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RESUMO

O ndcleo medial (Me) é parte superficial do complexo amigdaliano e ainda
muito pouco se conhece de seus constituintes celulares em seres humanos. Neste estudo
desenvolveu-se uma adaptacdo do método de Golgi do tipo “single-section” para tecido
nervoso humano fixado e conservado em formalina por tempo variavel. Além disso,
descreveu-se a densidade de neurbnios e células da glia no Me, sua morfologia geral,
incluindo detalhes de espinhos dendriticos e terminacdes axonais, a imunorreatividade a
proteina acida fibrilar glial (GFAP) e a ultraestrutura sinaptica local. Como resultados
demonstrou-se que as células da glia sdo maioria neste nucleo (cerca de 72% do total de
células) e que ha significativamente mais neurénios no Me do hemisfério esquerdo
(1.53 X 10° neurdnios/mm?®). Os somas neuronais impregnados pelo método de Golgi
demonstraram-se redondos/ovais, fusiformes ou poligonais (diametros entre 10-30 um),
os dendritos estenderam-se por distancias variadas e contiveram espinhos pleomérficos,
caracterizando neur6nios com menos e mais espinhos dendriticos (densidades de 1,5 até
5,2 espinhos/um), e os axdnios revelaram terminagdes desde simples até muito
complexas. Os neurénios multipolares foram classificados em Tipos 1, 2 ou 3 de acordo
com trabalhos prévios, ou ainda em tipos morfoldgicos ainda ndo classificados.
Observaram-se astrécitos protoplasmaticos com muitos prolongamentos reativos a
GFAP, isolados ou em grupos. Esses, no estudo ultra-estrutural, compuseram sinapses
“tripartites” e “tetrapartites”, considerando-se 0 quarto elemento o da matriz
extracelular situada entre os elementos pré- e pos-sinapticos. As sinapses axodendriticas
apresentaram-se tanto assimétricas (com vesiculas redondas pequenas e elétron-ltcidas)
como simétricas (com vesiculas pleomorficas pequenas e claras e, adicionalmente, com
vesiculas redondas grandes ou pequenas de centro escuro). Terminais axonais
estabelecendo multiplas sinapses assimétricas, classificados como de tipo “glomérulo”,
também foram observados. A presente tese contribui com dados descritivos e
quantitativos inéditos sobre a morfologia das células do Me, o que pode servir de base
para o entendimento e novas investigacGes sobre o funcionamento desse nlcleo em

situagdes normais ou patoldgicas em seres humanos.



ABSTRACT

The medial nucleus (Me) is a superficial component of the amygdaloid complex.
Little is currently known about its cellular composition in humans. Here is reported an
adaptation of the “single-section” Golgi method for formalin fixed and stored human
brain for diversified periods. Furthermore, the density of neurons and glial cells in the
Me, their general morphology including dendritic spines and axonal terminals details,
the glial fibrillary acidic protein (GFAP) immunoreactivity, and features of local cells
under electron microscopy are described. Our results show that Me had an estimated
mean neuronal density around 1.53 X 10° neurons/mm?3 (higher in the left hemisphere),
more glia (72% of all cells) than neurons, and a nonneuronal/neuronal ratio of 2.7.
Golgi-impregnated neurons had cell bodies with a round/ovoid, fusiform or polygonal
shape (diameters ranging from 10 to 30 um), dendrites with varying lengths and
pleomorphic spines that characterized neurons more or less spiny (density varying
from1.5 to 5.2 spines/um), and ranging from simple to very complexes terminal axons.
Neurons appeared as “bitufted” or stellate multipolar cells, or classified in “Types 1 to
3” according to previous immunohistochemical observations, or other still unclassified
morphologies. Protoplasmic astrocytes, either isolated or forming small clusters, were
observed and showed multiple branches immunoreactive for GFAP, being equally
distributed between right and left hemispheres. They were found composing tripartite
synapses or, together with an evident extracellular matrix between pre- and post-
synaptic elements, tetrapartite ones. Axo-dendritic synapses were both asymmetrical
(with wvarious small, round electron-lucent vesicles) and symmetrical (with small
pleomorphic vesicles and, occasionally, few intermingled large dense-core vesicles).
Terminal axons with a glomerular-like structure were also found forming various
asymmetric contacts. The present thesis add novel descriptive and qualitative
information about neuronal and glial population of the human Me, which provide a
basic contribution to our understanding, and to further research, of the functional
implications of the Me in the brain organization both in normal and pathological

conditions .



1. INTRODUCAO

1.1. A Amigdala Humana

1.1.1. Localizacéao e classificagio

A amigdala ou complexo amigdaliano® é uma massa ovdide de substancia
cinzenta subcortical formada por uma colecdo de nucleos localizados bilateralmente na
parte basilar do telencéfalo, especificamente na porcdo dorsomedial do lobo temporal.
Compde a parede superior e a ventromedial da extremidade anterior de cada ventriculo
lateral, ventral e proxima aos bordos do claustro (CI), putamen e globo palido, e em
parte profunda em relacdo aos giros semilunar, “ambiens” e “uncinato” (Figura 1;
Brodal, 1981; Everitt, 1995; Gloor, 1997; de Olmos, 2004). Anteroposteriormente mede
em torno de 20 mm de comprimento. Sua largura mediolateral ¢ de aproximadamente
31 mm em sua por¢do maior, e sua altura dorsoventral maxima é de 29 mm (conforme

Mai e col., 2007).

Embora ndo tenha sido a primeira, a melhor e maior descricdo anatémica
detalhada da amigdala humana foi publicada por Johnston em 1923 e este trabalho
influenciou as investigacGes posteriores sobre essa estrutura, incluindo as de outros
autores como, por exemplo, Brockhaus (1938), Crosby e Humphrey (1941) e de Olmos

(1990; 2004).

1. Como contribui¢do adicional, gostaria de se considerar que o melhor termo a ser incluido na
Terminologia Anatdémica atual seria complexo amigdaliano e ndo amigdaléide, uma vez que, nos
dicionarios da lingua portuguesa, ‘amigdaliano’ ¢ algo relativo ou pertencente a amigdala, enquanto
‘amigdaldide’ é algo semelhante & amigdala (Rasia-Filho e Hilbig, 2005).



Amygdala

Hippocampus

Figura 1. Localizagdo da amigdala (em vermelho; neste caso considerada como uma estrutura
Unica por causa da incapacidade técnica de separacdo em nucleos) na adjacéncia do hipocampo (em azul)
em seccOes obtidas por técnica de ressonancia magnética. (a) Reconstrucéo tridimensional do encéfalo
com a indicacdo dos planos de estudo da amigdala nas imagens de ressondncia magnética. Planos
horizontal (linhas verdes), coronal (linhas brancas) e sagital (linhas vermelhas); (b) seccdo de ressonancia
magnética no plano horizontal, (c) seccdo de ressonancia magnética no plano sagital e (d) seccdo de
ressonancia magnética no plano coronal. A seta em “b” indica a linha ao longo da substancia branca que
separa a amigdala do putdmen e a seta em “c” representa a substancia branca que forma o bordo ventral
da amigdala rostral. A - amigdala; EC - cértex entorrinal; H - hipocampo; PU - putamen; TLV - corno
temporal do ventriculo lateral; WM - substancia branca subamigdaliana. Reproduzido e adaptado de
Whalen e Phelps (2009).

Evidéncias morfolégicas apontam que a amigdala (especificamente sua
subdivisao centromedial) forma uma continuagcdo com o nucleo da estria terminal (BST)
e com a “amigdala expandida” sublenticular (SLEA), compondo uma parte da

“amigdala expandida” em seres humanos e macacos, do mesmo modo que em


http://www.jneurosci.org/content/vol24/issue28/images/large/zns0310492680001.jpeg

mamiferos ndo primatas macrosmaticos, como é o caso dos ratos (Martin e col., 1991;
Yilmazer-Hanke, 2012). Como nestes, a amigdala humana ndo parece ser nem uma
unidade anatomica, nem funcional (Brodal, 1981; Swanson e Petrovich, 1998; LeDoux
e Schiller, 2009). Ela deve ser preferentemente entendida como sendo formada por
diferentes nucleos classificados por critérios citoarquiteténicos e fibroarquitetdnicos,
neuroquimicos, hodoldgicos e ontogenéticos (Johnston, 1923; Crosby e Humphrey,
1941; Everitt, 1995; Sorvari e col., 1995; Gloor, 1997; Ulfig e col., 2003; de Olmos,
2004, Yilmazer-Hanke, 2012). Porém, ha grande dificuldade em se delimitar os bordos
precisos desses nucleos e seus subndcleos e, tendo em vista as frequentes diferencas
encontradas na descricdo dos diferentes autores, parece ter havido maior consenso a

respeito da taxonomia do que na topografia de cada nucleo constituinte (Gloor, 1997).

