbison (2005) noted major sex
immunolabeling in the VMN compared to female differences in rapid, non-genomic effects of estrogen on
controls. No differences were seen in pCREB pCREB immunoreactivity in adult, gonadectomized
immunolabeling in any other of the areas examined . mouse brain.

Auger et al. (2001) suggest that some of the effett In addition, Garcia-Segura and colleagues have
testosterone may be mediated by pathways associatedemonstated the importance of astrocytes in medjati
with CREB phosphorylation. estrogen effects on synaptic plasticity in the brai

Furthermore, upon phosphorylation of CREB on (Garcia-Segura et al., 1999; cf. also Chowen et al., 2000;
serine 133, coregulatory proteins may be recruied Garcia-Segura and McCarthy, 2004). McCarthy and
assist in the transcription of CREB-related genecolleagues have presented studies underscoring the
products. One of these proteins is CBP, which can alsimportance of immature astrocytes, which are responsive
function as a nuclear receptor coactivator by interactincto estradiol and play a role in the establishmdntex
with steroid receptor co-activator-1 (Molenda et al differences in synaptic patterns in the arcuatdeusc
2002), thereby enhancing steroid receptor actiorArcuate astrocytes appear more complex, with an
(Shibata et al., 1997) (cf. also Auger, 2003). CBP is alscincreased number of primary, secondary and tertiary
found in the amygdala (Stromberg et al., 1999). Estradioprocesses (Mong et al., 2002), a phenomenon mediated
treatment of neuronal hippocampal cultures increases thby estrogen upregulation of glutamic decarboxylase
expression of CBP within 24 hours (Murphy and Segal,(GAD), thereby increasing the synthesis of GABA
1997), a time course that is consistent with timeeti (Davis et al., 1996). The increased structural changes in
course for estradiol-induced increases in dendriticastrocytes are inversely correlated with dendspmne
spines. Auger et al. (2002) showed sex differennes development, which also exhibit increased density o
CBP expression in neonatal rat brain, with malesneurons of female rat pups compared to those seen o
expressing higher levels of CBP within the VMN, neuons of males (Mong et al., 2001). The MePD shows
MPOA, and arcuate nucleus. Infusion of antisensedifferences in glial number and complexity in male and
oligodeoxynuleotides to CBP into the hypothalamtis o female rats (Rasia-Filho et al., 2002; Martinezakt
neonatal rats interfered with the defeminizing, bat 2006; Johnson et al., 2008; Morris et al., 2008). There is
masculinizing, effects of testosterone, suggestirag an increase in GFAP immunoreactivity in proestrous
CBP expression in the developing rat brain is skua females concomitant with a decrease in dendritic spines
dimorphic (Auger et al., 2002). in the MePD (Rasia-Filho et al., 2004; Martinezakt

Auger et al. (2001; cf. McCarthy et al., 2002 and 2006). It is therefore of interest to investigabet
Auger, 2003, for reviews) also reported that change involvement of local glial cells and GABA in celar
from excitatory versus inhibitory GABA represent a and synaptic organization of the MePD, a line of
pivotal point in steroid-mediated sexual differatitin research that remains open to further contributions (see
of the brain. There appears to be an heterogenmeity parallel comments in Perea et al., 2009; Faissner et al.,
responses to GABA with regard to excitatory or 2010; Halassa and Haydon, 2010).
inhibitory on pathways that impact CREB Other studies of sexual differences in behavior as
phosphorylation depending on sex and region of thethey relate to levels of CREB, pCREB and BDNF, come
developing brain (Auger, 2003). That is, depending uporfrom the laboratory of Lin et al. (2009), who examined
sex and brain area GABA can be excitatory or inhibitory levels of these molecules in stress-related arédiseo
on signal cascades associated with CREBbrain (for CREB and pCREB levels: CAl, CA2 and
phosphorylation. Whereas GABA is primarily inhibitory CA3 regions of the hippocampus, paraventricular
in the adult brain, GABA has excitatory effectsidgr  nucleus of the thalamus, amygdala, anterior cirtgula
development (Cherubini et al., 1991). The timing of thearea, dorsal part and infralimbic area of the el
shift from depolarizing to hyperpolarizing is brain cortex; for BDNF levels: the dentate gyrus and prelimbic
region specific; for example, it is relatively early in the area of the prefrontal cortex) of male and femailis r
sexually dimorphic hypothalamus (McCarthy et al., following stress recovery. Stress resulted in desed
2002). Elevated testosterone levels are aromatiaed levels of pCREB in male CAl, CA2 and CA3 regions,
estradiol, which is responsible for many of the featuresparaventricular nucleus, amygdala and dorsal part of the
of the masculine brain. Relative to the presendisty prefrontal cortex and CREB levels in CA2, but these
GABA-mediated sex differences in CREB molecular alterations were not seen in females.
phosphorylation may lead to differences in the The aforementioned data on estrogen-induced
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changes in levels of components of the CREB signalin¢progesterone, testosterone or corticosterone between the
pathway suggest that these may be translated intstrains (Hanbury, Fan, Pandey and Cohen, unpullishe
behavior alterations. The percent of estrogen-ieduc observations). There were significant increases in
increases in protein levels of CREB, pCREB, BDNF andpCREB levels in intact Sprague Dawley compared to
MRNA levels of BDNF in the MeA displays a range of Wistar rats in the CA1, CA3 and dentate gyrus & th
approximately 24 to 30%. Changes in pCREB levels othippocampus, the MeA and CeA, or shell and core of the
this magnitude either in alcohol-withdrawn rats nucleus accumbens (Hanbury, Fan, Pandey and Cohen,
following chronic alcohol administration or unpublished observations). These data suggest that
pharmacological manipulations of CREB phospho- plasma steroid hormone and limbic pCREB levels may
rylation in the CeA resulted in alterations in thei predispose different rat strains to disparate behaviors (cf.
behavior in the elevated plus maze, a test for anxiety-likeEinat, 2007 for review; cf. also O'Mahony et al., 2011).
behavior (Pandey et al., 2003). That is, the rats displayeMoreover, these data reinforce observations that
a decrease in pPCREB and a concommittant reduction ilapparently discrepant results can be obtained in different
open arm activity in the elevated plus maze. Similarly, arat strains even when using similar methodologies. This
reduction in protein levels of BDNF in the amygdala and appeared to occur and was commented for some MePD
hippocampal structures of CREB haplodeficient mice morphological findings in the last years (e.g., Hermel et
resulted in displays of depressive- and anxietg-lik al., 2006b).

behaviors (Pandey et al., 2004). These data open ne

experimental possibilities to link subcellular, Conclusions

morphological and functional effects on the MeA

subnuclei modulation of social behaviors. Experitaen The adult rat MePD is a relevant area for
should involve females in addition to males, as usuallyinvestigating profound effects of sex steroidshe tat
used (see Rasia-Filho et al., 2012). brain. Various morphological findings support its sexual

In effect, studies focusing on sex differences in dimorphisms and effects of sex steroids in adulthoo
signal transduction pathways provide fruitful avenues forAlterations in dendritic spine number and morphglog
unraveling the molecular and cellular bases folruaex are examples of hormonal influences on synaptic
dimorphisms in brain structure, such as those $een structure and differ in males and females, the phases of
dendritic spines and neuronal densities described abovithe estrous cycle, or the effects supra-physiolalgic
These investigations may provide insight into the hormonal replacement therapies. The shape of dendritic
mechanisms that underlie differences in behaviorspines, the presence and aspect of dendritic fillopodium
between males and females in animal studies and in thand axonal protusium in the MePD neuropil of adult
clinical arena. Because of its well-documented inle animals are relevant for synaptic strength and reinforce
synaptogenesis, dendritic spine formation andthe evidence for local cellular plasticity. Subcédiu
neuroprotection, the CREB signaling pathway appear:effects of estrogen in the MeA include the transcription
be one of the likely candidates that generate some of CREB-related gene products, such as, BDNF, Bcl-2,
these differences. and Arc, which in turn affect synaptic and cellular

growth and neuroprotection. Hormonal actions on
Strain differences in estrogen effects on CREB and various signal transduction cascades, and locdkjoro
pCREB synthesis may affect the neuronal and dendriticespin

cytoskeleton and function. Various working hypotses

Finally, data from other laboratories indicate strain- are raised from these experimental data. Taken together,
dependent differences in response to some behéaviorithey provide additional and exciting insights abthe
paradigms in rats (cf. Einat, 2007 for review; afso modulatory actions of gonadal hormones in a rat
O'Mahony et al., 2011). To determine if plasma steroidforebrain area and in integrated brain circuitevaht
hormone and limbic brain pCREB levels are different for reproduction and other social behaviors.
between strains in intact and OVX rats, estrogen;
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Abstract

The posterodorsal medial amygdala (MePD) has different histogenetic origins,
modulates social behaviors, and displays notable plasticity in rats. Dendritic spines
represent specialized integrative cellular elements that modulate and enforce synaptic
inputs. Here, we describe the shape and density of dendritic spines in the main
subpopulations of MePD neurons, and the presence of glutamatergic and GABAergic
receptors on both proximal and distal dendritic shafts and dendritic spines. Dil dye
evidenced dendritic spines in neurons that specifically express the LIM homeobox
transcription factors Lhx6, Lhx5, and Lhx9 under confocal microscopy. The most
abundant spine types were thin and stubby/wide spines (~80%), and the proximal
dendritic spine density varied from 0.4 to 2.3 spines/dendritic um with no statistical
difference among distinct Lhx-expressing neurons. AMPA (subunit GluR1-4), NMDA
(subunit GIuN1R1), and GABAAx receptors immunolabeling were found on both dendritic
shafts and dendritic spines. AMPA receptors were predominant on mushroom and
stubby/wide spines, whereas NMDA receptors were found mostly on thin spines.
GABA\ receptors were located on thin or stubby/wide spines of proximal dendrites and
more frequently on thin spines on distal branches. Multisynaptic spines with excitatory
and inhibitory receptors were also found in the MePD. These new data evidence
relevant features on the cellular composition and the complex connectivity of dendritic

spines in the adult rat MePD.

Key words: Extended amygdala, Lhx transcription factor, spine shape, GLUR1-4

receptor subunit, NMDA GIluN1 receptor subunit, GABAa receptors.



Introduction

The posterodorsal medial amygdala (MePD) is a component of the “extended
amygdala” in the rat basal forebrain (Alheid et al., 1995; Dong et al., 2001; de Olmos et
al., 2004; Dall’'Oglio et al., 2008a,b) and a nodal point for emotionally-loaded stress
responses (Dayas et al., 1999) and the modulation of social/reproductive behavior
neural networks (Newman, 1999; Polston et al., 2004; Choi et al., 2005; Rasia-Filho et
al., 2012a,b). The MePD responds to species-specific socially relevant
olfactory/pheromonal (Meredith and Westberry, 2004; Pereno et al.,, 2011) and
genitosensorial stimuli (Pfaus and Heeb, 1997), has a notable local neuroplasticity
related to a high expression of sex steroid receptors (Simerly et al., 1990; Gréco et al.,
2001, 2003; Rasia-Filho et al., 2004; Zehr et al., 2006; Phillips-Farfan et al., 2007; Fan
et al., 2008a,b; Blake and Meredith, 2011), and amends timely hypothalamic
neuroendocrine secretion (Simerly, 2004).

The discovery of the embrionic origin of MePD cells and circuitry formation in
rodents provided an exciting venue for local and integrated functional neuroanatomy. The
MePD is a “mosaic” composed by distinct precursor cells and assembles coexisting
histogenetically (Zirlinger et al., 2001; Choi et al., 2005; Garcia-L6pez et al., 2008;
Bupesh et al., 2011) and phenotypically different (Coolen et al., 1996, 1997; Bian et al.,
2008; Carney et al., 2010; Niimi et al., 2012; Bian, 2013) subpopulations of multipolar
bitufted and stellate neurons (Alheid et al., 1995; Rasia-Filho et al., 1999, 2012a,b).
Specific regulatory genes for LIM homeobox (Lhx) transcription factors are expressed
along the development of local cells (Choi et al., 2005; Garcia-Lopez et al., 2008; Bupesh
et al., 2011). Confocal immunofluorescent microscopy revealed that Lhx6-immunoreactive

cells constitute around 80% of all neurons in the MePD (Choi et al., 2005). These neurons



derive from the subpallial, caudoventral medial ganglionic eminence, are GABAergic
expressing calbindin cells (Garcia-Lopez et al., 2008), and reach three interconnected
hypothalamic nuclei implicated in reproductive behaviors: the medial preoptic nucleus, the
ventrolateral part of the ventromedial hypothalamic nucleus and the ventral
premammillary nucleus (Choi et al., 2005). Comparatively, little is known about other Lhxs
immunoreactive cells in the MePD. Lhx5- and Lhx9-immunoreactive cells derive from the
ventral pallium and the supraoptoparaventricular hypothalamic domain (Bupesh et al.,
2011). Both Lhx5- and Lhx9-immunoreacitve neurons might be glutamatergic, although
Lhx5 cells would also express calbindin, vasopressin, and oxytocin (Bupesh et al., 2011).