Uma revisdo recente sobre a amigdala humana realizada por Yilmazer-Hanke
(2012) sugere que ela deva ser classificada em trés regides principais de acordo com sua
organizacdo citoarquitetbnica e sua hodologia para o processamento preferencial de
informagdes em circuitos neuronais (Figura 2), como segue: a) grupo nuclear basolateral
(BLNG; ou grupo de nucleos de tipo corticais profundos); b) grupo de ndcleos tipo
corticais superficiais (SCLR) e c¢) grupo centro-medial (CMEA; sem caracteristica
cortical) que inclui os nucleos central (Ce) e medial (Me) e que também pode ser
denominado de “amigdala expandida” centromedial, quando da juncdo com o BST e a
SLEA. De Olmos (2004) ainda sugeriu a classificagdo em um 4° grupo de “nucleos
amigdalianos ndo classificados” que incluiam a area de transicdo amigdaloestriatal
(AStr - suas porcdes parvicelular e granular), nucleos intercalados (ICN) e substancia
cinzenta intramedular amigdaliana (IMG), mas Yilmazer-Hanke (2012) discute que ha

diversas evidéncias indicando semelhancas dos tipos neuronais encontrados nos ICN e



na IMG com os do Ce (conforme dados de Moga e Gray, 1985a, 1985b; Millhouse,

1986; McDonald e Agustine, 1993; Pitk&nen e Amaral, 1994).

Cada um dos trés grupos principais € dividido em nucleos (e subndcleos)

conforme segue:

- O BLNG inclui os nucleos lateral (La), basolateral (BL), basomedial (BM) e
paralaminar (PL), bem como o nucleo endopiriforme (Epn) que é uma regido de
transicdo entre o Cl e o La (Figura 2, em amarelo). E relevante mencionar que nos
primatas todos 0s nlcleos deste grupo sdo maiores que nos insetivoros, o que pode ser
correlacionado com o aumento do cortex cerebral e suas conex@es com o BLNG

(Stephan e Andy, 1977; Stephan e col., 1987);

- O sCLR ¢ dividido em nucleos cortical (Co), area de transicdo amigdalopara-
hipocampal (PHA), e area de transicdo amigdalo-hipocampal (AHi; Figura 2, em

verde);

- Por fim o CMEA é dividido em Ce, Me, ICN e AStr (Figura 2, em azul). O Me,

objeto desse estudo, serd abordado com maiores detalhes a seguir.

1.1.2. Func®es, hodologia e neuroquimica

A amigdala foi considerada como parte do sistema limbico em mamiferos

(revisado em Ledoux, 1998) e a sucessdao de eventos histéricos que culminaram nessa

classificacdo esta descrita a seguir: em 1878 Paul Broca chamou a atencdo para o fato



de que, na superficie medial do cérebro dos mamiferos, logo abaixo do cortex, existia
uma area de substancia cinzenta contendo diversos nucleos os quais ele denominou de
lobo limbico (do latim limbus, aquilo que circunda, bordo). Como j& mencionado,
Johnston (1923) foi um dos pioneiros a descrever a morfologia de um grupo desses
nacleos em mamiferos que, devido a sua aparéncia lembrar o formato de uma améndoa,
recebeu o nome de “amigdala”. A maior parte das descri¢cdes incipientes do papel do
lobo limbico nas emocgbes foi desenvolvida apenas em 1937 quando James Papez
descreveu seu modelo anatdbmico da emocdo, 0 que veio a ser conhecido como o
classico circuito de Papez. A amigdala ndo estava elencada nesse circuito originalmente,
mas, basicamente nesta mesma época, Kliver e Bucy relataram o0s resultados de
experimentos de lesdo do terco anterior do lobo temporal envolvendo toda a amigdala e
estruturas neurais adjacentes, e suas consequéncias comportamentais marcantes em
macacos. E, finalmente em 1952, Paul D. MacLean expandiu essas idéias para incluir
estruturas adicionais em um “sistema limbico” mais disperso, as quais se

desenvolveram com a emergéncia dos mamiferos inferiores.

Juntamente com seu conhecido papel no processamento de informacdes
emocionais (LeDoux e Miiller, 1997, Davidson e Irwin, 1999, Rasia-Filho e col., 2000;
Gazzaniga e col., 2002), incluindo-se a formacdo de memaria com cunho emocional e a
avaliacdo do conteudo emocional na informacédo visual e auditiva percebida (Phelps e
Anderson, 1997), os nucleos amigdalianos humanos tém se relacionado com a geracéo
de respostas motoras e de ativacdo dos sistemas simpatico e parassimpatico necessarias
a avaliacdo e resposta sobre o contexto social do estimulo emocional percebido

(Sorvari, 1997; Rasia Filho e Hilbig, 2005; de Olmos 2004).



Figura 2. Cortes coronais do encéfalo humano com marcac¢do imuno-histoquimica para mielina
e sugerindo a classificacdo da amigdala em 3 grandes grupos de nicleos: BLNG em amarelo, SCLR em
verde e CMEA em azul. A divisdo e subdivisdo dos grupos em nicleos e subnicleos também pode ser
observada. A figura “A” representa a regido mais anterior ¢ “H” a mais posterior. Adaptado de Yilmazer-
Hanke (2012), que atribui as imagens ao Atlas do Encéfalo Humano de Mai e col. (2007). ac — comissura
anterior; ACo — parte anterior do nGcleo amigdaliano cortical; acp — parte posterior da comissura
anterior; AG — giro ambiens; AHi — area de transicdo amigdalo-hipocampal; al — ansa lenticular; ap — ansa
penduncular; Apir — area de transicdo amigdalopiriforme; AStr — area de transicdo amigdaloestriatal; BC
— nlcleo basal de Meynert; BL i — parte intermediaria do nicleo amigdaliano basolateral; BL mg — parte
magnocelular do nlcleo amigdaliano basolateral; BL pv — parte parvicelular do nicleo amigdaliano
basolateral; BL pvl — parte parvicelular lateral do nicleo amigdaliano basolateral; BL pvm — parte
parvicelular medial do nicleo amigdaliano basolateral; BM mg — parte magnocelular do nicleo
amigdaliano basomedial; BM pv — parte parvicelular do ndcleo amigdaliano basomedial; BM vm — parte
ventromedial do nicleo amigdaliano basomedial; CA1 — area CAl do hipocampo; Ce — nucleo
amigdaliano central; CeL — parte lateral do nicleo amigdaliano central; CeM — parte medial do nucleo
amigdaliano central; Cl — claustro; cp — peddnculo cerebral; CxA — érea de transi¢do corticoamigdaliana;
DG - giro denteado; EGP — globo palido externo; en — sulco endorrinal; Ent — cortex entorrinal; Epn —
ndcleo endopiriforme; FPu — fundo do putamen; HiH — cabeca do hipocampo; icm — massa de fibras
intermediarias caudomediais; ICN — nicleo intercalado; IGP — globo palido interno; li — lamina medular
intermediaria da amigdala; ilf — fasciculo longitudinal inferior; Im — lamina medular medial da amigdala;



Figura 2, continuacdo. Ins — insula; La L — parte lateral do nicleo amigdaliano lateral; La DM — parte
dorsomedial do ndcleo amigdaliano lateral; La VM — parte ventromedial do ndcleo amigdaliano lateral; Il
— lamina medular lateral da amigdala; lot — trato olfatério lateral; MeA — parte anterior do nucleo
amigdaliano medial; MeP — parte posterior do nicleo amigdaliano medial; NLOT — nicleo do trato lateral
olfatério; opt — trato Optico; PCo — parte posterior do ndcleo amigdaliano cortical; PHA — area de
transicdo amigdalopara-hipocampal; PirF — parte frontal do cértex piriforme; PirT — parte temporal do
cortex piriforme; PL — nicleo amigdaliano paralaminar; Pu — putamen; PuVL — parte ventrolateral do
putamen; S — subiculo; sas — sulco semianular; SEpS — estrato subependimal; Si — substancia inominata;
SLEA — “amigdala expandida” sublenticular; SLG — giro semilunar; st — estria terminal; SO — n(cleo
supraodptico; TLV — corno temporal do ventriculo lateral; Tu — tubérculo olfatério; Un — uncus (giro
uncinato); unc — fasciculo uncinato; unn — entalhe do uncus; us — sulco do uncus; VCo C — parte caudal
do nucleo amigdaliano cortical ventral; VCo Ri — parte inferior rostral do nicleo amigdaliano cortical
ventral; VCo Rs — parte superior rostral do nicleo amigdaliano cortical ventral. Coordenadas espaciais: S
- Superior; | - Inferior; M - Medial; L - Lateral.

Também tem sido demonstrado o envolvimento da amigdala humana em
algumas patologias degenerativas do SN, como no caso da doenca de Alzheimer
(Benzing e col., 1992), na Coréia de Huntington (de Olmos, 2004), na epilepsia do lobo
ctemporal (Pitkdnen e col., 1998) ou em alguns disturbios psiquiatricos, como no
transtorno bipolar (Garrett e Chang, 2008), em comportamentos agressivo e defensivo
geralmente associados a depresséo (Trimble e Van Elst, 1999), no transtorno do estresse
pos-traumatico (Protopopescu e col., 2005; Rasia-Filho e Hilbig, 2005), no autismo
(Zirlinger e Anderson, 2003; Schumann e Amaral, 2006; Amaral e col., 2008) e na

esquizofrenia (Fudge e Emiliano, 2003).

E denominador comum nessas suas funcdes (ou disfungdes no caso das
patologias) a integracdo e o processamento de informagdes multimodais originadas de
estimulos internos e externos necessarios para a modulacdo de fungdes cognitivas
superiores e de comportamento emocional (Yilmazer-Hanke, 2012). A base anatdmica
para tais fungdes € a convergéncia de impulsos multimodais originados em varias
regides corticais ou subcorticais em direcdo aos nucleos da amigdala (LeDoux e col.,
1990; Amaral e col., 1992; Linke e col., 1999; Aggleton e Saunders, 2000). Neste

sentido, a amigdala dos mamiferos, sobretudo a dos primatas, parece conectar-se



reciprocamente e de forma generalizada também com vérias outras regides encefalicas.
H& grande quantidade de conexdes de e para regides alocorticais (pré-piriforme e
hipocampal), varias regiGes mesocorticais e outras isocorticais. Além disso, ha conexdes
extensas e reciprocas dos diversos nlcleos amigdalianos com as regides que circundam
o feixe prosenceféllico medial, desde o prosencéfalo basal e a area pré-dptica,
continuando-se pelo tronco encefalico (Gloor, 1997). Além disso, conecta-se com areas
talamicas e do estriado (Amaral, 1987, Berry e col., 1995, Gloor, 1997) projetando suas
eferéncias por dois sistemas principais de saida, a estria terminal (st) e a via
amigdalofugal ventral (Berry e col., 1995). J& as conexdes intrinsecas dos nucleos da
amigdala humana parecem ocorrer de um modo aparentemente unidirecional em sua
maior parte, onde as fibras tém origem primariamente nos nucleos La e basal (Ba) e
terminando-se nos nucleos Ce e Me (Figura 3; Amaral, 1987; Berry e col., 1995; Felten

e Jozefowicz, 2005).

De acordo com revisdo de Gloor (1997), além dos neurotransmissores classicos
excitatorios glutamato e asparatato, ou inibitério como o GABA, estdo descritos na
amigdala humana (ou de macacos — nesse caso especifico sera assinalado) presenca de
terminais colinérgicos (Nitecka e Narkiewicz, 1976; Svendsen e Bird, 1985 e Sims e
Williams, 1990); dopaminérgicos (Gaspar e col., 1985); adrenérgicos (Sadikot e Parent,
1990 — macaco) e serotoninérgicos (Sadikot e Parent, 1990 — macaco). Também se
descreve a presenca da maioria dos peptideos encontrados no SNC dos mamiferos, tanto
nos COrpos neuronais como nos terminais axonais, sendo eles: colecistoquinina (CKK;
Candy e col.,, 1985); peptideo intestinal vasoativo (VIP; Candy e col., 1985);
somatostatina (SS; Candy e col., 1985; Bennett-Clarke e Joseph, 1986; Gaspar e col.,

1987; e Lesur e col. 1989); neuropeptideo Y (NPY; Gaspar e col., 1987; e Walter e col.,



1990); neurotensina (NT; Cooper e col., 1981; Sarrieu e col., 1985; Michel e col., 1986;
Mai e col., 1987; e Benzing e col., 1992); substancia P (SP; Cooper e col., 1981 e Pioro
e col., 1990); encefalina (ENK; Candy e col., 1985; Lesur e col., 1989 e Pioro e col.,

1990); e, galanina (GAL; Gentleman e col., 1989).

Além disso, h& neurbnios na amigdala que possuem receptores para hormonios
esterdides, particularmente estrégenos (Keefer e Stumpf, 1975 — macaco) e andrégenos

(Michael e col., 1990 — macaco).

Area
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Anterior HEe9 70
Intercalado Trato Olfatério
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Cortical
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N \ NS 7
Latel’al L \\\ I A . Acesséno
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/
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Amigdalo-hipocampal Periamigdaloide - M

Figura 3. Conexdes intra-amigdalianas em primatas. Os nucleos amigdalianos de primatas sdo
fortemente interconectados permitindo um extensivo processamento das informacgbes que chegam &
amigdala. As conexdes com maior nimero de axdnios sdo representadas por setas grossas € as com menos
axdnios, pelas setas finas. Possiveis conexdes ndo confirmadas por limitacBes técnicas sdo indicadas pelas
setas pontilhadas. Os nucleos estdo representados em suas localizagdes aproximadas e, de um modo geral,
as informacGes aferentes sdo processadas envolvendo os nicleos amigdalianos de lateral para medial.
Imagem modificada de Freese e Amaral (2009). Coordenadas espaciais: S - Superior; I- Inferior; L -
Lateral; M- Medial.
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Por estudos imuno-histoquimicos, hodoldgicos e eletrofisiolégicos nos
diferentes nucleos da amigdala de diferentes espécies de mamiferos (nesse caso ndo ha
nada especificamente proposto para humanos), considera-se que o BLNG tenha
morfologia e funcdo celulares que se assemelham as do alocortex, com neurdnios
principais do tipo piramidal contendo neurotransmissores aminoacidos excitatorios e os
interneurénios locais, de tipo ndo piramidal, preferentemente GABAérgicos ou
peptidérgicos (McDonald, 1985; 1989; MacDonald e Pearson, 1989); enquanto que 0
CMEA se aproximaria de uma caracteristica hipotalamica, porque a maioria, sendo
todos os neurénios de projecdo dos seus nudcleos, contém peptideos (Uhl e col., 1978a,
b; Sakanaka e col., 1981; Higgins e Schwaber, 1983; Moga e Gray., 1995a,b). Segundo
Gloor (1997), esta dicotomia ndo é segura ou caracteristica. Em funcdo disso tudo é que
0s nucleos amigdalianos “parecem representar uma verdadeira interface entre as partes
do sistema nervoso (SN) que primariamente se comunica com 0 mundo externo e outras
que se ocupam de se relacionar com o milieu intérieur de Claude Bernard” (Gloor,

1997).

Isso nos da embasamento para entender porque a principal alteracdo que ocorre
de mamiferos com formas “prototipicas” para primatas e particularmente para humanos,
sdo 0 aumento do tamanho alométrico do BLNG e o menor aumento alométrico do
CMEA ao longo da evolucdo (Stephan e Andy, 1977; Gloor, 1997, de Olmos, 2004;
Yilmazer-Hanke, 2012). Também ha uma involucéo do nucleo do trato olfatério lateral,
que virtualmente desaparece nos simios e ndo é demonstrado nos seres humanos, o que
poderia vir a explicar porque o Me parece ser um nucleo em regressdo na filogenia de
primatas (de Olmos, 2004). Por fim, ha uma complexa rotacdo da amigdala sobre seus

eixos anteroposterior e vertical quando comparamos mamiferos prototipicos e primatas,
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0 que culmina com o posicionamento anatdmico como o encontrado na nossa espécie

(Gloor, 1997; Whalen e col., 2009; Figura 4).

Figura 4. Comparacdo entre o complexo nuclear amigdaliano do rato e do ser humano. Notar
que a amigdala humana sofre uma rotagdo no sentido anti-hordrio quando comparada a do rato.
Reproduzida e adaptada de Whalen e col., (2009). L - nicleo amigdaliano lateral; C - nlicleo amigdaliano
central; B - ntcleo amigdaliano basal; BA - nicleo amigdaliano basal acessorio; M - ntcleo amigdaliano
medial; CO - nucleo amigdaliano cortical. Coordenadas espaciais: L - Lateral; M - Medial; D - dorsal; V -
Ventral; S - Superior; | - Inferior.
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1.2. O Ndcleo Amigdaliano Medial Humano

1.2.1. Topografia e divisdo

O Me é um nucleo de substancia cinzenta localizado na porcdo superficial da
amigdala dorsomedial. Possui formato alongado que se estende ao longo da maior parte
do eixo anteroposterior da amigdala humana, na adjacéncia da regido mais profunda do
sulco endorrinal (Benzing e col., 1992; Gloor, 1997, de Olmos, 2004). Ele forma a
parede ventrolateral da fenda entre a amigdala e o trato Optico (opt), uma vez que o opt
adentra por este sulco em sentido posterior (Gloor, 1997; de Olmos, 2004; Yilmazer-
Hanke, 2012). Em humanos, que possuem um uncus bem desenvolvido, 0 Me estende-
se aproximadamente até os dois tercos caudais do complexo amigdaliano (Gloor, 1997;
de Olmos, 2004; Yilmazer-Hanke, 2012), embora se mescle com componentes da

“amigdala expandida” (Martin e col., 1991).