The study of dendritic spine shape and density on these histogenetically different
Lhx-expressing neuronal subpopulations in the rat MePD can illuminate the structural
basis of neural circuit function and processing of complex sensorial stimuli and social
behavior display. Dendritic spines are mostly associated with excitatory connections and
their heterogeneous shape and number can impose functional differences in localized
biochemical signaling/compartmentalization and in the synaptic organization, strength,
stability or plasticity (Hayashi and Majewska, 2005; Bourne and Harris, 2007; Harms and
Dunaevsky, 2007; Kasai et al., 2010; Chen and Sabatini, 2012). In randomly sampled
Golgi-impregnated MePD neurons, the density of dendritic spines is sexually dimorphic
(males higher than females), vary along the estrous cycle (Rasia-Filho et al., 2004), and
have a marked reduction that coincides temporally with the impairment of the sexual
behavior in adult castrated males (de Castilhos et al., 2008) or a reduced rough-and-
tumble playful attacks in prepubertal castrated rats (Cooke and Woolley, 2009).
Furthermore, in the adult rat MePD, both glutamate and GABA modulate activities such
as sexual behavior (facilitating ejaculation and reducing copulatory latency, respectively;

Rasia-Filho et al, 2012b) and a selective central control of the



sympathetic/parasympathetic cardiovascular reflex responses (Neckel et al., 2012). In
male rats, NMDA-mediated activation of the medial amygdala induces long-term
potentiation (Shindou et al., 1993) and, in females, promotes a downstream
neuroendocrine memory responsible for pseudopregnancy (Polston et al.,, 2001),
indicating that local glutamatergic innervation can promote sexually dimorphic functions.
The occurrence of glutamatergic and GABAergic receptors on dendritic shafts and spines
of MePD neurons is still unknown.

The aims of this study were twofold: (1) to provide the first description of the
morphology and density of dendritic spines in the different immunolabeled Lhx-expressing
subpopulations of neurons in the adult rat MePD, and (2) to depict the presence and
distribution of glutamatergic (AMPA and NMDA) and GABAergic (GABA,) receptors on
proximal and distal dendritic shafts as well as on different types of dendritic spines on

MePD neurons under confocal microscopy.

Materials and Methods

Animals

Adult male Wistar rats (3—4 months old, N = 26) were housed in groups with free
access to food and water in standard laboratory conditions, with room temperature kept at
22 °C in a 12 h light-dark cycle. Experimental procedures were performed in accordance
with the international laws for the ethical care, the Guidelines for the Care and Use of
Laboratory Animals published by the National Institutes of Health (NIH Publication No.
85-23, reviewed 1985, USA) and were approved by local Ethics Committees (UFCSPA,

protocol 033-10 and FMRP/USP protocol 174-11).



Experimental Procedures

All animals were anesthetized with ketamine and xylazine (80 mg/kg and 10 mg/kg,
i.p., respectively) and underwent transcardiac perfusion with 200 ml of 0.9% NacCl
followed by 300 ml of 1.5% paraformaldehyde in 0.1 M phosphate buffer solution, pH 7.4
(PBS; Kim et al., 2007; Rasia-Filho et al., 2010), initially very fast and progressively
slowing to keep the fixative running for over 15 min (Tao-Cheng et al., 2007). The brains
were maintained in the same fixative solution for 1 h at room temperature (RT) and were
sectioned at 80 um-thick slices in PBS using a vibratome (Leica, Germany; Brusco et al.,
2010). The MePD was found 3.0-3.30 mm posterior to the bregma, delimited laterally to
the optic tract and ventrally to the stria terminalis (ST; Paxinos and Watson, 1998; de

Olmos et al., 2004; Figure 1).

Lhx6, Lhx5, and Lhx9 Immunofluorescent Labeling

To study the presence of different subpopulations of Lhx-expressing neurons and
their spine features, we utilized the following goat polyclonal primary antibodies against:
1) Lhx6 (N-19) to detect N-terminus of Lhx6 of human origin, 2) Lhx5 (C20) to label C-
terminal of Lhx5 of human origin, and 3) Lhx9 (N-20) to detect N-terminus of Lhx9 of
human origin. Antibodies were purchased from Santa Cruz Biotechnology Inc. (USA) and
were diluted 1:100. Primary antibodies were labeled with anti-goat IgG Alexa 647 (1:200;
Invitrogen, USA). The specificity of each antibody was verified by Western blot (according
to Kurien et al., 2011). l.e., we performed additional Western blot analysis following the
basic procedures described previously (Alegria-Schaffer et al., 2009) and the specific
bands obtained from these control experiments are shown in Figure 2. In addition, the
immunolabeling patterns for the distinct Lhx neurons were identical to those reported in a

previous referential report (Choi et al., 2005).



Coronal brain slices (80 um-thick) containing the MePD were obtained using a
vibratome (Leica VT 1000S, Leica Microsystems GmbH, Germany). The sections were
washed with 0.02 M Tris Buffer Solution (TBS), and immersed in 0.2% Tween in TBS
(TBST) during 6 h at 4°C. The slices were blocked with 2% bovine serum albumine (BSA)
in TBST for 2 h, incubated with primary antibodies diluted in 0.5% BSA in TBST overnight
at 4°C, and secondary antibodies for 2h at 4°C. Every experiment included controls with
the omission of primary antibodies (data not shown), besides the other above-mentioned
control procedures.

After antibodies incubation, sonicated fine powdered carbocyanine dye Dil (1,1'-
Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine  Perchlorate; Molecular Probes,
Invitrogen, USA) was placed over the ST for 24 h at 4°C (Rasia-Filho et al., 2010).
Sections were washed in distilled water, mounted with Fluoromount (EMS, USA), and
visualized under confocal microscopy, as described below. Each rat provided one brain
slice for each Lhx immunoreaction tested. Both hemispheres were used. Due to technical
restrictions and the inherent difficulties for obtaining acceptable multi-labeled fluorescent
neurons in each brain section, no quantitative comparisons were done for the right and
left MePD. For the aims of the present work, it is worth noting that previous experimental
data did not evidence hemispheric lateralization for the MePD dendritic spine density in
adult rats (Arpini et al., 2010).

Laser wave length of the Dil fluorescence did not overlay that one of the Alexa
linked with the Lhx antibodies. Data were obtained from a total of 12, 14, and 12 different
Lhx6, Lhx5 and Lhx9 neurons from 5, 8, and 9 rats [mean + standard deviation (SD), 2.4
+ 0.5 1.3 £ 0.5, 1.7 £ 0.7 neurons per rat], respectively. Including criteria were: 1)
neurons must be located within the MePD, avoiding its ultimate borders; 2) fluorescence

for both Lhx antibody and Dil must be stable and basically at the same focal plane; 3)



dendrites must be brightly fluorescent and not “tangled” with neighborhood prolongments;
and, 4) spines must be clearly visbible and identifiable. Dendritic branches and spines
were imaged along the first 50 um from the soma (Rasia-Filho et al., 2004; Brusco et al.,
2010; Figures 3-5). It has to be commented that the numbers generated from our confocal
microscopy immunofluorescent neurons reflect the spines observed along proximal
dendrites and might under-represent the actual values for entire cells (e.g., as
commented in Woolley and McEwen, 1994). Nevertheless, from Golgi-impregnation
studies, dendritic spines appear to have a homogeneous distribution up to more than a
hundred um away from the cell body (de Castilhos et al., 2006) and analyses of spine
density have been made from data obtained along 40 um of proximal dendrites (Rasia-
Filho et al., 2004; de Castilhos et al., 2006, 2008; Marcuzzo et al., 2007; Brusco et al.,

2010; Rasia-Filho et al., 2012a).

GLUR1-4, GluN1, and GABAA Immunofluorescent Labeling

To study the localization of excitatory and inhibitory receptors on MePD neurons
we used: 1) rabbit polyclonal antibody against GluR1-4 subunits to label AMPA receptor
(1:50), 2) mouse monoclonal antibody against the N-terminus of the NMDA receptor 1
(GIluN1) subunit to detect this obligatory subunit of functional NMDA receptors (1:100),
and 3) guinea pig polyclonal antibody against GABAA receptor y2 subunit (1:300). All
primary antibodies were purchased from Synaptic Systems (Germany). We also tested
the specificity of each antibody by Western blot (following Kurien et al., 2011; Alegria-
Schaffer et al., 2009) and the specific bands are shown in Figure 2. The final
immunolabeling patterns that we obtained quite agree with previous images found in
referential descriptions (Sanes and Jessell, 2000, 2013).

The primary antibodies were labeled with anti-rabbit IgG Alexa 594 (1:200), anti-

mouse IgG Alexa 405 (1:200), and anti-guinea pig IgG Alexa 647 (1:400) for 2h at 4°C,



respectively. Secondary antibodies were purchased from Invitrogen (USA). Due to the
critical possibility of “merged” laser wavelengths and misleading results, data for these
glutamatergic and GABAergic receptors were obtained from MePD neurons without the
use of additional fluorescent antibodies.

Brains were sectioned and intially processed as abovementioned. The sections
were incubated with primary antibodies against receptors GLUR1-4, GIuN1, and GABAa
diluted in 0.5% BSA and TBST overnight at 4°C. Each section was incubated with the
primary antibodies for the 3 receptors tested here at the same time. These primary
antibodies were washed in 0.5% BSA, labeled with IgG conjugated with their respective
Alexas diluted in 0.5% BSA and TBST for 2 h at 4°C, and washed in TBS. Controls were
incubated in the same way ommitting the primary antibodies (data not shown).

Dil was applied on the surface of the ST as well. One dendritic branch/neuron was
imaged on 8 different neurons in 4 rats. The acquisition of multiple labeling was done
sequentially with appropriate band pass filters to avoid cross-talk between fluorochromes

under confocal microscopy.

Confocal Microscopy

This method was described in details elsewhere (Rasia-Filho et al., 2010). Images
of each neuron were obtained from a confocal microscope (SP-5 AOBS, Leica
Microsystems GmbH, Germany) with a plan-apochromat 40x/1.25 oil-immersion lens.
The Z-stack acquisition was done at 0.33 um step size. Lhx subpopulations and Dil were
imaged using Helium/Neon laser 647 (red, 660-800nm) and 543 (green, 555-590nm),
respectively. For imaging the GluR1-4, GluN1, and GABAAa-y2 receptors components,
laser wavelenghts were 594 (orange), 405 (blue), and 647 (red), respectively.

All images were obtained with a resolution of 2048 x 2048 pixels per frame with 4

times zooming, avoiding over and undersaturated pixels, which generated a voxel size



approximately 55 x 55 x 300 nm. The images of each neuron, dendrites and spines were
three-dimensionally (3D) reconstructed using the LAS AF software (Leica Microsystems,
Germany). Each spine studied was observed along the “Z” axis to evaluate its
morphology. Dendritic spines of the Lhx-expressing subpopulations of neurons were
classified according to their shape as thin, stubby/wide, mushroom or “others”, which
included ramified spines (based on Peters and Kaiserman-Abramof, 1970; Bourne and
Harris, 2007; Brusco et al., 2010). Intermediate types were included in one of these
cathegories according to the most evident aspects of their head and neck. Spine density
was calculated as the number of spines per micrometer of 3D-measured proximal
dendritic segments ranging 23 to 45 um in all subpopulations.

Proximal and distal dendrites, respectively recognized by their origin from the cell
body or by their characteristic tapered diameter, were evaluated for the presence and
specific location of imunolabeling for the 3 receptors tested here (Table 2, Figure 6).
Post-synaptic receptors and Dil labeled spines were considered to be in contact when
their pixels were at the same focal plane with no pixel background in between, or if there
was an overlap between the Dil yellow pixels and the blue, magenta and/or red puncta of
the receptors labeling in at least one focal plane (Deng and Dunaevsky, 2005; Brusco et
al. 2010). According to this rule, direct visual observations of each spine in each neuron
was done to determine the presence of the studied receptors on the different spine types
and on dendritic shafts. Representative results are shown below. We were interested in
probe occurrence and found empirically that receptors immunolabeled puncta co-
occurred in different proportions in dendritic spines and shafts, varying within and
between structures. Then, we did not test the colocalization of receptors by the Pearson’s
linear correlation coefficient to avoid poor measures and misleading conclusions (see

relevant and critical methodological comments in Dunn et al., 2011).
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In all pictures, only background and contrast were adjusted using Adobe

Photoshop 8.0 software (USA).

Statistical Analysis

The number of each dendritic spine morphology of the 3 Lhx-expressing
subpopulations of neurons was submitted to a two-way analysis of variance (ANOVA)
test. Data regarding the density of dendritic spines of these subpopulations were
submitted to a square root transformation, and after being tested for normality
(Kolmogorov-Smirnov test) and homocedasticity (Bartlett test), were submitted to an one-

way ANOVA test. The statistical level of significance was set as p < 0.05.

Results

The immunofluorescence for the 3 LIM homeobox transcription factors (Lhx6, Lhx5,
and Lhx9) was restricted to the neuronal cell body and nucleus. MePD neurons had the
cell body and variable lengths of Dil labeled dendrites showing usually numerous
dendritic spines. The coincidence of fluorescence for a specific Lhx in the nucleus
together with the Dil labeling of the neuronal cell body, dendrites, and spines, guided the
selection of cells to be further studied in each subpopulation. The number of sampled
neurons was compatible with previous results of MePD cell subtypes (Carney et al., 2010;

Bian, 2013).

Lhx 6-, Lhx5-, and Lhx9-expressing neurons in the MePD
Representative Lhx6-immunoreactive neurons in the MePD are shown in Figure 3.
These were basically multipolar neurons with round, ovoid or fusiform cell bodies and few

primary dendrites (frequently only two dendritic shafts) and sparingly branched trees
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(Figure 3A-D). Spines in clusters or isolated were found on cell bodies and dendrites.
These spines showed a continuum of shapes and sizes (Figure 3E-F). Axons were not
identified in these cells.