A parte rostral do Me faz limite com a &rea amigdaliana anterior (AAA;
Brockaus, 1938; Crosby e Humphrey, 1941; Sims e Williams, 1990; de Olmos, 2004).
A substancia cinzenta da metade anterior do Me se continua ao redor do fundo do sulco
endorrinal, na porcdo ventromedial da substancia sublenticular inominata, também parte
da “amigdala expandida” (Brockhaus, 1938; Alheid e Heimer, 1988; Martin e col.,
1991; de Olmos, 1990). Uma vez que o opt se localiza no fundo do sulco endorrinal, o
Me ocupa apenas a superficie ventral desse sulco, mas se estende posteriormente até a
extremidade posterior da amigdala como um todo. Ao nivel onde o Ce se junta ao bordo
lateral do Me, o limite entre os dois é mal definido (Gloor, 1997; Figura 5). Mais
posteriormente esses dois nucleos sdo separados por algumas fibras mielinizadas. O

bordo ventrolateral do Me em dire¢do ao BM é formado pela porcéo dorsal da lamina
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medular medial. J& o bordo ventromedial do Me em dire¢do ao Co, e mais
posteriormente em direcdo a AHi, é reconhecido por uma mudanca facilmente
perceptivel no tamanho das células e sua coloragdo mais intensa (Gloor, 1997; de
Olmos, 2004; Figura 5). Mais posteriormente, 0 Me se mescla com componentes da st
que compde a “amigdala expandida” (Martin e col., 1991), havendo também

discrepancias a respeito de seu término exato.

A TN - “Ws
pr o LD Yo

A TR A

Figura 5. Fotomicrografia de um corte coronal, corado com cresil violeta, mostrando a
localizacdo do nlcleo amigdaliano medial humano com relagdo a seus bordos, na altura da sua por¢éo
caudal. D MeP - parte posterior dorsal do ntcleo amigdaliano medial; V MeP - parte posterior ventral do
ndcleo amigdaliano medial; CeM - parte medial do nicleo amigdaliano central; PM AHi - parte
posteromedial da area de transicdo amigdalo-hipocampal; opt - trato dptico; Is - lamina medular
superficial. Reproduzido de de Olmos (2004).

Tém sido sugeridas distintas subdivisdes para o Me. Ele pode, por exemplo, ser

subdividido em uma porc¢éo cortical superficial e uma subcortical profunda (Brockhaus,
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1938) ou em porcdo anterior (MeA) e posterior (MeP; Sorvari, 1997; De Olmos, 2004;
Mai e col. 2007) sendo que esta Gltima é ainda subdividida por de Olmos (2004) em

ventral (V MeP) e dorsal (D MeP; Figura 5).

1.2.2. Componentes celulares

Sorvari e col., (1996a) sugerem a classificacdo dos neur6nios dos nucleos da
amigdala humana, incluindo-se o Me, em trés tipos morfoldgicos principais de acordo
com estudos de imunorreatividade a calretinina e que sdo: a) Tipo 1 — neurbnios
multipolares com soma esféricos (diametro aproximado variando entre 10 ¢ 20 um) de
onde surgem 3 a 11 dendritos primarios geralmente com espessuras similares e que
tipicamente se ramificam em diversos ramos secundarios ainda préximos ao corpo
celular. Este seria o tipo mais comum no Me humano expressando calretinina (Figura 7,
namero 1). b) Tipo 2 — neurdnios multipolares com somas de aspecto estrelado ou
multiangulares e com didmetro superior a 50 um de onde surgem ramos dendriticos
primarios que ddo origem a diversos ramos colaterais (Figura 7, nimero 2). ¢) Tipo 3 —
neurdnios multipolares cujos corpos celulares fusiformes ddo origem a dendritos em
polos opostos e que podem tanto se ramificar perto do soma, como a longas distancias

deste (Figura 7, numero 3).

Em preparacGes histoldgicas empregando-se a técnica de Golgi em diversos
mamiferos ndo primatas (como por exemplo, 0 gato, o rato e o hamster) observam-se
neurdnios com corpos celulares ovais ou alongados, relativamente pequenos, com dois
dendritos primarios (neurénios do tipo “bitufted” ou, no termo mais prOXimo em

portugués, bipenachados; Figura 6, imagem superior) ou com trés ou mais dendritos
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primarios (neurdnios do tipo estrelado; Figura 6, imagem inferior), ambos com
dendritos longos e pouco ramificados, que se apresentam geralmente com espinhos
dendriticos (Hall, 1972; Kamal e Témbdl, 1975; de Olmos e col. 1985; Price, 1987;
Rasia-Filho e col., 1999; 2004; Dall’Oglio e col., 2008a,b; Arpini e col., 2010). No Me
humano, Benzing e col. (1992) também descreveram a presenca de neurdnios
imunorreativos a neurotensina do tipo “bitufted” (tipo neuronal multipolar erroneamente
denominado bipolar por estes e outros autores, pois que caracterizado por dois
prolongamentos dendriticos surgindo em p6los opostos do soma, conforme Ramon y

Cajal e comentarios em Rasia-Filho e col., 1999).

Figura 6. Neurdnios de tipo “bitufted” (imagem superior, cabeca de seta preta) e de tipo
estrelado (imagem inferior, cabega de seta branca) com tipica arborizagdo dendritica esparsa na regido
posterior dorsal do nicleo amigdaliano medial de rato adulto. Impregnacdo pela técnica de Golgi.
Reproduzido de Arpine e col. (2010). Barra de Escala = 50 pum.
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Ocorre que ndo necessariamente 0s estudos imuno-histoquimicos conseguem
revelar todos os tipos neuronais presentes em uma estrutura. Muito provavelmente o que
estd se observando sdo uma ou mais subpopulacdes celulares com uma caracteristica
neuroquimica especifica. Uma técnica que permitisse uma maior amostragem e a
visualizacdo dos neur6nios do Me poderia ser muito Util para comparar e acrescentar
dados sobre os componentes celulares locais. Além disso, ndo ha nenhum estudo
relatando os aspectos morfologicos das células da glia no Me humano até o momento.
Um dos objetivos dessa tese foi obter dados para preencher algumas dessas lacunas no

conhecimento do encéfalo humano, como sera descrito adiante.

1.2.3. Quimioarquitetura do nucleo amigdaliano medial humano

Em uma tentativa de demarcar o Me e descrever quais Sa0 0S possiveis
mediadores quimicos da atividade sinaptica local, diversos neurotransmissores classicos
e neuropeptideos ou algumas enzimas envolvidas com a neurotransmissdo tém sido
estudados e descritos nesse nucleo, em diferentes espécies animais (Martin e col., 1991;
Gloor, 1997; de Olmos, 2004; Yilmazer-Hanke, 2012). Isso € relevante na medida em
que achados ultraestruturais identificam sinapses com caracteristicas excitatorias ou
inibitérias e abrem perspectivas para futuras correlagcdes entre achados morfologicos

basicos e sua correlacdo funcional.

Alguns desses transmissores quimicos e a atividade enzimatica serdo descritos
aqui, mas para revisao mais extensa, vejam-se Gloor (1997), de Olmos (2004) e
Yilmazer-Hanke (2012). Varios desses resultados foram observados tanto no neurépilo

como nos corpos celulares locais da Me. Todavia, como ja se descreveram variacdes
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entre espécies quanto ao padrdo de imunomarcag¢do, como é o exemplo dos ramos
axonais imunorreativos & somatostatina e que aparecem de abundantes a moderadas no
neurdpilo de ratos (Johansson e col. 1984), mas que sdo escassos em macacos (Amaral e
col., 1989), optou-se por descrever somente 0s estudos feitos em seres humanos e em

outros primatas (identificados apropriadamente).

O Me aparece com rea¢des pouco intensas para marcadores colinérgicos como a
deteccdo da acetilcolinesterase (AChE) ou da colina-acetiltransferase (ChAT) quando
comparado com outros nucleos amigdalianos. A maior parte da marcacao parece ocorrer
no neuropilo, mas ha algumas células AChE positivas também presentes (Parent, 1971 -
primatas; Nitecka e Narkiewicz, 1976; Svendsen e Bird, 1985; Sims e Willians, 1990).
Por outro lado, os neurénios do Me expressam muitos neuropeptideos e, em contraste
com o0 BLNG e 0 sCLR, estes se localizam preferentemente em neurdnios de projecéo
que enviam suas fibras em direcdo a st ou a via amigdalofugal ventral (Lind e col.,
1985, Caffé e col. 1987 e McDonald, 1987). E interessante que essa caracteristica é
compartilhada com o Ce, sugerindo haver uma caracteristica em comum para esses

componentes da “amigdala expandida” (Gloor, 1997).

Tem-se demonstrado em quantidades de moderada a abundante,
especificamente nos pericarios do Me, a SS (Amaral e col., 1989 — macacos), 0 NPY
(Water e col., 1990; em ndo primatas esta se co-localiza com a SS, McDonald, 1989a) e
a NT (Michel e col., 1986; Benzing e col., 1990, 1992). Fibras e terminais
imunorreativos a SS também sdo observados no Me em quantidades que variam de
abundante para moderado (Amaral e col., 1989 — macacos), bem como fibras

imunorreativas a NT que formam um plexo denso nesse ndcleo (Mai e col., 1987;
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Benzing e col., 1990, 1992). Alguns peptideos que também se localizam em fibras, mas
que ndo aparecem em quantidade significativa nos somas, ttm como exemplo a GAL
(Gentleman e col., 1989). Receptores para GAL séo encontrados de forma abundante no
Me de macacos (Kohler e col., 1989) o que esta de acordo com o achado das fibras

imunorreativas em humanos.

Em seres humanos, tanto os somas como o neurdpilo do Me possuem uma alta
atividade para a enzima dinucleotideo nicotinamida adenina fosfatodiaforase (NADPH-
d; Sims e Willians, 1990). No macaco a marcacdo € mais intensa nos somas, mas ha
também uma pequena marcagdo dessa atividade enzimética nas fibras presentes no

neurdpilo local (Pitkdnen e Amaral, 1991).

Um aspecto importante do Me, sem duvida relacionado ao seu dimorfismo
sexual, € que ele representa a estrutura amigdaliana que contém a maior concentragéo de
neurdnios que respondem a esterdides gonadais advindos da circulagdo sanguinea, tanto
estrogenos como androgenos (Keefer e Stumpf, 1975; Pfaff e col., 1976; Bonsall e col.,
1986; Michael e col., 1990 — todos em macacos). Alem dos esterdides gonadais, 0 Me
contém neurbnios com imunomarcacdo para o horménio liberador de hormonio
luteinizante (Stopa e col., 1991). Algumas células com caracteristica semelhante sao

também descritas no Me de macacos (Silverman e col., 1982).

1.2.4. Funcoes e hodologia

Ndo foi encontrado nenhum estudo demonstrando especificamente o papel

funcional do Me em seres humanos até o momento. 1sso se deve provavelmente ao fato
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de a maior parte dos estudos funcionais serem feitos por técnicas de imageamento ainda
insuficientemente especificas para um ndcleo com tais dimensdes e localiza¢do. Outros
estudos ndo especificos baseiam-se em pacientes com lesdo ou remoc¢do unilateral ou
bilateral da amigdala, as quais abrangem areas muito maiores do que somente o Me e
seu tecido adjacente. Ocorre ainda de o Me ser geralmente estudado como parte dos
grupos amigdalianos “centromediais” ou “corticomediais”, sem uma Separagdo
adequada de seus componentes. Desse modo, pode-se especular sobre sua fungéo
baseando-se em achados de mamiferos primatas ndo humanos e de mamiferos nao
primatas, como sugerido por de Olmos (2004) ou no que ha descrito sobre sua

hodologia, quimioarquitetura e morfologia em seres humanos.

Neste sentido, o Me de mamiferos ndo-primatas, como o rato, tem sido
amplamente estudado, chegando-se a grande detalhamento sobre seus subnucleos.
Nesses animais o Me desempenha fungfes importantes, tais como: interpretacdo de
informacgdes sensoriais interoceptivas e exteroceptivas (Bressler e Baum, 1996;
Guillamoén e Segovia, 1997; Dielemberg e col., 2001), regulacdo de comportamentos
sociais como o defensivo e o agressivo (Bolhuis e col., 1984; Newman, 1999; 2002),
comportamento sexual de machos e de fémeas e comportamento maternal (Rasia-Filho
e col., 1991; Collen e col., 1997; Newman, 1999; 2002; Sheehan e col., 2001) e
modulacdo da memoria condicionada e do aprendizado onde componente emocional
esteja envolvido (Canteras e col., 1995; Roozendaal e McGaugh, 1996; Rasia-Filho e
col., 2000). Por causa disso é que, embora a relevancia funcional do continuo tecidual
amigdalosublenticular em primatas ainda esteja por ser descrita e supondo-se que haja
algum grau de analogia com outras espécies (Martin e col., 1991), o Me poderia

desempenhar um papel importante na modulacdo de comportamentos tipicos de cada
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espécie associados com reproducdo, alimentagdo e emogdo também em macacos e na

nossa espécie (de Olmos, 2004).

O Me ¢ sexualmente dimdrfico em diversas espécies e, como revisado
especificamente para ratos (Rasia-Filho e col., 2012), a acdo dos androgénios na por¢éo
posterior dorsal do Me em machos dessa espécie se reflete em uma organizacao
morfol6gica neuronal que faz com que seus neurbnios sejam mais numerosos, tenham
maior volume somatico, orientacdo dendritica espacial com arranjo preferencial, maior
densidade de espinhos dendriticos, maior conectividade sinaptica e ocorréncia de
potenciais elétricos pos-sinapticos excitatérios em maior nimero do que ocorre em
fémeas. Em um Unico estudo prévio realizado por Murphy (1986) ndo se detectou
diferenca no volume do Me entre homens e mulheres, mas isso ndo invalida a
possibilidade de que haja ainda novos conhecimentos a respeito de diferengas mais sutis
entre 0s sexos. Este € um segmento da pesquisa no Me humano que avangou muito
pouco e que serviria para ajudar a elucidar se, como em outras especies, também se

observa como funcéo deste nucleo em humanos a modulacdo do comportamento sexual.

Além disso, 0 Me pode interagir com o sistema neuroenddcrino (Martin e col.,
1991; de Olmos, 2004). Nesse sentido, o Me envia projecbes a varios nucleos
hipotalamicos em ratos (Petrovich e col., 2001). Também em primatas ndo humanos os
axonios projetam-se em grande parte para a area pré-optica medial e hipotdlamo medial
anterior, incluindo-se os nucleos paraventricular e supradptico (Berry e col, 1995). Isso
sugere que a estimulacdo do Me pode também ser acompanhada pela modulacdo da
secre¢cdo do eixo hipotalamico-hipofisario concomitantemente a modulacdo de

comportamento sociais, embora ndo se tenha descricdes exatas para seres humanos até
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agora. Esse é mais um ponto importante que faz evidenciar a necessidade de se
conhecer os componentes celulares do Me humano e sua possivel aplicacdo futura para

compreensdo da funcao dessa estrutura.

1.3. Breve revisdo sobre alguns métodos de estudos morfoldgicos e morfométricos

para células nervosas

Como se tratam de técnicas classicas procurar-se-a ser sucinto e objetivo nesta
descricdo. Ela é cabivel, no entanto, porque as técnicas utilizadas importam para a
presente tese e sua contribuicdo ao conhecimento. Uma delas, o0 método de Golgi, foi
desenvolvido para poder gerar os resultados descritos para 0 Me humano a seguir (4.2.

Artigo 2 para maiores informagoes).

1.3.1. Coloracéo de Nissl

O método de Nissl, desenvolvido no século XIX e que cora parte dos
componentes intracelulares de corpos celulares e do inicio de dendritos proximais, € um
método classicamente utilizado no estudo do SN normal (como por exemplo, Ramoén y
Cajal, 1909; Amaral e Schumann, 2005) ou com alguma patologia (Nobakht e col.,
2011; Jiang e col., 2012), sozinho ou conjugado com outros métodos, porque revela os
componentes e a distribuicdo espacial das células de uma determinada regido (Figura 5).
Tais dados, alem de identificar a citoarquitetura de uma &rea nervosa, também podem
ser empregados para contagens celulares, classificagdo e mensuracdo dos cOrpos
neuronais, além de algo muito importante, que é a diferenciacdo entre neurénios e

células gliais, de modo que suas populacdes possam ser estimadas (Figura 7). Porém, de


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jiang%20Y%22%5BAuthor%5D
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acordo com Peters e col. (1991), esse método ndo permite a classificacdo dos diferentes
tipos de células da glia com seguranca, 0o que sO pode ser feito pela utilizacdo de

métodos mais especificos como imunocitoquimica, ou microscopia eletronica.

L] ’

Figura 7. Fotomicrografia demonstrando células do nicleo amigdaliano medial humano
reveladas pela coloracdo de Nissl com tionina. As setas indicam células da glia e os nimeros os tipos
neuronais multipolares descritos para o ndcleo amigdaliano medial humano por estudos prévios imuno-
histoquimicos. Estes neurdnios possuem corpos celulares com formato esférico/ovoide/arredondado (1),
angular (2), ou fusiforme (3). Barra de Escala = 20 um.

Na presente tese, esta técnica foi empregada para que Se comparasse O
agrupamento celular do Me humano das amostras estudadas com as descrices
presentes em atlas especifico (Mai e col., 2007). Também, conjugada a estereologia
(mais informac6es abaixo), serviu para que se pudesse estimar o nimero de neurénios e

células da glia e sua proporcéo relativa no Me humano.
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1.3.1.1. Estereologia

A Estereologia é um campo interdisciplinar que determina pardmetros
quantitativos tridimensionais de materiais ou estruturas anatdmicas a partir de secgcoes
bidimensionais, e € baseada em principios fundamentais de geometria (como, por
exemplo, o Principio de Cavalieri) e estatistica. (Weibel, 1979, Takase e Nogueira,
2007). Ela fornece técnicas para obtencdo de informacBes quantitativas sobre uma
estrutura com trés dimensdes a partir de secgdes planares bidimensionais desse material.
Além disso, € um método que utiliza amostragem sistematica aleatoria para fornecer
dados imparciais quantitativos. Possui uma abordagem matemaética eficiente com muitas
aplicacdes para a Microscopia e as “Biociéncias”, inclusive a Histologia do SN (Sorvari

e col., 1995; Xavier e col., 2005; Schumann e Amaral 2005; 2006).