Representative Lhx5-immunoreactive neurons are shown in Figure 4. These were
also multipolar cells (Figure 4A-D), but some usually presented thin ramified dendritic
branches (Figure 4B-C). There were pleomorphic spines with an apparent similar
distribution as in the Lhx6 subpopulation (Figure 4E-F).

Representative Lhx9-immunoreactive neurons are shown in Figure 5. They were
also multipolar neurons (Figure 5A-C), but with some large fusiform or angular cell bodies
(Figure 5A-B), and small neurons with various radiating dendritic branches arising from a
round cell body (Figure 5D). Pleomorphic spines were also observed in these neurons

(Figure 5E-F).

Dendritic spine categories and density in Lhx neuronal subpopulations

The number of dendritic spines on each Lhx-expressing neurons are shown in Table
1. Thin and stubby/wide spines constitute the highest proportion of all spines in the LhX
neuronal subpopulations (85-78%), whereas mushroom spines and other morphologies
accounted for fewer values. On the other hand, the total number of filopodia was variable,
but notably very low, in the 3 different neuronal subpopulations of the MePD. l.e., median
values (and interquartile ranges) were 0.5 (0/2), 1 (0/2), and 0 (0/1) filopodia on the
studied dendrites of Lhx6-, Lhx5-, and Lhx9-expressing neurons, respectively.

The different origins/Lhx transcription factors expressed by the MePD neurons did
not affect the morphology or number of proximal dendritic spines of these neurons. There
was no predominance of any spine type in those neuronal subpopulations [F(6, 140)=

0.51; P= 0.80] nor subpopulations have a statistically significant difference in the density
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of proximal spines [F(2,140)= 0.55; P= 0.58]. However, there were significantly more thin
and stubby/wide spines over mushroom and other spine types [F( 3,140)= 91.35; P <
0.001], indicating that the spine type influenced the total spine number in these different
neuronal subpopulations.

Mean values for the density of proximal dendritic spines of Lhx6, Lhx5, and Lhx9
expressing neurons are shown in Table 1. There was an evident variability in the values
for dendritic spine density of the MePD Lhx neuronal subpopulations (Table 1,
untransformed data). This could be attributed to an overlap of “low density spiny neurons”
(arbitrarily considered as a neuron with a spine density below 1 spine/dendritic um) and
“‘more densily spiny neurons” (with more than 1 spine/dendritic um; see parallel data in
DiFia et al., 1976; Feldman, 1984) in each subpopulation. In this regard, Lhx6-
immunoreactive neurons had a spine density ranging from 0.6 to 2.2 spines/dendritic pm.
Lhx5-immunoreactive neurons had a spine density ranging from 0.7 to 1.9
spines/dendritic um. In these both subpopulations, approximately 60% of the sampled
cells could be classified as densily spiny neurons. Lhx9-immunoreactive neurons had a
spine density ranging from 0.4 to 2.3 spines/dendritic um, but only 2/12 (17%) neurons
had 0.8 + 0.2 spine/dendritic um whereas 10/12 (83%) neurons had higher values of 1.6
+ 0.5 spines/dendritic pum. Nevertheless, no statistically significant difference was found
for the dendritic spine density among subpopulations in the MePD [F (2,34) = 1.72; P =

0.18].

Glutamatergic and GABAergic receptors on dendritic shafts and spines
Immunofluorescent labeling for AMPA, NMDA, and GABAA receptors were found in
proximal and distal dendritic branches and in different dendritic spines in the MePD. Data

are shown in Table 2 and Figure 6.
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Immunoreactive puncta for glutamatergic and GABAergic receptors occurred
directly on dendritic shafts along both proximal (Figure 6A, C, E) and distal (Figure 6B, D,
G, H) branches. Colocalization of these receptors on adjacent segments of the same
dendritic shaft was usual (Figure 6I-K, merged images in L). There was an apparent
similar presence of AMPA receptors in proximal and distal dendritic shafts (Figure 6,
compare A and B). The same was true for NMDA (Figure 6, compare C and D) and
GABA\ receptors (Figure 6, compare E, G, H).

The immunoreactive puncta for these receptors were found on differently shaped
spines along proximal and distal dendrites in the MePD (Table 2). That is, dendritic spines
exhibited excitatory as well as inhibitory receptors. AMPA receptors were predominant on
mushroom and stubby/wide spines, whereas NMDA receptors were mostly observed on
thin spines. Intestingly, GABAAa receptors were found on either thin or stubby/wide spines
of proximal dendrites, whereas, at distal branches, they were basically on thin spines
(Table 2). The receptors were rather found on the spine head and, less frequently, on the
spine neck, with the exception of GABAa receptors that were often found on spine necks
at distal dendrites.

Putative multisynaptic spines were identified in the MePD. Double-labeling for
AMPA and NMDA receptos was detected on stubby/wide and mushroom spines (e.qg.,
Figure 6 L); for AMPA and GABAA receptors on all spine types (e.g., Figure 6 N), and for
NMDA and GABAA\ receptors on thin and stubby/wide spines (e.g., Figure 6 L). These 3
receptors were found concomitantly on stubby/wide, thin, and mushroom spines at
proximal and distal dendritic branches (Table 2).

Finally, no filopodium appeared labeled for any of the receptors tested here (Figure

6 O).
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Discussion

The present data provides new knowledge about the cellular composition and on
the spines and synaptic complexities in the rat MePD. Four results are available indicating
that 1) three histogenetically distinct Lhx6-, Lhx5-, and Lhx9-expressing neurons are
present in the MePD of adult rats, 2) these different local subpopulations display a similar
percentage of dendritic spine shapes and density; 3) glutamatergic (AMPA and NMDA)
receptors and GABA, receptors are located along proximal and distal dendritic shafts as
well as on spines of MePD neurons, and 4) dendritic spines have excitatory, inhibitory
and multisynaptic contacts with colocalization of these receptors to form diverse synaptic

units.

Different Lhx-expressing subpopulations in the MePD

Our results from adult rats are in accordance with the reported presence of LIM
homeodomain transcription factors in subpopulations of MePD neurons of mouse
embryos (Bupesh et al., 2011) and adult mouse brain (Choi et al., 2005). However, a
difference was evidenced. In adult mice, Lhx5-expressing cells were specifically
observed within the anterior medial amygdala and the Lhx9 ones were found in the
posteroventral medial amygdala, but not in the MePD (Choi et al., 2005). Here, we
observed the expression of the Lhx 6, 5, and 9 in the adult rat MePD neurons. This can
indicate a species-specific difference between the MePD histogenetic components of
mice and rats with likely additional functional implications for the MePD of rats. In mice,
Lhx6-expressing neurons were related with reproductive behavior whereas both Lhx5-
and Lhx9-immunolabeled cells were involved with defensive behavior (Choi et al., 2005).
In rats, the MePD has a clear modulatory role on male sexual behavior (Harris and

Sachs, 1975; Rasia-Filho et al., 1991; Newman, 1999; de Castilhos et al., 2006; Rasia-
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Filho et al., 2012b). On the other hand, ibotenic acid lesion of the rat MePD did not block
anxiety-like behavior tested in the elevated plus maze or the innate fear expression of rats
faced to a live caged cat, although microinjection of somatostatin in the MePD
dramatically reduced rat aggressive display in a resident-intruder paradigm (Rasia-Filho
et al., 2012b). Other experimental data can add to this scenario and advance the relevant
proposition of the rat MePD as a nodal point for social behavior neural network (Newman,
1999; Bian, 2013; additional comments in Rasia-Filho et al., 2012b and references
therein).

We propose that further scholarly debate can reconcile the nomenclature for the
different neurons in the MePD based on histogenetic markers, general morphology,
membrane intrinsic electrophysiological properties, diverse expression patterns (e.g., for
classical neurotransmitters, neuropeptides, binding proteins and/or enzymes),
connectional and functional features. Formerly, no general aspect allowed the reliable
identification of responsive or not responsive cells to gonadal hormone actions in MePD
neurons of rats (Nabekura et al., 1986; Rasia-Filho et al., 1999) or hamsters (Gomez and
Newman, 1991). Nevertheless, as demonstrated by the Golgi method, the diversity of the
neuronal population in the adult rat MePD of both sexes is basically comprised of
multipolar cells classified as bitufted (suggested to be not “bipolar”, as per Ramoén y
Cajal’s classical description, 1909) and stellate neurons (Alheid et al., 1995; Gomez and
Newman, 1991; McDonald, 1992; Rasia-Filho et al., 1999; Cooke et al., 2007; Dall’'Oglio
et al., 2008a; Arpini et al., 2010; Brusco et al., 2010; Rasia-Filho et al., 2012a,b; Bian,
2013). Unlike the basolateral and cortical amygdaloid nuclei, the cell types of the rat
central and medial amygdala do not resemble those of the cerebral cortex (McDonald,
1992;1998). Additional characterization is also warranted to typify intrinsic or projecting

neurons in the MePD of rats. For example, to reveal whether the small, spiny and more
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ramified stellate neuron expressing Lhx9 is a class of local interneuron (Figure 4D) and to
what extent Lhx6-and Lhx5-expressing cells are basically projecting neurons, as
described in mice (Choi et al., 2005). The former possibility is relevant since one third of
all medial amygdala (MeA) synapses are of local origin (Nishizuka and Arai, 1983). At this
moment, the extent of Dil labeling and the number of fluorescent channels that can be
captured simultaneously under confocal microscopy (using fluorophores with non-
overlapping emission spectras to avoid “cross talk” of the Dil dye, the 3 Lhx fluorescent
antibodies and the 3 fluorescent receptors or even other neurotransmitters markers) did
not allow us to provide additional analysis regarding the phenotype of the Lhx-expressing
neurons such as glutamate vs GABAergic neurons or interneurons vs projecting neurons.

Furthermore, species differences should also be beared in mind since, compared
to mice, there is no clear morphological evidence for striatum-like medium spiny stellate
neurons in the MePD of adult Wistar rats [see Bennur et al. (2007) - mouse; compare
Marcuzzo et al. (2007) - rat; Dall’'Oglio et al. (2008a) - rat; additional relevant data in Bian
et al. (2008) — mouse]. In mice, some neurons in the posterior part of the MeA resemble
pyramidal neurons from the piriform cortex (Bian et al., 2008), although Niimi et al. (2012)
found principal MeA spiny neurons typically projecting at least two dendrites. They also
found no obvious morphological differences among neurons of different
electrophysiological firing patterns (i.e., type | - regular spiking neurons, 56% of the
recorded cells; type Il — adapting neurons, 3%; and type lll - fully accomodating neurons,
12%; Niimi et al., 2012). Recently, Bian (2013), using whole-cell patch clamp recordings
in GFP expressing mice to study the GABAergic neurons in the MePD, systematically
found that they were not homogenous and could be divided into three subtypes based on
electrophysiological, morphological, and connectivity properties: the bitufted and stellate

projecting and intrinsic GABAergic neurons.The detailed neuronal morphological analysis
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of these GABAergic neurons revealed two types of projection neurons and a third type of
smooth-dendrite interneurons. Carney et al. (2010) reported 3 types of MePD neurons
identified by their developmental histogenetic characterization and whole-cell patch-clamp
recordings also in mice. Basically, types | and Il neurons were both immunoreactive for
the inhibitory markers neuronal nitric oxide synthase and Forkhead box transcription
factor FoxP2 whereas type Ill neurons were immunonegative for them. At a first glance, it
could be suggested that classes | and Il neurons correspond to Golgi-impregnated
bitufted neurons whereas class Il neurons resemble Golgi-impregnated stellate ones [see
Figure 8 in Carney et al. (2010) and compare to those in Dall’Oglio et al. (2008a) and
Arpini et al. (2010)]. These data reinforce the propositon for an uniform nomenclature of

the MePD cells bringing together their diverse relevant features.

Dendritic spines in the MePD

The complex modulation of the dendritic spine density in the MePD was previously
evidenced under different experimental conditions (sex differences, estrous cycle and
motherhood effects — Rasia-Filho et al., 2004; stressful stimulus on possibly inhibitory
spines — Marcuzzo et al., 2007; prepubertal and adult gonadal steroids withdrawal and/or
hormonal therapy — Cunningham et al.,, 2007; de Castilhos et al., 2008; Cooke and
Woolley, 2009). Mean dendritic spine densities found here are in accordance with a
previous descriptive report of randomly sampled left MePD neurons under the same Dil
dye methodological approach and confocal microscopy (i.e., 1.15 + 0.67 spines/dendritic
pum; Brusco et al., 2010). This similarity would be attributed to the high proportion of Lhx6-
expressing neurons that normally compose the MePD (~ 80%; Choi et al., 2005).

The spine structure-function coupling and the impact of different spine shapes on

synaptic stability and plasticity have been frequently reexamined (Nimchinsky et al., 2002;

18



Deng and Dunaevsky, 2005; Arellano et al., 2007; Bourne and Harris, 2007; Kasai et al.,
2010; Garcia-Lopez et al., 2010; Segal, 2010; Lee et al., 2012). In adult hippocampus and
neocortex, approximately 65% of spines are thin, 25% are mushroom shaped and 10%
have “immature” shapes represented by stubby, multisynaptic, filopodial or branched
spines (as described by Bourne and Harris, 2007). Here, thin spines were the most
abundant type (~ 44%) on proximal dendrites of MePD neurons. If these thin spines are
functionally and morphologically more labile than mushroom ones (Bourne and Hatrris,
2007), the three Lhx neuronal subpopulations in the MePD might have a similar inherent
plasticity to deal with synaptic inputs. Mushroom spines were ~14% and would represent
more stable, long-lasting synaptic arrangements for these neurons. Interestingly, proximal
stubby spines accounted for ~37% in the present sample and their shape would represent
a synaptic site with fewer biochemical and electrical isolation from the parent dendrite. All
of these proximal spines are located strategically close to the cell body and would adjoin
relevant afferent synaptic information to affect the neuronal firing output of the MePD
neurons (Dall’Oglio et al., 2008a).