O “fracionamento e a amostragem sistematica” é um dos varios metodos de
emprego da Estereologia e permite determinar o numero total de particulas (por
exemplo, células no tecido nervoso) em uma estrutura a partir de uma parte conhecida e
representativa do volume total, de modo aleatério, porém uniforme. Seu emprego para
contagem de neurénios e células da glia tem sido reiterado (para revisdo mais extensa
vejam-se Gundersein, 1986; Pakkenberg e Gundersen, 1988; Schumann e Amaral 2005;

2006, Takase e Nogueira, 2007).

1.3.2. Método de Golgi

O método de Golgi se baseia na impregnacdo argéntica de neurdnios e células

gliais, fazendo com que fiqguem com uma cor parda a preta que contrasta com um fundo
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mais claro amarelo-alaranjado, e pode prover amostras representativas dos tipos
celulares presentes em uma &rea encefélica. Esta técnica tem sido muito Util no estudo
da morfologia celular em diferentes espécies ao longo de décadas (Ramén y Cajal,
1909; Ramon-Molliner, 1962; McDonald, 1992; Woolley e McEwen, 1994; Fairén,
2005; Larriva-Sahd, 2006; Marcuzzo e col., 2007; Dall’Oglio e col., 2008a; 2008b;
2010; Rasia-Filho e col., 2012). Quando gera resultados satisfatorios, somente uma
pequena proporcao de células nervosas (quica 1-10%) presentes no tecido é impregnada
pela prata e de uma maneira ainda tida como aleatéria. Assim, a técnica de Golgi
oferece a vantagem de permitir a visualizacdo de células mais isoladas para estudo e, ao
mesmo tempo a desvantagem de que, por seu carater imprevisivel, nunca se saber ao
certo quando algum tipo de neurdnio ficara visivel completamente. Além disso, nem
todas as regides do SN de diferentes especies impregnam-se igualmente (Ramon y
Cajal, 1909; Valverde, 1962; Woolley; McEwen, 1993; Pannese, 1996; Dall’Oglio e
col., 2007). Quando ocorre uma visualizacdo adequada, 0s neurdnios podem ter seus
componentes (corpo celular, dendritos, espinhos e axdnio) passiveis de identificacdo,
classificacdo e mensuracdo (Figura 6) e as células gliais (exceto microglia) podem ser
igualmente reconhecidas, classificadas e mensuradas (Rasia-Filho e col., 1999; 2004;

Dall’Oglio e col., 2007; Arpini e col., 2010).

E notavel que varias etapas metodoldgicas precisem ser seguidas rigorosamente
para que resultados satisfatorios possam ser obtidos com essa técnica (Dall’Oglio e col.,
2007). O tempo e a qualidade de cada fixacdo tecidual é um ponto chave nesse
processo. E, dados todos os cuidados éticos para obtencdo de tecido nervoso humano,
seria muito vantajoso que se pudesse ter uma variante da técnica de Golgi que pudesse

ser empregada para amostras mantidas em solucdo fixadora de formalina a 10%, como
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corriqueiramente se utiliza em vérios laboratorios e departamentos académicos. Isso foi
desenvolvido nesta tese, além da sua aplicagdo para o estudo do Me humano, e compde

os artigos e o capitulo de livro apresentados a seguir.

1.3.2.1. Contagem de espinhos dendriticos

O estudo dos espinhos dendriticos, especializagdes celulares pds-sindpticas onde
ocorrem preferentemente contatos excitatorios, configura-se numa area importante para
0 entendimento das bases celulares de funcionamento do SN. A determinacdo do
nimero de espinhos por segmento dendritico (e, daqui, sua densidade por pm
dendritico) tem servido para estimar a maior ou menor ocorréncia de sinapses em uma
determinada célula de uma determinada regido encefalica (Wooley e McEwen, 1993;
Nimchinsky e col., 2002; Rasia-Filho e col., 2004; Hermel e col., 2006; Marcuzzo e

col., 2007; de Castilhos e col., 2008).

Os espinhos podem sofrer modificagdes em sua morfologia e esse processo
reflete o rearranjo rapido do citoesqueleto de actina em seu interior, 0 que pode levar a
mudanca no tamanho e no numero de espinhos (Oertner e Matus, 2005; Tada e Sheng,
2006). Em geral, os espinhos sdo classificados de acordo com sua morfologia com a
seguinte nomenclatura: a) “fino”, o qual apresenta pescogo fino e uma cabeca bem
definida e que parece ser um tipo mais labil e capaz de ainda modificar sua forma; b)
“espesso”, que nao apresenta pescogo diferenciado, € se mostra como uma elevacao a
partir do contorno dendritico; ¢) em forma de “cogumelo”, que apresenta pescoco mais
espesso conectado a uma cabeca de maior tamanho e que parece ser 0 espinho mais

estdvel em termos de mudancas numéricas e contatos sinapticos duradouros; d)
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“ramificado”, onde um pescoc¢o pode dar origem a mais de uma cabega de espinho; ¢) e
outras formas complexas, incluindo algumas com presenca de “espinula”, uma
protrusdo que surge do préprio espinho (Figura 8; Peters e Kaiserman-Abramof, 1970;
Peters e col., 1991; Hering e Sheng, 2001; Gonzalez-Burgos, 2004; Brusco e col.,
2010). Os filopodios sdo classificados a parte e tém por caracteristica ndo apresentar
uma cabeca definida, serem finos e compridos e poderem ser uma forma precursora,
porém ainda imatura, dos espinhos ainda procurando estabelecer novas sinapses

(Nimchinsky e col., 2002).

fino

Qe feestePAPY s S on 22

tipo cogumelo

AR TE P984

e5pesso

outros
{(incluindo filopodio) {ramificado)

\r2 I A

(com espinula)

PEY)

Figura 8. Desenhos representativos de variagdes da morfologia dos diferentes tipos de espinhos
como se observa pelo emprego da técnica de Golgi e a microscopia de luz, surgindo a partir de uma linha
de base que representa o tronco dendritico. Reproduzido com modificaces de Brusco e col. (2010).
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1.3.3. Imuno-histoquimica para GFAP

A proteina é&cida fibrilar glial (GFAP) é constituinte dos filamentos
intermediarios do citoesqueleto de astrécitos maduros e tem servido para identificar a
morfologia e o arranjo astrocitario em diferentes estruturas do SN central (SNC; Gomes
e col., 1999; Garcia-Segura e McCarthy, 2004; Kettenmann e Ranson, 2005).
ModificagGes na expressdo e fosforilagdo de GFAP influenciam a forma e a localizagéo
espacial dos astrocitos e seus prolongamentos (Gomes e col., 1999). A reacdo imuno-
histoquimica para GFAP (GFAP-ir) contribui para identificar este componente da
macroglia com detalhes que permitem inferir sobre a morfologia astrocitaria e sua

variagdo em diferentes condi¢des experimentais (Martinez, 2007).

Neste estudo utilizou-se este método para descrever a morfologia dos astrécitos,
bem como para complementar os dados obtidos preliminarmente com uso do método de
Nissl associado a estereologia. Com isso, a técnica de imuno-histoquimica para a GFAP
se configurou em uma abordagem complementar e relevante para o estudo dos

astrocitos, dentre os demais componentes gliais, no Me humano.

1.3.4. Microscopia eletrénica de transmissao

A microscopia eletrébnica de transmissao é uma ferramenta de pesquisa
multidisciplinar com menos de um século de aplicacdo, dado que o primeiro
microscopio eletrénico foi construido por Knoll e Ruska no inicio da década de 30. O
microscopio eletrénico de transmissdo foi desenvolvido com o intuito de criar um

equipamento com maior resolucdo (capacidades de distinguir entre dois pontos) e que
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permitisse maiores aumentos do que os obtidos com a microscopia de luz. Em
preparac@es histologicas de tecido nervoso préprias (cortes ultrafinos; ver exemplos de
protocolos em Hermel e col., 2006 e no item “Atigo 2”, que compde esta tese) podem-
se obter aumentos superiores a 50.000X e ultrapassar a resolucdo de 0,1 nm com um
microscépio eletrdnico (que utiliza um feixe de elétrons para formar a imagem),
enquanto que o microscopio de luz (que utiliza um feixe de fétons ao invés de elétrons)
permite aumentos na ordem de 2.000X com limite de resolu¢do em torno de 100nm.
Essa diferenca se da porque o comprimento de onda dos elétrons (0,005 nm) é menor
que o dos fétons (500 nm), e o comprimento de onda é um fator inversamente
proporcional a resolucdo, ou seja, quanto menor for comprimento de onda, maior sera o

poder de resolucdo (Horta Jr. e Garcia, 2007).