We also assume that “the morphological heterogeneity of spines even for a local
small portion of the dendrite is consistent with the idea that synapse strength is regulated
locally, at the level of a single spine” (Arellano et al., 2007). Then, proximal dendritic
spines shape and density can contribute to the synaptic processing in each of these
histogenetically diverse Lhx-expressing subpopulations of MePD neurons. However,
more evident functional differences among these neurons would reside in other cellular
phenotype. Electrophysiological recordings (Nuriya et al., 2006; Ivenshitz and Segal,
2010; Bian, 2013), multi-photon laser-scanning microscopic studies (Lee et al., 2012),

and the combination of tract-tracing methods and intracellular dye injections (Lanciego
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and Wounterlood, 2011) are highly desirable to test these functional hypotheses for the

dendritic spines in the adult rat MePD.

Excitatory and inhibitory receptors on MePD dendritic shafts and spines

There is a notable presence of immunolabeled puncta for glutamatergic and
GABAergic receptors on dendritic shafts and spines with possible functional implications
for the MePD. Dendritic shaft synapses can be significantly efficient and reliable to
produce postsynaptic potentials (lvenshitz and Segal, 2010), and both dendritic shafts
and spines can show different densities of glutamatergic receptors. For example, thin
spines can have a structural flexibility, be formed or disappear relatively rapidly according
to the incoming synaptic activity, and anchor more NMDA receptors whereas mushroom
spines have larger postsynaptic densities, contain more AMPA receptors, regulate
calcium levels locally, and can have polyribosomes for local synthesis of proteins
(reviewed in Kasai et al., 2003; Bourne and Harris, 2007). Although most spine contacts
are indeed excitatory, it must not be dismissed the presence of GABAergic terminals and
receptors relevant for fine information processing and a possible source of postsynaptic
variability (Keller, 2002; Klausberger and Somogyi, 2008; Pereno et al., 2011). In addition,
structural dynamics and receptor trafficking in dendritic spines are crucial for synaptic
plasticity (Kasai et al., 2010). Glutamate and GABA receptors have been shown to move
rapidly around the neuron membrane modifying the number and composition of receptors
that are available to respond to released neurotransmitters (Collingridge et al., 2004, Lin
et al., 2004). These changes can be quickly determined by a local intracellular pool of fast
recycling receptors available at synapses that are regulated by proteins and signaling
mechanisms that associate or interact with receptor subunits, contributing to the synaptic

plasticity (Collingridge et al., 2004).
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Excitatory and inhibitory synapses on the spine head or neck were already found in
the adult rat MePD studied in 3D reconstructions of electron microscopy serial-sections
(Brusco, 2012). Here, we found spines of different shapes with glutamatergic and
GABAergic receptors. In effect, AMPA receptors were usually found on mushroom and
stubby/wide spines whereas NMDA receptors occurred on thin spines, either in proximal
or in distal dendritic branches in the rat MePD. GABAAx receptors had other distribution.
Although they appeared to be similarly present on proximal and distal dendrites, GABAa
receptors were found on thin and stubby/wide spines of proximal dendrites, but mainly on
thin spines at distal branches. This would indicate a different impact of proximal and distal
inhibitory synapses on MePD neurons.

Interestingly, behaviorally-relevant afferences to the MePD involve distinctly coded
glutamatergic and GABAergic inputs. Male rats have dendrites radiating and extending
preferently to the surrounding “molecular layer” close to the MePD (Dall’'Oglio et al.,
2008a), a cell-sparse rim that contains fibers from the main and accessory olfactory bulbs
(Scalia and Winans, 1975; Pro-Sistiaga et al., 2007). AMPA-mediated, more than NMDA,
monosynaptic excitatory postsynaptic currents can be evoked from the accessory
olfactory bub afferents coming from ventral pathways (Niimi et al., 2012). Pheromonal
socially-relevant processed information are sent to the rat MePD via GABAergic fibers
from the intercallated amygdaloid nuclei (Meredith and Westberry, 2004). Likewise, a
strong colocalization of Fos with GABA, calretinin, and calbindin was observed in the
vomeronasal system-medial extended amygdala and indicates the important role of
inhibitory control of the incoming pheromonal and olfactory sensorial inputs on the rat
MePD neuronal excitability (Pereno et al., 2011). The functional consequence of this local
synaptic modulation involves direct and indirect GABAergic projections to specific

hypothalamic nuclei (Choi et al., 2005), which can inhibit or disinhibit circuitries involved
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with the display of reproductive behaviors (Rasia-Filho et al.,, 2012a,b). The MePD
GABAergic neurons can also establish bidirectional connections with neighboring
amygdaloid nuclei in mice (Bian, 2013). This panorama might correspond to the majority
of Lhx6-expressing cells within the MePD. Besides, neurons in the mice MePD, whose
histogenetic identity remains to be determined, can receive direct excitatory input from
upstream sensory areas and inhibitory inputs from local GABAergic neurons and, then,
project glutamatergic fibers to the hypothalamic ventromedial nucleus (Bian et al., 2008).

Immunolabeling for single or multiple receptors were found on dendritic spines.
The existence of multisynaptic spines in the MePD was suggested by the presence of
various puncta of synaptophysin, a pre-synaptic protein, upon the same spine (Brusco et
al., 2010). Multisynaptic spines are complex postsynaptic elements (Popov and Stewart,
2009) and, in the MePD, can deal with one excitatory and another inibitory receptor. It is
not currently known whether different axon terminals contact AMPA and NMDA receptors
on the same spine or the detailed involvement of these multisynaptic spines on the
function of MePD neurons. Finally, no filopodia beared AMPA, NMDA or GABAa
receptors, which might suggest that these protusions lack synapses with major excitatory
and inhibitory neurotransmitters. Non-synaptic filopodia were previously observed in
ultrastructural studies of the adult rat MePD (Brusco, 2012).

In conclusion, the present data evidenced relevant features on the cellular
composition and the complexity of dendritic shafts and spines in the adult rat MePD. The
presence and distribution of glutamatergic and GABAergic synaptic receptors on
dendrites can be useful to understand the selection of cell assemblies, synaptic temporal
dynamics, and neural circuits oscillations (Klausberger and Somogyi, 2008). They can
also be useful in directing future studies of the MePD connectivity and function not only

under normal circunstances, for sensorial processing of pheromones or other social cues,
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sexual behavior modulation, stress responses, memory and learning, but also for

comparisons in pathological conditions that compromise this forebrain area.
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Legends

Table 1 — Percentage of different dendritic spine type and density (values are mean +
standard deviation) of three different Lhx-expressing neuronal subpopulations in the
posterodorsal medial amygdala of adult male rats.

Table 2 — Number and distribution of glutamatergic (AMPA GLUR1-4 and NMDA GIuN1)
and GABAergic (GABAA Y2 subcomponent) receptors on the head (H) and neck (N) of
differently shaped spines from proximal and distal dendritic branches. Neurons were
sampled from the posterodorsal medial amygdala of adult male rats and studied using
combined immunofluorescent labeling and Dil dye under confocal microscopy.
Stubby/wide spines characteristically did not display an apparent neck, then indicated by
“-“to mean that absence. Colocalization refers to the presence of more than one of these
receptors on the head or on the head and neck of the same spine in each studied type.

More details about colocalization are presented in the text.

Figure 1 — (Left) Cresyl violet staining of a coronal brain section shows the ventral
location of the posterodorsal medial amygdala in the adult male rat brain (MePD, 3.30
mm posterior to the bregma). (Right) Schematic diagram of a matched coronal brain
section adapted from the atlas of Paxinos and Watson (1998). opt: optic tract, st: stria
terminalis. Spatial coordinates: D, dorsal; V, ventral; M, medial; L, lateral. Scale bar = 800
pm. Reprinted from Brusco J, Dall’'Oglio A, Rocha LB, Rossi MA, Moreira JE, and Rasia-
Filho A.A. “Descriptive findings on the morphology of dendritic spines in the rat medial
amygdala”. Neuroscience Letters 483, 152-156, 2010. Copyright with permission from
Elsevier (no. 3097760021389).

Figure 2 — (A) Immunoreactivity to antibodies against the Lhx6, Lhx5, and Lhx9
transcription factors and (B) for receptors AMPA GLUR1-4, NMDA GIuN1, and GABAAa y2
subcomponent in the cerebral cortex of adult male rats as revealed by the Western blot
technique.

Figure 3. (A-F) Representative examples of immunolabeled Lhx6-expressing neurons
(cell nucleus in blue, turned green due to the sobreposition with the Dil dye color) in the
posterodorsal medial amydala of adult male rats. Images are three-dimensional
reconstructions with combined use of Dil dye fluorescence (yellow) to reveal details of
neuronal morphology under confocal microscopy. Spiny neurons have cell bodies with
round (A, 2/12 sampled cells), ovoid (B and C, 2/12 and 4/12 cells, respectively) or
fusiform (D, 4/12 cells) shapes, few primary dendrites, and sparse proximal branching
points. (E, details at higher magnification in F) Three-dimensional reconstructed images
to demonstrate the density and shape of dendritic spines commonly found on these Lhx6
neurons. A continuum of pleomorphic dendritic spines (arrows) were observed in this
neuronal subpopulation. Spines were classified as thin (t), stubby/wide (s), “mushroom”-
like (m), and “others” (0). Scale bar =5 pym.

Figure 4. (A-F) Representative examples of immunolabeled Lhx5-expressing neurons
(cell nucleus in red) in the posterodorsal medial amydala of adult male rats. Images are
three-dimensional reconstructions with combined use of Dil dye fluorescence (yellow) to
reveal details of neuronal morphology under confocal microscopy. Spiny neurons have
cell bodies with triangular (A, 4/14 sampled cells), fusiform (B and C, 5/14 and 2/14 cells,
respectively) or multiangular (D, 3/14 cells) shapes, few primary dendrites (except in D),
and sparse proximal branching points. (E, details at higher magnification in F) Three-
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dimensional reconstructed images to demonstrate the density and shape of dendritic
spines commonly found on these Lhx6 neurons. A continuum of pleomorphic dendritic
spines (arrows) were observed in this neuronal subpopulation. Spines were classified as
thin (t), stubby/wide (s), “mushroom”-like (m), and “others” (0). Scale bar =5 ym.

Figure 5. (A-F) Representative examples of immunolabeled Lhx9-expressing neurons
(cell nucleus in magenta) in the posterodorsal medial amydala of adult male rats. Images
are three-dimensional reconstructions with combined use of Dil dye fluorescence (yellow)
to reveal details of neuronal morphology under confocal microscopy. Spiny neurons have
cell bodies with fusiform (A and B, 5/12 and 2/12 sampled cells, respectively), triangular
(C, 2/12 cells) or elongated (D, 3/12 cells) shapes, few primary dendrites, and sparse
proximal branching points (except in B). (E, details at higher magnification in F) Three-
dimensional reconstructed images to demonstrate the density and shape of dendritic
spines commonly found on these Lhx6 neurons. A continuum of pleomorphic dendritic
spines (arrows) were observed in this neuronal subpopulation. Spines were classified as
thin (t), stubby/wide (s), “mushroom”-like (m), and “others” (0). Scale bar = 5 ym.

Figure 6. Representative examples of three-dimensional reconstructed images combining
Dil dye (yellow) to evidence spiny dendrites and the presence of immunofluorescent
labeling puncta for (A, B) AMPA GLUR1-4 (red) and (C, D) NMDA GIuN1 (blue)
glutamaterigic receptors and the (E-H) GABAa y2 subcomponent receptor (magenta)
under confocal microscopy. These are neurons from the posterodorsal medial amygdala
of adult male rats. Receptors on close contact to dendritic shafts and spines were found
in both proximal (A, C, E) and distal (B, D, G and H) branches. Note the presence of the
three immunolabeled receptors puncta on differently shaped spines. (F) Higher
magnification image illustrates immunoreactive colored puncta for the GABA receptor on
the spine head and on the spine neck of thin spines (arrows). (I-K) Three-dimensional
reconstructed image of the same Dil dye fluorescent dendrite demonstrates the
coexistence of imunolabeling for AMPA (I), NMDA (J), and GABAA receptors (K) on the
same branch. These three images (I-K) were merged in (L). Note the presence of
immunoreactive puncta for the glutamatergic and GABAergic receptors in close
apposition to dendritic shafts and on spines of different shapes. In L, examples of
colocalization of AMPA and NMDA receptors or NMDA and GABAA receptors on spines.
(M) Colocalization of AMPA and GABAa labeling on the same reconstructed Dil dye
immunofluorescent dendritic branch. Dendritic spines (asterisks) and dendritic shaft
(arrowhead) appeared contacted by immunoreactive puncta for both receptors. At higher
magnification (N), AMPA and GABA receptors are colocalized on the same dendritic
spine (arrows). (O) Reconstructed Dil dye immunofluorescent dendritic branch showing a
protuding filopodium without overlapping immunolabeled puncta for glutamatergic or
GABAergic receptors on the same focal plane. Scale Bar = 2 ym.
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Abstract

The posterodorsal medial amygdala (MePD) has different histogenetic origins,
modulates social behaviors, and displays notable plasticity in rats. Dendritic spines
represent specialized integrative cellular elements that modulate and enforce synaptic
inputs. Here, we describe the shape and density of dendritic spines in the main
subpopulations of MePD neurons, and the presence of glutamatergic and GABAergic
receptors on both proximal and distal dendritic shafts and dendritic spines. Dil dye
evidenced dendritic spines in neurons that specifically express the LIM homeobox
transcription factors Lhx6, Lhx5, and Lhx9 under confocal microscopy. The most
abundant spine types were thin and stubby/wide spines (~80%), and the proximal
dendritic spine density varied from 0.4 to 2.3 spines/dendritic um with no statistical
difference among distinct Lhx-expressing neurons. AMPA (subunit GluR1-4), NMDA
(subunit GIuN1R1), and GABAAx receptors immunolabeling were found on both dendritic
shafts and dendritic spines. AMPA receptors were predominant on mushroom and
stubby/wide spines, whereas NMDA receptors were found mostly on thin spines.
GABA\ receptors were located on thin or stubby/wide spines of proximal dendrites and
more frequently on thin spines on distal branches. Multisynaptic spines with excitatory
and inhibitory receptors were also found in the MePD. These new data evidence
relevant features on the cellular composition and the complex connectivity of dendritic

spines in the adult rat MePD.

Key words: Extended amygdala, Lhx transcription factor, spine shape, GLUR1-4

receptor subunit, NMDA GIluN1 receptor subunit, GABAa receptors.



Introduction

The posterodorsal medial amygdala (MePD) is a component of the “extended
amygdala” in the rat basal forebrain (Alheid et al., 1995; Dong et al., 2001; de Olmos et
al., 2004; Dall’'Oglio et al., 2008a,b) and a nodal point for emotionally-loaded stress
responses (Dayas et al., 1999) and the modulation of social/reproductive behavior
neural networks (Newman, 1999; Polston et al., 2004; Choi et al., 2005; Rasia-Filho et
al., 2012a,b). The MePD responds to species-specific socially relevant
olfactory/pheromonal (Meredith and Westberry, 2004; Pereno et al.,, 2011) and
genitosensorial stimuli (Pfaus and Heeb, 1997), has a notable local neuroplasticity
related to a high expression of sex steroid receptors (Simerly et al., 1990; Gréco et al.,
2001, 2003; Rasia-Filho et al., 2004; Zehr et al., 2006; Phillips-Farfan et al., 2007; Fan
et al., 2008a,b; Blake and Meredith, 2011), and amends timely hypothalamic
neuroendocrine secretion (Simerly, 2004).

The discovery of the embrionic origin of MePD cells and circuitry formation in
rodents provided an exciting venue for local and integrated functional neuroanatomy. The
MePD is a “mosaic” composed by distinct precursor cells and assembles coexisting
histogenetically (Zirlinger et al., 2001; Choi et al., 2005; Garcia-L6pez et al., 2008;
Bupesh et al., 2011) and phenotypically different (Coolen et al., 1996, 1997; Bian et al.,
2008; Carney et al., 2010; Niimi et al., 2012; Bian, 2013) subpopulations of multipolar
bitufted and stellate neurons (Alheid et al., 1995; Rasia-Filho et al., 1999, 2012a,b).
Specific regulatory genes for LIM homeobox (Lhx) transcription factors are expressed
along the development of local cells (Choi et al., 2005; Garcia-Lopez et al., 2008; Bupesh
et al., 2011). Confocal immunofluorescent microscopy revealed that Lhx6-immunoreactive

cells constitute around 80% of all neurons in the MePD (Choi et al., 2005). These neurons



derive from the subpallial, caudoventral medial ganglionic eminence, are GABAergic
expressing calbindin cells (Garcia-Lopez et al., 2008), and reach three interconnected
hypothalamic nuclei implicated in reproductive behaviors: the medial preoptic nucleus, the
ventrolateral part of the ventromedial hypothalamic nucleus and the ventral
premammillary nucleus (Choi et al., 2005). Comparatively, little is known about other Lhxs
immunoreactive cells in the MePD. Lhx5- and Lhx9-immunoreactive cells derive from the
ventral pallium and the supraoptoparaventricular hypothalamic domain (Bupesh et al.,
2011). Both Lhx5- and Lhx9-immunoreacitve neurons might be glutamatergic, although
Lhx5 cells would also express calbindin, vasopressin, and oxytocin (Bupesh et al., 2011).

The study of dendritic spine shape and density on these histogenetically different
Lhx-expressing neuronal subpopulations in the rat MePD can illuminate the structural
basis of neural circuit function and processing of complex sensorial stimuli and social
behavior display. Dendritic spines are mostly associated with excitatory connections and
their heterogeneous shape and number can impose functional differences in localized
biochemical signaling/compartmentalization and in the synaptic organization, strength,
stability or plasticity (Hayashi and Majewska, 2005; Bourne and Harris, 2007; Harms and
Dunaevsky, 2007; Kasai et al., 2010; Chen and Sabatini, 2012). In randomly sampled
Golgi-impregnated MePD neurons, the density of dendritic spines is sexually dimorphic
(males higher than females), vary along the estrous cycle (Rasia-Filho et al., 2004), and
have a marked reduction that coincides temporally with the impairment of the sexual
behavior in adult castrated males (de Castilhos et al., 2008) or a reduced rough-and-
tumble playful attacks in prepubertal castrated rats (Cooke and Woolley, 2009).
Furthermore, in the adult rat MePD, both glutamate and GABA modulate activities such
as sexual behavior (facilitating ejaculation and reducing copulatory latency, respectively;

Rasia-Filho et al, 2012b) and a selective central control of the



sympathetic/parasympathetic cardiovascular reflex responses (Neckel et al., 2012). In
male rats, NMDA-mediated activation of the medial amygdala induces long-term
potentiation (Shindou et al., 1993) and, in females, promotes a downstream
neuroendocrine memory responsible for pseudopregnancy (Polston et al.,, 2001),
indicating that local glutamatergic innervation can promote sexually dimorphic functions.
The occurrence of glutamatergic and GABAergic receptors on dendritic shafts and spines
of MePD neurons is still unknown.

The aims of this study were twofold: (1) to provide the first description of the
morphology and density of dendritic spines in the different immunolabeled Lhx-expressing
subpopulations of neurons in the adult rat MePD, and (2) to depict the presence and
distribution of glutamatergic (AMPA and NMDA) and GABAergic (GABA,) receptors on
proximal and distal dendritic shafts as well as on different types of dendritic spines on

MePD neurons under confocal microscopy.

Materials and Methods

Animals

Adult male Wistar rats (3—4 months old, N = 26) were housed in groups with free
access to food and water in standard laboratory conditions, with room temperature kept at
22 °C in a 12 h light-dark cycle. Experimental procedures were performed in accordance
with the international laws for the ethical care, the Guidelines for the Care and Use of
Laboratory Animals published by the National Institutes of Health (NIH Publication No.
85-23, reviewed 1985, USA) and were approved by local Ethics Committees (UFCSPA,

protocol 033-10 and FMRP/USP protocol 174-11).



Experimental Procedures

All animals were anesthetized with ketamine and xylazine (80 mg/kg and 10 mg/kg,
i.p., respectively) and underwent transcardiac perfusion with 200 ml of 0.9% NacCl
followed by 300 ml of 1.5% paraformaldehyde in 0.1 M phosphate buffer solution, pH 7.4
(PBS; Kim et al., 2007; Rasia-Filho et al., 2010), initially very fast and progressively
slowing to keep the fixative running for over 15 min (Tao-Cheng et al., 2007). The brains
were maintained in the same fixative solution for 1 h at room temperature (RT) and were
sectioned at 80 um-thick slices in PBS using a vibratome (Leica, Germany; Brusco et al.,
2010). The MePD was found 3.0-3.30 mm posterior to the bregma, delimited laterally to
the optic tract and ventrally to the stria terminalis (ST; Paxinos and Watson, 1998; de

Olmos et al., 2004; Figure 1).

Lhx6, Lhx5, and Lhx9 Immunofluorescent Labeling

To study the presence of different subpopulations of Lhx-expressing neurons and
their spine features, we utilized the following goat polyclonal primary antibodies against:
1) Lhx6 (N-19) to detect N-terminus of Lhx6 of human origin, 2) Lhx5 (C20) to label C-
terminal of Lhx5 of human origin, and 3) Lhx9 (N-20) to detect N-terminus of Lhx9 of
human origin. Antibodies were purchased from Santa Cruz Biotechnology Inc. (USA) and
were diluted 1:100. Primary antibodies were labeled with anti-goat IgG Alexa 647 (1:200;
Invitrogen, USA). The specificity of each antibody was verified by Western blot (according
to Kurien et al., 2011). l.e., we performed additional Western blot analysis following the
basic procedures described previously (Alegria-Schaffer et al., 2009) and the specific
bands obtained from these control experiments are shown in Figure 2. In addition, the
immunolabeling patterns for the distinct Lhx neurons were identical to those reported in a

previous referential report (Choi et al., 2005).



Coronal brain slices (80 um-thick) containing the MePD were obtained using a
vibratome (Leica VT 1000S, Leica Microsystems GmbH, Germany). The sections were
washed with 0.02 M Tris Buffer Solution (TBS), and immersed in 0.2% Tween in TBS
(TBST) during 6 h at 4°C. The slices were blocked with 2% bovine serum albumine (BSA)
in TBST for 2 h, incubated with primary antibodies diluted in 0.5% BSA in TBST overnight
at 4°C, and secondary antibodies for 2h at 4°C. Every experiment included controls with
the omission of primary antibodies (data not shown), besides the other above-mentioned
control procedures.

After antibodies incubation, sonicated fine powdered carbocyanine dye Dil (1,1'-
Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine  Perchlorate; Molecular Probes,
Invitrogen, USA) was placed over the ST for 24 h at 4°C (Rasia-Filho et al., 2010).
Sections were washed in distilled water, mounted with Fluoromount (EMS, USA), and
visualized under confocal microscopy, as described below. Each rat provided one brain
slice for each Lhx immunoreaction tested. Both hemispheres were used. Due to technical
restrictions and the inherent difficulties for obtaining acceptable multi-labeled fluorescent
neurons in each brain section, no quantitative comparisons were done for the right and
left MePD. For the aims of the present work, it is worth noting that previous experimental
data did not evidence hemispheric lateralization for the MePD dendritic spine density in
adult rats (Arpini et al., 2010).

Laser wave length of the Dil fluorescence did not overlay that one of the Alexa
linked with the Lhx antibodies. Data were obtained from a total of 12, 14, and 12 different
Lhx6, Lhx5 and Lhx9 neurons from 5, 8, and 9 rats [mean + standard deviation (SD), 2.4
+ 0.5 1.3 £ 0.5, 1.7 £ 0.7 neurons per rat], respectively. Including criteria were: 1)
neurons must be located within the MePD, avoiding its ultimate borders; 2) fluorescence

for both Lhx antibody and Dil must be stable and basically at the same focal plane; 3)



dendrites must be brightly fluorescent and not “tangled” with neighborhood prolongments;
and, 4) spines must be clearly visbible and identifiable. Dendritic branches and spines
were imaged along the first 50 um from the soma (Rasia-Filho et al., 2004; Brusco et al.,
2010; Figures 3-5). It has to be commented that the numbers generated from our confocal
microscopy immunofluorescent neurons reflect the spines observed along proximal
dendrites and might under-represent the actual values for entire cells (e.g., as
commented in Woolley and McEwen, 1994). Nevertheless, from Golgi-impregnation
studies, dendritic spines appear to have a homogeneous distribution up to more than a
hundred um away from the cell body (de Castilhos et al., 2006) and analyses of spine
density have been made from data obtained along 40 um of proximal dendrites (Rasia-
Filho et al., 2004; de Castilhos et al., 2006, 2008; Marcuzzo et al., 2007; Brusco et al.,

2010; Rasia-Filho et al., 2012a).

GLUR1-4, GluN1, and GABAA Immunofluorescent Labeling

To study the localization of excitatory and inhibitory receptors on MePD neurons
we used: 1) rabbit polyclonal antibody against GluR1-4 subunits to label AMPA receptor
(1:50), 2) mouse monoclonal antibody against the N-terminus of the NMDA receptor 1
(GIluN1) subunit to detect this obligatory subunit of functional NMDA receptors (1:100),
and 3) guinea pig polyclonal antibody against GABAA receptor y2 subunit (1:300). All
primary antibodies were purchased from Synaptic Systems (Germany). We also tested
the specificity of each antibody by Western blot (following Kurien et al., 2011; Alegria-
Schaffer et al., 2009) and the specific bands are shown in Figure 2. The final
immunolabeling patterns that we obtained quite agree with previous images found in
referential descriptions (Sanes and Jessell, 2000, 2013).

The primary antibodies were labeled with anti-rabbit IgG Alexa 594 (1:200), anti-

mouse IgG Alexa 405 (1:200), and anti-guinea pig IgG Alexa 647 (1:400) for 2h at 4°C,



respectively. Secondary antibodies were purchased from Invitrogen (USA). Due to the
critical possibility of “merged” laser wavelengths and misleading results, data for these
glutamatergic and GABAergic receptors were obtained from MePD neurons without the
use of additional fluorescent antibodies.

Brains were sectioned and intially processed as abovementioned. The sections
were incubated with primary antibodies against receptors GLUR1-4, GIuN1, and GABAa
diluted in 0.5% BSA and TBST overnight at 4°C. Each section was incubated with the
primary antibodies for the 3 receptors tested here at the same time. These primary
antibodies were washed in 0.5% BSA, labeled with IgG conjugated with their respective
Alexas diluted in 0.5% BSA and TBST for 2 h at 4°C, and washed in TBS. Controls were
incubated in the same way ommitting the primary antibodies (data not shown).