A microscopia eletrénica permitiu grande avango nas Neurociéncias pelo estudo
ultraestrutural detalhado do tecido nervoso, incluindo, por exemplo, detalhes das
organelas celulares e dos contatos sindpticos (Peters e col., 1991; Sorvari e col., 1996b;
Hermel e col., 2006; Midiller e col., 2012), e de suas alteracdes em estados patoldgicos
(Baloyannis e col., 2006; Scheff e col., 2006). Apesar disso ainda é pouco utilizada no
estudo do tecido nervoso humano obtido post mortem (exemplos em Sorvari e col.,
1996b e Scheff e col.,, 2006) pelas grandes limitacbes técnicas impostas pela
degeneracdo rapida do tecido, o que pode explicar porque nao foram encontrados dados

morfoldgicos ultraestruturais na literatura sobre o Me humano.

Sendo assim, nesta tese utilizou-se a microscopia eletrénica de transmissao para
descrever detalhes ultraestruturais inéditos das células gliais e neurdnios do Me

humano. Deste dltimo foram estudados, por exemplo, corpos celulares, dendritos,
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espinhos e terminais axonais com sinapses bem preservadas (guardadas as alteracdes

inerentes do tempo minimo de 6h decorrido post mortem).
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2. JUSTIFICATIVA

Até o momento ha& dados escassos e incompletos na literatura descrevendo a
populacdo neuronal no Me humano. Por exemplo, ndo se encontram estudos
morfoldgicos detalhando os componentes neuronais como 0s espinhos dendriticos e 0s
axonios locais, nem as células gliais, e nem tampouco estudos ultra-estruturais
envolvendo este nicleo. Descricdes morfolégicas e dados morfométricos dos
componentes celulares do Me servem como base dos conhecimentos anatdmicos,
histologicos e fisioldgicos dessa estrutura. E os resultados obtidos com individuos
normais, per se, sdo de fundamental relevancia para uma melhor elaboracdo de
hipdteses e para a compreensdo do papel funcional do Me em circuitos neurais
integrados. Além do mais, prestam-se igualmente para compara¢6es com individuos em
condicdo patoldgica, podendo fornecer a base para se entender a fisiopatologia de
diversas doencas neurologicas e psiquidtricas. A presente tese descreve uma
modificacdo da técnica de Golgi que permitiu estudar encéfalos mantidos em formol
10% por tempo variavel e, associado com outras técnicas em tecido post mortem de
homens adultos, a primeira descricdo detalhada dos componentes celulares do Me com
dados de microscopia Optica, estereologia, imuno-histoquimica e microscopia

eletronica.
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3. OBJETIVOS

3.1. Geral

Descrever e quantificar aspectos da morfologia neuronal e astrocitaria no Me
humano que possam servir de base para o entendimento de sua funcdo celular local e,
adicionalmente, para correlagcfes futuras com amostras obtidas de individuos igualmente

saudaveis ou em estados patoldgicos.
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3.2. Especificos

a) Adaptar e desenvolver uma variacdo na técnica de Golgi que possa ser
aplicada em amostras de tecido nervoso humano armazenadas em formalina 10% néo

tamponada por longos periodos (em nosso caso, variando de 1 més até 10 anos).

b) Estimar a densidade de neurdnios e células gliais no Me de homens adultos
post-mortem por meio do método de Nissl com tionina e estudo estereoldgico, e

comparar os resultados obtidos nos hemisférios cerebrais direito e esquerdo.

c) Descrever detalhadamente a morfologia neuronal no Me de homens adultos
post-mortem por meio de técnica de Golgi. Com essa mesma técnica, estimar a
densidade de espinhos obtidos em ramos dendritos de até cerca de 200 um a partir do

corpo celular, e descrever a morfologia axonal presente no neuropilo deste nucleo.

d) Estudar a populacéo astrocitaria no Me de homens adultos post-mortem pela

utilizacdo de técnica imuno-histoquimica para a proteina acida fibrilar glial.

e) Descrever aspectos ultra-estruturais da morfologia neuronal e glial, sobretudo
dos sitios sinapticos, no Me de homens adultos post-mortem utilizando-se da

microscopia eletronica de transmissao.
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4. MATERIAIS E METODOS, RESULTADOS E DISCUSSAO

4.1. Artigo 1: The “single-section” Golgi method adapted for formalin-fixed
human brain and light microscopy. Publicado no “Journal of Neuroscience Methods”

em 2010. Pagina 34.

4.1.1. Capitulo de livro: The adapted “single-section” Golgi method and the Dil
fluorescent dye in microscopy for describing neuronal and glial morphology in
different species. Publicado no livro “Microscopy: Science, Technology, Applications

and Education”; Editora FORMATEX, Espanha, em 2010. P4gina 39.

4.2. Artigo 2: Cellular components of the human medial amygdaloid nucleus.
Submetido para publicacdo no “Journal of Comparative Neurology” e enviados os

acréscimos solicitados pelos revisores. Pagina 43.
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The Golgi method has been used for over a century to describe the general morphology of neurons in the
nervous system of different species. The “single-section” Golgi method of Gabbott and Somogyi (1984)
and the modifications made by Izzo et al. (1987 ) are able to produce consistent results. Here, we describe
procedures to show cortical and subcortical neurons of human brains immersed in formalin for months or
even years. The tissue was sliced with a vibratome, post-fixed in a combination of paraformaldehyde and
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1. Introduction ences therein (see also Mauta and Ebbesson, 1970; Banks, 1999).
Following the original description of his “slow method”, which
used a sequence of potassium or ammonium dichromate and silver
nitrate for long time, Golgi proposed that a potassium dichromate
and osmium tetroxide mixture could speed up the reaction. This
“rapid method"” was further developed and masterly applied by
Ramon y Cajal. Golgi also tested the use of mercury salts during tis-
sue fixation and for cellular impregnation, which Cox successfully
modified later. Other efforts involved the use of different aldehydes
as alternative fixative solutions and generated the Golgi-Kopsch,
the Golgi-Colonnier, and the Golgi-Rio Hortega procedures, to cite
some of them { Alonso, 1994), After a period of oblivion until the sec-
ond half of the 20th century (Fairén, 2005), Golgi method revived
(e.g., Valverde, 1970; Fairén et al., 1977, 1984; Kolb et al,, 1981;
McDonald, 1982; Feldman, 1984; Millhouse, 1986; Somogyi, 1990;
Woolley et al, 1990; Woolley and McEwen, 1994; Jacobs et al,
1997; Dall'Dglio et al., 2008b; Larriva-Sahd, 2008].

All of the procedures in the “family” of Gelgi techniques have
advantages and restrictions. For example, silver impregnation
apparently eccurs “at random™ and there are no unequivecal expla-

The celorazione nera has been used to reveal the general mor-
phelegy of neurons and glia in various areas of the nervous system
of several species (Golgi, 1873; Ramdn y Cajal, 1909; Valverde,
1962; Fairén et al., 1977; Scheibel and Scheibel, 1978 ; McDonald,
1982 ). For more than a century, phylogenetic and ontogenetic stud-
ies have been benefited from the Golgi method, which is a reliable
tool to identify different types of neurons, the detailed shape of
single cells, and to extract functional hypotheses of brain func-
tion from morphology (Ramén y Cajal, 1909; Lorente de N6, 1934;
Valverde, 1962; Szentagothai, 1978; Kisvarday et al.. 1990; Larriva-
Sahd, 2008; Gomez-Villalobos et al., 2009).

As summarized by Fairén (2005], the Golgi method is based on
the metallic impregnation of neurcns and glial cells in tissue blocks
that had been hardened by potassium dichromate and then treated
by silver nitrate. A proper histerical and technical review of the
diverse Golgi procedures can be found in Alonso (1994 ) and refer-

* Corresponding author at; UFCSPA/Department of Basic Sciences, R, Sarmento
Leite 245 {room 308), Porto Alegre 901704050 RS, Brazil, Tel.: +55 51 91161643;
fax; +55 51 33038752,

E-mail addresses; rasiafilho@pg.cnpq.br, aarf@ufcspa.edu.br (A A Rasia-Filho),

! Both authors contributed equally to this study.