Dil was applied on the surface of the ST as well. One dendritic branch/neuron was
imaged on 8 different neurons in 4 rats. The acquisition of multiple labeling was done
sequentially with appropriate band pass filters to avoid cross-talk between fluorochromes

under confocal microscopy.

Confocal Microscopy

This method was described in details elsewhere (Rasia-Filho et al., 2010). Images
of each neuron were obtained from a confocal microscope (SP-5 AOBS, Leica
Microsystems GmbH, Germany) with a plan-apochromat 40x/1.25 oil-immersion lens.
The Z-stack acquisition was done at 0.33 um step size. Lhx subpopulations and Dil were
imaged using Helium/Neon laser 647 (red, 660-800nm) and 543 (green, 555-590nm),
respectively. For imaging the GluR1-4, GluN1, and GABAAa-y2 receptors components,
laser wavelenghts were 594 (orange), 405 (blue), and 647 (red), respectively.

All images were obtained with a resolution of 2048 x 2048 pixels per frame with 4

times zooming, avoiding over and undersaturated pixels, which generated a voxel size



approximately 55 x 55 x 300 nm. The images of each neuron, dendrites and spines were
three-dimensionally (3D) reconstructed using the LAS AF software (Leica Microsystems,
Germany). Each spine studied was observed along the “Z” axis to evaluate its
morphology. Dendritic spines of the Lhx-expressing subpopulations of neurons were
classified according to their shape as thin, stubby/wide, mushroom or “others”, which
included ramified spines (based on Peters and Kaiserman-Abramof, 1970; Bourne and
Harris, 2007; Brusco et al., 2010). Intermediate types were included in one of these
cathegories according to the most evident aspects of their head and neck. Spine density
was calculated as the number of spines per micrometer of 3D-measured proximal
dendritic segments ranging 23 to 45 um in all subpopulations.

Proximal and distal dendrites, respectively recognized by their origin from the cell
body or by their characteristic tapered diameter, were evaluated for the presence and
specific location of imunolabeling for the 3 receptors tested here (Table 2, Figure 6).
Post-synaptic receptors and Dil labeled spines were considered to be in contact when
their pixels were at the same focal plane with no pixel background in between, or if there
was an overlap between the Dil yellow pixels and the blue, magenta and/or red puncta of
the receptors labeling in at least one focal plane (Deng and Dunaevsky, 2005; Brusco et
al. 2010). According to this rule, direct visual observations of each spine in each neuron
was done to determine the presence of the studied receptors on the different spine types
and on dendritic shafts. Representative results are shown below. We were interested in
probe occurrence and found empirically that receptors immunolabeled puncta co-
occurred in different proportions in dendritic spines and shafts, varying within and
between structures. Then, we did not test the colocalization of receptors by the Pearson’s
linear correlation coefficient to avoid poor measures and misleading conclusions (see

relevant and critical methodological comments in Dunn et al., 2011).
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In all pictures, only background and contrast were adjusted using Adobe

Photoshop 8.0 software (USA).

Statistical Analysis

The number of each dendritic spine morphology of the 3 Lhx-expressing
subpopulations of neurons was submitted to a two-way analysis of variance (ANOVA)
test. Data regarding the density of dendritic spines of these subpopulations were
submitted to a square root transformation, and after being tested for normality
(Kolmogorov-Smirnov test) and homocedasticity (Bartlett test), were submitted to an one-

way ANOVA test. The statistical level of significance was set as p < 0.05.

Results

The immunofluorescence for the 3 LIM homeobox transcription factors (Lhx6, Lhx5,
and Lhx9) was restricted to the neuronal cell body and nucleus. MePD neurons had the
cell body and variable lengths of Dil labeled dendrites showing usually numerous
dendritic spines. The coincidence of fluorescence for a specific Lhx in the nucleus
together with the Dil labeling of the neuronal cell body, dendrites, and spines, guided the
selection of cells to be further studied in each subpopulation. The number of sampled
neurons was compatible with previous results of MePD cell subtypes (Carney et al., 2010;

Bian, 2013).

Lhx 6-, Lhx5-, and Lhx9-expressing neurons in the MePD
Representative Lhx6-immunoreactive neurons in the MePD are shown in Figure 3.
These were basically multipolar neurons with round, ovoid or fusiform cell bodies and few

primary dendrites (frequently only two dendritic shafts) and sparingly branched trees
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(Figure 3A-D). Spines in clusters or isolated were found on cell bodies and dendrites.
These spines showed a continuum of shapes and sizes (Figure 3E-F). Axons were not
identified in these cells.

Representative Lhx5-immunoreactive neurons are shown in Figure 4. These were
also multipolar cells (Figure 4A-D), but some usually presented thin ramified dendritic
branches (Figure 4B-C). There were pleomorphic spines with an apparent similar
distribution as in the Lhx6 subpopulation (Figure 4E-F).

Representative Lhx9-immunoreactive neurons are shown in Figure 5. They were
also multipolar neurons (Figure 5A-C), but with some large fusiform or angular cell bodies
(Figure 5A-B), and small neurons with various radiating dendritic branches arising from a
round cell body (Figure 5D). Pleomorphic spines were also observed in these neurons

(Figure 5E-F).

Dendritic spine categories and density in Lhx neuronal subpopulations

The number of dendritic spines on each Lhx-expressing neurons are shown in Table
1. Thin and stubby/wide spines constitute the highest proportion of all spines in the LhX
neuronal subpopulations (85-78%), whereas mushroom spines and other morphologies
accounted for fewer values. On the other hand, the total number of filopodia was variable,
but notably very low, in the 3 different neuronal subpopulations of the MePD. l.e., median
values (and interquartile ranges) were 0.5 (0/2), 1 (0/2), and 0 (0/1) filopodia on the
studied dendrites of Lhx6-, Lhx5-, and Lhx9-expressing neurons, respectively.

The different origins/Lhx transcription factors expressed by the MePD neurons did
not affect the morphology or number of proximal dendritic spines of these neurons. There
was no predominance of any spine type in those neuronal subpopulations [F(6, 140)=

0.51; P= 0.80] nor subpopulations have a statistically significant difference in the density
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of proximal spines [F(2,140)= 0.55; P= 0.58]. However, there were significantly more thin
and stubby/wide spines over mushroom and other spine types [F( 3,140)= 91.35; P <
0.001], indicating that the spine type influenced the total spine number in these different
neuronal subpopulations.

Mean values for the density of proximal dendritic spines of Lhx6, Lhx5, and Lhx9
expressing neurons are shown in Table 1. There was an evident variability in the values
for dendritic spine density of the MePD Lhx neuronal subpopulations (Table 1,
untransformed data). This could be attributed to an overlap of “low density spiny neurons”
(arbitrarily considered as a neuron with a spine density below 1 spine/dendritic um) and
“‘more densily spiny neurons” (with more than 1 spine/dendritic um; see parallel data in
DiFia et al., 1976; Feldman, 1984) in each subpopulation. In this regard, Lhx6-
immunoreactive neurons had a spine density ranging from 0.6 to 2.2 spines/dendritic pm.
Lhx5-immunoreactive neurons had a spine density ranging from 0.7 to 1.9
spines/dendritic um. In these both subpopulations, approximately 60% of the sampled
cells could be classified as densily spiny neurons. Lhx9-immunoreactive neurons had a
spine density ranging from 0.4 to 2.3 spines/dendritic um, but only 2/12 (17%) neurons
had 0.8 + 0.2 spine/dendritic um whereas 10/12 (83%) neurons had higher values of 1.6
+ 0.5 spines/dendritic pum. Nevertheless, no statistically significant difference was found
for the dendritic spine density among subpopulations in the MePD [F (2,34) = 1.72; P =

0.18].

Glutamatergic and GABAergic receptors on dendritic shafts and spines
Immunofluorescent labeling for AMPA, NMDA, and GABAA receptors were found in
proximal and distal dendritic branches and in different dendritic spines in the MePD. Data

are shown in Table 2 and Figure 6.
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Immunoreactive puncta for glutamatergic and GABAergic receptors occurred
directly on dendritic shafts along both proximal (Figure 6A, C, E) and distal (Figure 6B, D,
G, H) branches. Colocalization of these receptors on adjacent segments of the same
dendritic shaft was usual (Figure 6I-K, merged images in L). There was an apparent
similar presence of AMPA receptors in proximal and distal dendritic shafts (Figure 6,
compare A and B). The same was true for NMDA (Figure 6, compare C and D) and
GABA\ receptors (Figure 6, compare E, G, H).

The immunoreactive puncta for these receptors were found on differently shaped
spines along proximal and distal dendrites in the MePD (Table 2). That is, dendritic spines
exhibited excitatory as well as inhibitory receptors. AMPA receptors were predominant on
mushroom and stubby/wide spines, whereas NMDA receptors were mostly observed on
thin spines. Intestingly, GABAAa receptors were found on either thin or stubby/wide spines
of proximal dendrites, whereas, at distal branches, they were basically on thin spines
(Table 2). The receptors were rather found on the spine head and, less frequently, on the
spine neck, with the exception of GABAa receptors that were often found on spine necks
at distal dendrites.

Putative multisynaptic spines were identified in the MePD. Double-labeling for
AMPA and NMDA receptos was detected on stubby/wide and mushroom spines (e.qg.,
Figure 6 L); for AMPA and GABAA receptors on all spine types (e.g., Figure 6 N), and for
NMDA and GABAA\ receptors on thin and stubby/wide spines (e.g., Figure 6 L). These 3
receptors were found concomitantly on stubby/wide, thin, and mushroom spines at
proximal and distal dendritic branches (Table 2).

Finally, no filopodium appeared labeled for any of the receptors tested here (Figure

6 O).
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Discussion

The present data provides new knowledge about the cellular composition and on
the spines and synaptic complexities in the rat MePD. Four results are available indicating
that 1) three histogenetically distinct Lhx6-, Lhx5-, and Lhx9-expressing neurons are
present in the MePD of adult rats, 2) these different local subpopulations display a similar
percentage of dendritic spine shapes and density; 3) glutamatergic (AMPA and NMDA)
receptors and GABA, receptors are located along proximal and distal dendritic shafts as
well as on spines of MePD neurons, and 4) dendritic spines have excitatory, inhibitory
and multisynaptic contacts with colocalization of these receptors to form diverse synaptic

units.

Different Lhx-expressing subpopulations in the MePD

Our results from adult rats are in accordance with the reported presence of LIM
homeodomain transcription factors in subpopulations of MePD neurons of mouse
embryos (Bupesh et al., 2011) and adult mouse brain (Choi et al., 2005). However, a
difference was evidenced. In adult mice, Lhx5-expressing cells were specifically
observed within the anterior medial amygdala and the Lhx9 ones were found in the
posteroventral medial amygdala, but not in the MePD (Choi et al., 2005). Here, we
observed the expression of the Lhx 6, 5, and 9 in the adult rat MePD neurons. This can
indicate a species-specific difference between the MePD histogenetic components of
mice and rats with likely additional functional implications for the MePD of rats. In mice,
Lhx6-expressing neurons were related with reproductive behavior whereas both Lhx5-
and Lhx9-immunolabeled cells were involved with defensive behavior (Choi et al., 2005).
In rats, the MePD has a clear modulatory role on male sexual behavior (Harris and

Sachs, 1975; Rasia-Filho et al., 1991; Newman, 1999; de Castilhos et al., 2006; Rasia-
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Filho et al., 2012b). On the other hand, ibotenic acid lesion of the rat MePD did not block
anxiety-like behavior tested in the elevated plus maze or the innate fear expression of rats
faced to a live caged cat, although microinjection of somatostatin in the MePD
dramatically reduced rat aggressive display in a resident-intruder paradigm (Rasia-Filho
et al., 2012b). Other experimental data can add to this scenario and advance the relevant
proposition of the rat MePD as a nodal point for social behavior neural network (Newman,
1999; Bian, 2013; additional comments in Rasia-Filho et al., 2012b and references
therein).

We propose that further scholarly debate can reconcile the nomenclature for the
different neurons in the MePD based on histogenetic markers, general morphology,
membrane intrinsic electrophysiological properties, diverse expression patterns (e.g., for
classical neurotransmitters, neuropeptides, binding proteins and/or enzymes),
connectional and functional features. Formerly, no general aspect allowed the reliable
identification of responsive or not responsive cells to gonadal hormone actions in MePD
neurons of rats (Nabekura et al., 1986; Rasia-Filho et al., 1999) or hamsters (Gomez and
Newman, 1991). Nevertheless, as demonstrated by the Golgi method, the diversity of the
neuronal population in the adult rat MePD of both sexes is basically comprised of
multipolar cells classified as bitufted (suggested to be not “bipolar”, as per Ramoén y
Cajal’s classical description, 1909) and stellate neurons (Alheid et al., 1995; Gomez and
Newman, 1991; McDonald, 1992; Rasia-Filho et al., 1999; Cooke et al., 2007; Dall’'Oglio
et al., 2008a; Arpini et al., 2010; Brusco et al., 2010; Rasia-Filho et al., 2012a,b; Bian,
2013). Unlike the basolateral and cortical amygdaloid nuclei, the cell types of the rat
central and medial amygdala do not resemble those of the cerebral cortex (McDonald,
1992;1998). Additional characterization is also warranted to typify intrinsic or projecting

neurons in the MePD of rats. For example, to reveal whether the small, spiny and more

16



ramified stellate neuron expressing Lhx9 is a class of local interneuron (Figure 4D) and to
what extent Lhx6-and Lhx5-expressing cells are basically projecting neurons, as
described in mice (Choi et al., 2005). The former possibility is relevant since one third of
all medial amygdala (MeA) synapses are of local origin (Nishizuka and Arai, 1983). At this
moment, the extent of Dil labeling and the number of fluorescent channels that can be
captured simultaneously under confocal microscopy (using fluorophores with non-
overlapping emission spectras to avoid “cross talk” of the Dil dye, the 3 Lhx fluorescent
antibodies and the 3 fluorescent receptors or even other neurotransmitters markers) did
not allow us to provide additional analysis regarding the phenotype of the Lhx-expressing
neurons such as glutamate vs GABAergic neurons or interneurons vs projecting neurons.

Furthermore, species differences should also be beared in mind since, compared
to mice, there is no clear morphological evidence for striatum-like medium spiny stellate
neurons in the MePD of adult Wistar rats [see Bennur et al. (2007) - mouse; compare
Marcuzzo et al. (2007) - rat; Dall’'Oglio et al. (2008a) - rat; additional relevant data in Bian
et al. (2008) — mouse]. In mice, some neurons in the posterior part of the MeA resemble
pyramidal neurons from the piriform cortex (Bian et al., 2008), although Niimi et al. (2012)
found principal MeA spiny neurons typically projecting at least two dendrites. They also
found no obvious morphological differences among neurons of different
electrophysiological firing patterns (i.e., type | - regular spiking neurons, 56% of the
recorded cells; type Il — adapting neurons, 3%; and type lll - fully accomodating neurons,
12%; Niimi et al., 2012). Recently, Bian (2013), using whole-cell patch clamp recordings
in GFP expressing mice to study the GABAergic neurons in the MePD, systematically
found that they were not homogenous and could be divided into three subtypes based on
electrophysiological, morphological, and connectivity properties: the bitufted and stellate

projecting and intrinsic GABAergic neurons.The detailed neuronal morphological analysis
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of these GABAergic neurons revealed two types of projection neurons and a third type of
smooth-dendrite interneurons. Carney et al. (2010) reported 3 types of MePD neurons
identified by their developmental histogenetic characterization and whole-cell patch-clamp
recordings also in mice. Basically, types | and Il neurons were both immunoreactive for
the inhibitory markers neuronal nitric oxide synthase and Forkhead box transcription
factor FoxP2 whereas type Ill neurons were immunonegative for them. At a first glance, it
could be suggested that classes | and Il neurons correspond to Golgi-impregnated
bitufted neurons whereas class Il neurons resemble Golgi-impregnated stellate ones [see
Figure 8 in Carney et al. (2010) and compare to those in Dall’Oglio et al. (2008a) and
Arpini et al. (2010)]. These data reinforce the propositon for an uniform nomenclature of

the MePD cells bringing together their diverse relevant features.

Dendritic spines in the MePD

The complex modulation of the dendritic spine density in the MePD was previously
evidenced under different experimental conditions (sex differences, estrous cycle and
motherhood effects — Rasia-Filho et al., 2004; stressful stimulus on possibly inhibitory
spines — Marcuzzo et al., 2007; prepubertal and adult gonadal steroids withdrawal and/or
hormonal therapy — Cunningham et al.,, 2007; de Castilhos et al., 2008; Cooke and
Woolley, 2009). Mean dendritic spine densities found here are in accordance with a
previous descriptive report of randomly sampled left MePD neurons under the same Dil
dye methodological approach and confocal microscopy (i.e., 1.15 + 0.67 spines/dendritic
pum; Brusco et al., 2010). This similarity would be attributed to the high proportion of Lhx6-
expressing neurons that normally compose the MePD (~ 80%; Choi et al., 2005).

The spine structure-function coupling and the impact of different spine shapes on

synaptic stability and plasticity have been frequently reexamined (Nimchinsky et al., 2002;
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Deng and Dunaevsky, 2005; Arellano et al., 2007; Bourne and Harris, 2007; Kasai et al.,
2010; Garcia-Lopez et al., 2010; Segal, 2010; Lee et al., 2012). In adult hippocampus and
neocortex, approximately 65% of spines are thin, 25% are mushroom shaped and 10%
have “immature” shapes represented by stubby, multisynaptic, filopodial or branched
spines (as described by Bourne and Harris, 2007). Here, thin spines were the most
abundant type (~ 44%) on proximal dendrites of MePD neurons. If these thin spines are
functionally and morphologically more labile than mushroom ones (Bourne and Hatrris,
2007), the three Lhx neuronal subpopulations in the MePD might have a similar inherent
plasticity to deal with synaptic inputs. Mushroom spines were ~14% and would represent
more stable, long-lasting synaptic arrangements for these neurons. Interestingly, proximal
stubby spines accounted for ~37% in the present sample and their shape would represent
a synaptic site with fewer biochemical and electrical isolation from the parent dendrite. All
of these proximal spines are located strategically close to the cell body and would adjoin
relevant afferent synaptic information to affect the neuronal firing output of the MePD
neurons (Dall’Oglio et al., 2008a).

We also assume that “the morphological heterogeneity of spines even for a local
small portion of the dendrite is consistent with the idea that synapse strength is regulated
locally, at the level of a single spine” (Arellano et al., 2007). Then, proximal dendritic
spines shape and density can contribute to the synaptic processing in each of these
histogenetically diverse Lhx-expressing subpopulations of MePD neurons. However,
more evident functional differences among these neurons would reside in other cellular
phenotype. Electrophysiological recordings (Nuriya et al., 2006; Ivenshitz and Segal,
2010; Bian, 2013), multi-photon laser-scanning microscopic studies (Lee et al., 2012),

and the combination of tract-tracing methods and intracellular dye injections (Lanciego
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and Wounterlood, 2011) are highly desirable to test these functional hypotheses for the

dendritic spines in the adult rat MePD.

Excitatory and inhibitory receptors on MePD dendritic shafts and spines

There is a notable presence of immunolabeled puncta for glutamatergic and
GABAergic receptors on dendritic shafts and spines with possible functional implications
for the MePD. Dendritic shaft synapses can be significantly efficient and reliable to
produce postsynaptic potentials (lvenshitz and Segal, 2010), and both dendritic shafts
and spines can show different densities of glutamatergic receptors. For example, thin
spines can have a structural flexibility, be formed or disappear relatively rapidly according
to the incoming synaptic activity, and anchor more NMDA receptors whereas mushroom
spines have larger postsynaptic densities, contain more AMPA receptors, regulate
calcium levels locally, and can have polyribosomes for local synthesis of proteins
(reviewed in Kasai et al., 2003; Bourne and Harris, 2007). Although most spine contacts
are indeed excitatory, it must not be dismissed the presence of GABAergic terminals and
receptors relevant for fine information processing and a possible source of postsynaptic
variability (Keller, 2002; Klausberger and Somogyi, 2008; Pereno et al., 2011). In addition,
structural dynamics and receptor trafficking in dendritic spines are crucial for synaptic
plasticity (Kasai et al., 2010). Glutamate and GABA receptors have been shown to move
rapidly around the neuron membrane modifying the number and composition of receptors
that are available to respond to released neurotransmitters (Collingridge et al., 2004, Lin
et al., 2004). These changes can be quickly determined by a local intracellular pool of fast
recycling receptors available at synapses that are regulated by proteins and signaling
mechanisms that associate or interact with receptor subunits, contributing to the synaptic

plasticity (Collingridge et al., 2004).
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Excitatory and inhibitory synapses on the spine head or neck were already found in
the adult rat MePD studied in 3D reconstructions of electron microscopy serial-sections
(Brusco, 2012). Here, we found spines of different shapes with glutamatergic and
GABAergic receptors. In effect, AMPA receptors were usually found on mushroom and
stubby/wide spines whereas NMDA receptors occurred on thin spines, either in proximal
or in distal dendritic branches in the rat MePD. GABAAx receptors had other distribution.
Although they appeared to be similarly present on proximal and distal dendrites, GABAa
receptors were found on thin and stubby/wide spines of proximal dendrites, but mainly on
thin spines at distal branches. This would indicate a different impact of proximal and distal
inhibitory synapses on MePD neurons.

Interestingly, behaviorally-relevant afferences to the MePD involve distinctly coded
glutamatergic and GABAergic inputs. Male rats have dendrites radiating and extending
preferently to the surrounding “molecular layer” close to the MePD (Dall’'Oglio et al.,
2008a), a cell-sparse rim that contains fibers from the main and accessory olfactory bulbs
(Scalia and Winans, 1975; Pro-Sistiaga et al., 2007). AMPA-mediated, more than NMDA,
monosynaptic excitatory postsynaptic currents can be evoked from the accessory
olfactory bub afferents coming from ventral pathways (Niimi et al., 2012). Pheromonal
socially-relevant processed information are sent to the rat MePD via GABAergic fibers
from the intercallated amygdaloid nuclei (Meredith and Westberry, 2004). Likewise, a
strong colocalization of Fos with GABA, calretinin, and calbindin was observed in the
vomeronasal system-medial extended amygdala and indicates the important role of
inhibitory control of the incoming pheromonal and olfactory sensorial inputs on the rat
MePD neuronal excitability (Pereno et al., 2011). The functional consequence of this local
synaptic modulation involves direct and indirect GABAergic projections to specific

hypothalamic nuclei (Choi et al., 2005), which can inhibit or disinhibit circuitries involved
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with the display of reproductive behaviors (Rasia-Filho et al.,, 2012a,b). The MePD
GABAergic neurons can also establish bidirectional connections with neighboring
amygdaloid nuclei in mice (Bian, 2013). This panorama might correspond to the majority
of Lhx6-expressing cells within the MePD. Besides, neurons in the mice MePD, whose
histogenetic identity remains to be determined, can receive direct excitatory input from
upstream sensory areas and inhibitory inputs from local GABAergic neurons and, then,
project glutamatergic fibers to the hypothalamic ventromedial nucleus (Bian et al., 2008).

Immunolabeling for single or multiple receptors were found on dendritic spines.
The existence of multisynaptic spines in the MePD was suggested by the presence of
various puncta of synaptophysin, a pre-synaptic protein, upon the same spine (Brusco et
al., 2010). Multisynaptic spines are complex postsynaptic elements (Popov and Stewart,
2009) and, in the MePD, can deal with one excitatory and another inibitory receptor. It is
not currently known whether different axon terminals contact AMPA and NMDA receptors
on the same spine or the detailed involvement of these multisynaptic spines on the
function of MePD neurons. Finally, no filopodia beared AMPA, NMDA or GABAa
receptors, which might suggest that these protusions lack synapses with major excitatory
and inhibitory neurotransmitters. Non-synaptic filopodia were previously observed in
ultrastructural studies of the adult rat MePD (Brusco, 2012).

In conclusion, the present data evidenced relevant features on the cellular
composition and the complexity of dendritic shafts and spines in the adult rat MePD. The
presence and distribution of glutamatergic and GABAergic synaptic receptors on
dendrites can be useful to understand the selection of cell assemblies, synaptic temporal
dynamics, and neural circuits oscillations (Klausberger and Somogyi, 2008). They can
also be useful in directing future studies of the MePD connectivity and function not only

under normal circunstances, for sensorial processing of pheromones or other social cues,
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sexual behavior modulation, stress responses, memory and learning, but also for

comparisons in pathological conditions that compromise this forebrain area.
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Legends

Table 1 — Percentage of different dendritic spine type and density (values are mean +
standard deviation) of three different Lhx-expressing neuronal subpopulations in the
posterodorsal medial amygdala of adult male rats.

Table 2 — Number and distribution of glutamatergic (AMPA GLUR1-4 and NMDA GIuN1)
and GABAergic (GABAA Y2 subcomponent) receptors on the head (H) and neck (N) of
differently shaped spines from proximal and distal dendritic branches. Neurons were
sampled from the posterodorsal medial amygdala of adult male rats and studied using
combined immunofluorescent labeling and Dil dye under confocal microscopy.
Stubby/wide spines characteristically did not display an apparent neck, then indicated by
“-“to mean that absence. Colocalization refers to the presence of more than one of these
receptors on the head or on the head and neck of the same spine in each studied type.

More details about colocalization are presented in the text.

Figure 1 — (Left) Cresyl violet staining of a coronal brain section shows the ventral
location of the posterodorsal medial amygdala in the adult male rat brain (MePD, 3.30
mm posterior to the bregma). (Right) Schematic diagram of a matched coronal brain
section adapted from the atlas of Paxinos and Watson (1998). opt: optic tract, st: stria
terminalis. Spatial coordinates: D, dorsal; V, ventral; M, medial; L, lateral. Scale bar = 800
pm. Reprinted from Brusco J, Dall’'Oglio A, Rocha LB, Rossi MA, Moreira JE, and Rasia-
Filho A.A. “Descriptive findings on the morphology of dendritic spines in the rat medial
amygdala”. Neuroscience Letters 483, 152-156, 2010. Copyright with permission from
Elsevier (no. 3097760021389).

Figure 2 — (A) Immunoreactivity to antibodies against the Lhx6, Lhx5, and Lhx9
transcription factors and (B) for receptors AMPA GLUR1-4, NMDA GIuN1, and GABAAa y2
subcomponent in the cerebral cortex of adult male rats as revealed by the Western blot
technique.

Figure 3. (A-F) Representative examples of immunolabeled Lhx6-expressing neurons
(cell nucleus in blue, turned green due to the sobreposition with the Dil dye color) in the
posterodorsal medial amydala of adult male rats. Images are three-dimensional
reconstructions with combined use of Dil dye fluorescence (yellow) to reveal details of
neuronal morphology under confocal microscopy. Spiny neurons have cell bodies with
round (A, 2/12 sampled cells), ovoid (B and C, 2/12 and 4/12 cells, respectively) or
fusiform (D, 4/12 cells) shapes, few primary dendrites, and sparse proximal branching
points. (E, details at higher magnification in F) Three-dimensional reconstructed images
to demonstrate the density and shape of dendritic spines commonly found on these Lhx6
neurons. A continuum of pleomorphic dendritic spines (arrows) were observed in this
neuronal subpopulation. Spines were classified as thin (t), stubby/wide (s), “mushroom”-
like (m), and “others” (0). Scale bar =5 pym.

Figure 4. (A-F) Representative examples of immunolabeled Lhx5-expressing neurons
(cell nucleus in red) in the posterodorsal medial amydala of adult male rats. Images are
three-dimensional reconstructions with combined use of Dil dye fluorescence (yellow) to
reveal details of neuronal morphology under confocal microscopy. Spiny neurons have
cell bodies with triangular (A, 4/14 sampled cells), fusiform (B and C, 5/14 and 2/14 cells,
respectively) or multiangular (D, 3/14 cells) shapes, few primary dendrites (except in D),
and sparse proximal branching points. (E, details at higher magnification in F) Three-
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dimensional reconstructed images to demonstrate the density and shape of dendritic
spines commonly found on these Lhx6 neurons. A continuum of pleomorphic dendritic
spines (arrows) were observed in this neuronal subpopulation. Spines were classified as
thin (t), stubby/wide (s), “mushroom”-like (m), and “others” (0). Scale bar =5 ym.

Figure 5. (A-F) Representative examples of immunolabeled Lhx9-expressing neurons
(cell nucleus in magenta) in the posterodorsal medial amydala of adult male rats. Images
are three-dimensional reconstructions with combined use of Dil dye fluorescence (yellow)
to reveal details of neuronal morphology under confocal microscopy. Spiny neurons have
cell bodies with fusiform (A and B, 5/12 and 2/12 sampled cells, respectively), triangular
(C, 2/12 cells) or elongated (D, 3/12 cells) shapes, few primary dendrites, and sparse
proximal branching points (except in B). (E, details at higher magnification in F) Three-
dimensional reconstructed images to demonstrate the density and shape of dendritic
spines commonly found on these Lhx6 neurons. A continuum of pleomorphic dendritic
spines (arrows) were observed in this neuronal subpopulation. Spines were classified as
thin (t), stubby/wide (s), “mushroom”-like (m), and “others” (0). Scale bar = 5 ym.

Figure 6. Representative examples of three-dimensional reconstructed images combining
Dil dye (yellow) to evidence spiny dendrites and the presence of immunofluorescent
labeling puncta for (A, B) AMPA GLUR1-4 (red) and (C, D) NMDA GIuN1 (blue)
glutamaterigic receptors and the (E-H) GABAa y2 subcomponent receptor (magenta)
under confocal microscopy. These are neurons from the posterodorsal medial amygdala
of adult male rats. Receptors on close contact to dendritic shafts and spines were found
in both proximal (A, C, E) and distal (B, D, G and H) branches. Note the presence of the
three immunolabeled receptors puncta on differently shaped spines. (F) Higher
magnification image illustrates immunoreactive colored puncta for the GABA receptor on
the spine head and on the spine neck of thin spines (arrows). (I-K) Three-dimensional
reconstructed image of the same Dil dye fluorescent dendrite demonstrates the
coexistence of imunolabeling for AMPA (I), NMDA (J), and GABAA receptors (K) on the
same branch. These three images (I-K) were merged in (L). Note the presence of
immunoreactive puncta for the glutamatergic and GABAergic receptors in close
apposition to dendritic shafts and on spines of different shapes. In L, examples of
colocalization of AMPA and NMDA receptors or NMDA and GABAA receptors on spines.
(M) Colocalization of AMPA and GABAa labeling on the same reconstructed Dil dye
immunofluorescent dendritic branch. Dendritic spines (asterisks) and dendritic shaft
(arrowhead) appeared contacted by immunoreactive puncta for both receptors. At higher
magnification (N), AMPA and GABA receptors are colocalized on the same dendritic
spine (arrows). (O) Reconstructed Dil dye immunofluorescent dendritic branch showing a
protuding filopodium without overlapping immunolabeled puncta for glutamatergic or
GABAergic receptors on the same focal plane. Scale Bar = 2 ym.
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Table 1 — Dendritic spine shapes and density in each Lhx neuronal
subpopulation in the posterodorsal medial amygdala of adult male rats.

Spine Shape\ Transcription Factor-

(%) Expressing Neurons Lhx 6 Lhx5 Lhx9
Thin 43 42 48
Stubby/Wide 35 40 37
Mushroom 16 14 12
Others 6 4 3

Spine Density 1.2+05 1.1+0.4 1.5+05




Table 2 — Glutamatergic and GABAergic receptors and contacts in different spines
from proximal and distal dendritic branches in the rat posterodorsal medial
amygdala.

Proximal Dendritic Branches

. AMPA
Spine Shape (GLUR1-4) GluN1 GABAA COLOCALIZATION
H N H N H N H H+N

Thin 2 0 7 1 12 2 3 1
Stubby/ Wide 6 - 1 - 10 - 5
Mushroom 10 0 0 0 2 0 1 1
Others 0 0 0 0 1 0 1 1

Total 18 0 8 1 25 2 10 3

Distal Dendritic Branches

AMPA

Spine Shape (GLUR1-4) GluN1 GABAA COLOCALIZATION
H N H N H N H H+N
Thin 6 2 16 2 22 12 12 6
Stubby/Wide 18 . 2 - 4 - 12
Mushroom 9 0 0 0 0 0 9 2
Others 2 0 2 0 4 0 2 0

Total 35 2 20 2 30 12 35 8
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4. CONSIDERACOES FINAIS

O presente trabalho contribui de forma relevante com o avanco do
conhecimento sobre caracteristicas importantes dos espinhos dendriticos e da
composicdo celular do MePD de ratos adultos. Baseado na metodologia

empregada e nos resultados obtidos?, conclui-se que:

1) O dimorfismo sexual e a secrecéo ciclica dos esterdides ovarianos influencia

a morfologia e a densidade dos espinhos dendriticos dessa regido amigdaliana.

2) Trés subpopulacbes de neurbnios histogeneticamente distintas estao

presentes no MePD de ratos: neurénios Lhx6*, Lhx5* e Lhx9*.

3) As trés subpopulacdes neuronais apresentam percentuais semelhantes de

densidade e tipos morfologicos de espinhos dendriticos.

4) Receptores glutamatérgicos do tipo AMPA e NMDA e o receptor GABAA
foram encontrados nos ramos dendriticos distais e proximais, assim como nos

espinhos dendriticos dos neurénios do MePD.

5) Este trabalho mostra que a correlacdo dos espinhos com o0s receptores
pés-sinapticos também pode indicar diferentes padrbes de organizacdo

sinaptica, gerando hipoteses sobre a plasticidade dos espinhos locais.



108

Os dados aqui encontrados avancam de forma inédita os conhecimentos sobre
o MePD, somam-se com dados recentemente publicados e abrem novas linhas

de pesquisa basica. Como perspectivas de trabalho, pode-se indicar:

1. Estudar os sitios extrassinapticos dos receptores glutamatérgicos do tipo
NMDA. Esses sitios ainda sdo pouco caracterizados, mas estdo usualmente
concentrados em uma variedade de locais denominados sitios de contato,
como os ax06nios, 0s terminais axonais e a glia, por exemplo, com fatores de
adesdo como as caderinas e as cateninas (Petralia e col., 2010). De acordo
com a literatura, a funcdo dos NMDAR extrassinapticos difere da funcdo dos
NMDAR localizados nas sinapses e isto depende do tipo de receptor e das
proteinas associadas a estes receptores (Kim e cols., 2005; Newpher e Ehlers,
2009; Petralia e cols., 2010). Em relacdo aos receptores glutamatérgicos do
tipo AMPA extrassinpticos, sabe-se que estes receptores sdo amplamente
expressos no sistema nervoso central e periférico. Estes receptores estdo
envolvidos com um tipo de transmissdo sinaptica atividade dependente e as
mudancas em sua funcionalidade estéo relacionadas com diversas neuropatias

no SNC (Kopach e cols., 2012).

2. Estudar os sitios extrassinapticos dos receptores GABAérgicos tipo A. Assim
como os receptores GABAérgicos localizados nas sinapses, 0S receptores
GABAérgicos em sitios extrassinapticos também podem alterar respostas
sinapticas inibitérias importantes (Tao e cols., 2013). Estudos adicionais a

respeito dos receptores extrassinapticos sdo necessarios para elucidar a sua
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funcionalidade e a sua importancia no processamento de informacdes nos

circuitos neurais.

3. Estudar a funcéo dos espinhos dendriticos dos neurbnios do MePD. Futuros
experimentos devem auxiliar a desvendar, por exemplo, se eles formam
sinapses “silenciosas” ou verdadeiras, quantos espinhos participam do
processamento da informacdo sinaptica e, somando-se a isso, a descricdo
neuroquimica mais completa da regido, com seus circuitos de aferéncia,
eferéncia e locais. Ademais, como perspectivas na continuacao deste trabalho,
a confirmacdo e complementacdo dos dados obtidos pela reconstrucdo

tridimensional de espinhos dendriticos a microscopia eletronica.
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7. ANEXO A

Parecer de Aprovacdo do Protocolo Experimental pela Comisséo de Etica em
Experimentacdo Animal (CETEA) da Faculdade de Medicina de Ribeirdo Preto
e pela Comisséo de Etica no Uso de Animais (CEUA) da Universidade Federal

de Ciéncias da Saude de Porto Alegre.



UNIVERSIDADE DE SAQ PAULO
EACULDADE DE MEDICINA DE RIBEIRAO PRETO

— Comissdo de Etica em Experimentagio Animal —

CERTIFICADO

Certificamos que o Protocolo para Uso de Animais em
Experimentagdo n°® 174/2011, sobre o projeto intitulado “Esiudo dos
espinhos dendriticos na amigdala medial pdstero-dorsal de ratos:
morfologia e conectividade ", sob a responsabilidade do Professor Doutor
Jorge Eduardo Moreira esti de acordo com os Principios Eticos na
Experimentagdo  Animal adotado pelo Colégio Brasileiro de
Experimentagio Animal (COBEA) e foi APROVADO em reunido de 30
de janeiro de 2012.

(We certify that the protwcol o® I742001, about “Sowdy of dendritic spines on the rat postervdorsal
medinl oarygdala: morphology and connectivity”, agrees with the ETHICAL PRINCIPLES M
ANIMAL RESEARCH adopted by Brazilian College of Animal Experimentation (COBEA) and was
approved by the College of Medicine of RibeirSio Preto of the University of SSo Paulo — Ethical
Commission of Ethics in Animal Research (CETEA) in 813002012,

Ribeirdo Preto, 31 de janeiro de 2012,

/’f_’:ff:.:{"_:{_.-:'_.t:_;‘lé_,_}
Prof. Dr. Mdrcio Dantas

Presidente da Comissdo de Etica em
Experimentagdo Animal
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MINISTERIO DA EDUCACAO
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UNIVERSIDADE FEDERAL DE CIENCIAS DA SAUDE DE PORTO ALEGRE

CEUA —_COMISSAO DE ETICA NO USO DE ANIMAIS

PARECER CONSUBSTANCIADO DE PROJETO DE PESQUISA E ENSINO
1) PROTOCOLO N°: 033/10 Parecer 052/10

2) DATA DO PARECER: 12/01/2011

3) TiITULO DO PROJETO:

Estudo dos espinhos dendriticos na amigdala medial postero-dorsal de ratos: morfologia
e conectividade

4) PESQUISADOR RESPONSAVEL:
Prof. Alberto Rasia Filho

5) RESUMO DO PROJETO:

Projeto dividido em 2 subprojetos:

1) Estudo da morfologia tridimensional dos espinhos dendriticos e da presenca e
distribuicéo de receptores glutamatérgicos e GABA érgicos na maigdala medial postero-
dorsal de ratos;

2) Estudo da densidade e da morfologia tridimensional dos espinhos dendriticos da
amigdala medial postero-dorsal de ratos ao longo do ciclo estral.

6) OBJETIVOS DO PROJETO:

Estudo em animais (ratos — machos e fémeas) com o intuito de verificar amorfologiae
a conectividade dos espinhos dendriticos do nucleo medial da amigdala através da
técnica de reconstrucéo tridimensional em microscopia confocal.

7) FINALIDADE DO PROJETO: [ ] Ensino Pesquisa

8) ITENS METODOLOGICOS E ETICOS DO PROJETO:

Titulo Adequado [ | Comentérios
Introdug&o Adequada [ | Comentarios

Objetivos Adequados [ | Comentarios
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Materiais e Métodos Adequados [ | Comentarios
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Orgamento e fonte financiadora Adequados [ | Comentarios

Referéncias Bibliograficas Adequadas | | Comentarios

9) O PROJETO ESTA ADEQUADO A LEGISLACAO VIGENTE:

Sim [ ] Na&o

10) INFORMACOES RELATIVAS AOS ANIMAIS:

Grau de dor/estresse: B | C D[ ] E [ ]
Justifique:

Espécie: Ratos Wistar NUumero Amostral:
Reduc&o Amostral: [ ] sim N&o
Justifique:

Substituicdo de Metodologia: [ ] sim N&o

Se achar necessario, justifique e sugira uma nova metodol ogia:

Aprimoramento da Metodologia: [ ] sim N&o
Se achar necessario, justifique e sugira aprimoramentos da metodol ogia:
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