0165-0270/% - see front matter @ 2010 Elsevier BV, All rights reserved,
doi: 10,1016/ jneumeth 2010.03.018

nations about discrepant results of the method. This leads to a
number of impregnated neurons but net a hemegeneous pattern of
cellular staining on each tissue section. To provide useful results, it
has been contreled the diffusion rate and the pH of the chromation
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solution {Angulo et al., 1996), or the establishment of the best tech-
nique according to the lenght of fixation and storage of the tissue
(Rosoklija et al, 2003; Melendez-Ferro et al., 2009). It is notewor-
thy that the fine structure and the specific synaptic interactions of
Golgi-stained neurons can be studied by the combination of light
and electron microscopy after a de-impregnation procedure (Fairén
etal,1977; Somogyi, 1990; Bolam, 1992; and see also Fairén, 2005

Freund and Somogyi (1983) developed the “section-Golgi” pro-
cedure for thin nervous tissue slices (80-100 wm thick) which
allowed histechemical procedures to be carried out prior to silver
impregnation. Their contribution made possible to study neurons
retrogradely labelled by heorseradish peroxidase and, by sub-
sequent gold-toning, specific synaptic contacts in the electron
micrescope. Soon after, Gabbott and Somogyi (1984) depicted the
“single-section” Golgi method that proved to be easy, reliable,
and relatively unexpensive. This approach has been successfully
applied to clue the neuroendocrine modulation of the number of
dendritic spines in different brain areas of male and female rats
(Woolley et al.. 1990; Woolley and McEwen, 1994; Rasia-Filhoetal.,
1999, 2004, 2009; Brusco et al., 2008). It consists in sectioning the
brain perfused with a paraformaldehyde and picric acid selution,
placing the 60-200 pm thick sections in potassium bichromate, and
“sandwich” them between cover slips for the impregnation in sil-
ver nitrate. 1zzo et al. {1987 ) developed an elegant modification of
the “single-section” technique providing another rapid and consis-
tent Golgi tool. In this method, the osmium tetroxide was added
to the reaction before the silver nitrate and the brain slices were
placed between microscopic slides, which would also allow an eas-
ier handling of serial sections (see detailed data in Bolam, 1992}
This technigue could be combined with immunocytochemistry for
neurotransmitters or other substances, as was the case of Golgi-
impregnated substance P- and [Met]enkephalin-immunereactive
neurons in the caudate nucleus of cats and ferrets ([zzoet al., 1987 L

Other suitable Golgi methods were developed to reveal the
neuronal merphology in cortical and subcortical areas of human
brains immersed in formalin for long perieds of time (Rosoklija
et al,, 2003; Friedlander et al., 2006; Melendez-Ferro et al., 2009
Here we describe thata combination of the original “single-section”
Golgi method {Gabbott and Somogyi, 1984 and the procedure pro-
posed by lzzo et al. (1987 ) and Bolam {1992) is useful to study the
human brain and can be applied to formalin-fixed tissue that has
been stored for months or even years. Osmication provided best
results. This contribution adds to the basic procedures that made
the original “single-section™ Golgi method useful for the study of
the nervous tissue and providing consistent results.

2. Materials and methods

2.1. Subjects

We studied the brains of 2 males, aged 47 and 68 years old,
who died of cardiovascular failure. Part of the temporal lobes was
obtained during necropsies from the Institute of Legal Medicine in
Rio Grande do Sul, Brazil. No fixative perfusion was done prior to
the brain removal. The interval between the death and the necrop-
sies varied from at least 6h, according to Brazilian laws, to 8h at
the most. Previous clinical and co-morbid data were obtained dur-
ing an interview directed to the relatives or legal representatives,
who also signed an informed consent prior to the inclusion in this
study. All the legal and ethical procedures were in accordance with
international and local regulatory standards (based on the 1964
Declaration of Helsinki) and ethical committee approvals obtained
from the Department of Legal Medicine from the State of Rio Grande
do Sul (process number 03/08), the Federal University of Health
Sciences of Porto Alegre (process number 541/07), and the Federal
University of Rie Grande do Sul (process number 2008009), Brazil.

2.2, Tissue fixation and the impregnation procedure

Small blocks of approximately 5 x 5 x 5cm away from the ante-
rior pole of the temporal lobe were immediately immersed in
unbuffered 10% formalin and kept stored in this same fixative solu-
tion for approximately 20 months (fixative solutions were around
pH 4.0). Afterwards, small samples were trimmed to ~1.5cm? to
contain the temporal cortex (superior temporal gyrus) and the
striatum { head of the caudate nucleus; DeArmond et al., 1989). The
samples were coronally sectioned in slices 200 pm thick using a
vibratome (Leica, Germany), and submitted to the following steps:
(1) free-floating sections were post-fixed with 4% paraformalde-
hyde and 1.5% picric acid in 0.1 M phosphate buffer solution (PBS,
pH 7.4) either for 24 h or 72 h in the dark at 42C. (2) The sections
were quickly rinsed in PBS, transferred to a 0.02% osmium tetrox-
ide solution in PBS for 10-30min under gentle shaking in the dark;
quickly rinsed in PBS for 1-2min, and (3) immersed in 3% potas-
sium dichromate { Merck, Germany ) in deionized water, and keptin
the same solution in the dark at 4 =C either for 24 h or 72 h. The sec-
tions were quickly rinsed again in distilled water to remove excess
of chromation, and “sandwiched" between glass coverslips glued
(epoxy glue) in the four corners to allow gradual diffusion of the
solution by capillarity. {4) Each “sanwiched” section was gently
placed in the impregnation solution of 1.5% silver nitrate (Merck,
Germany) in deionized water at room temperature (RT) in the dark
either for 24 h or 72 h. After that period, the coverslips were bro-
ken, the sections removed, rinsed in distilled water to wash the
excess of crystals with the help of a soft paintbrush, and mounted
on gelatin-coated slides (gelatin from porcine skin, ~300 g Eloom,
Sigma Chemicals Co., USA). The slides were dried at RT (caution was
taken to avoid overdrying these brittle) immersed in distilled water
{once over 3min) and dehydrated in ascending series of ethanol
as follows: 70% and 80% (3 min each), 95% and 100% (twice, 3 min
each), cleared in xylene/ethanol 1:1 and 2:1 (3 min each), xylene
100% (two rinses of 3 and 6 min each), mounted with coverslips
and non-acidic synthetic balsam (Soldan, Brazil; or, alternatively,
Permount®, USA) avoiding air bubbles, and dried at RT for 24 h.

The required time to finish the procedure would be 5 days if the
steps 1, 3, and 4 are done on the minimum time required (24 h),
and 11 days using 72 h for each step.

2.3. Image processing

The slides were observed and pictured with a Nikon Eclipse
E-600 microscope (400x, Japan) coupled te a Pro-Series High
Performance CCD camera (or other of high quality). Stacks of
micrographs provided the final image using the Image-Pro Plus
6.0 software (Media Cybernetics, USA). Sharpening, brightness or
background contrast was adjusted using the Adobe Photoshop 7.0
software (USA).

3. Results

The protocol as described produced good results. As in other
Golgi techniques, our method impregnated a small percentage
of neurens and glial cells in the slices of cortex and striatum
(Figs. 1 and 2). Semetimes the best stain and contrast was found
on the outer limits of the sections. The slices without esmication
produced the weakest contrast, and even some peripheral cells of
the section were not completely visible (Fig. 1A). In this case the
neurons could appear with a fading of the stain or with “cut-off”
dendritic branches. As an example, in Fig. 1B, there are pyrami-
dal neurons with apparently short basal dendrites and the apical
dendrite with short bifurcated branches ( for a deep discussion, see
Feldman, 1984). Also, unwanted silver crystals are seen over the
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Fig. 1. Golgi-impregnated cells from the human temporal lobe (superior temporal gyrus) and striatum ( head of the caudate nucleus). Adaptation of the "single-section™
Golgi method in formalin-fixed samples without osmication (A), or after osmication (B-F) and along different impregnating periods (5-11 days). Some neurons appeared
incompletely stained (B). A more extensive impregnation reveals the axonal network close to a neuron (C) or the general morphology of a neuronal subpopulation (D).
Impregnated astrocytes were found close to blood vessels (E) with characteristic end-feet processes (F),

tissue and impregnated blood vessels. Deceptive results can occur
when the formalin solutionis renewed before processing the tissue.
For example, unbuffered 10% formalin solution with a pH down to
2.5 produced several aspects of irregular impregnation. Neverthe-
less, this bad result could be partially reversed by maintaining the
brain slices in 3% potassium dichromate solution for 7 days. On the
other hand, the use of a post-fixative solution with a pH ranging
from 7.0 to 11.0 provided nice results as well.

Well-impregnated cells (neurons and glial cells) appear black
stained against a minimal soft yellow background with few
small particles of precipitation in the neuropil after osmication
(Figs. 1C-F and 2). Following this procedure, the quality of stain
was similar when visually comparing the results obtained along
5-11daysof chromation/silver nitrate impregnation. Various kinds
of neurons could be observed in the same plane of section with
radiating dendrites. Profusion of thin axons and their collateral pro-
cesses were also evident (Fig. 1C and D). In the caudate nucleus,
medium-spiny neurons were uniformly impregnated (Fig. 2A and
B). They appeared, as in the classical descriptions, with a round
cell bedy and various primary dendrites that branched and tapered
along the section. Dendritic spines were visualized even with

low magnification. They showed a continuum of different shapes
and sizes that could be easily identified, allowing the different
classifications by shape as thin, stubby, mushroom-like or wide
(Fig. 2C).

Perineurcnal glia or glial cells in close apposition to blood ves-
sels also appeared well-impregnated (Figs. 1E,F and 2A). Astrocytes
with vascular end-feet processes were found in different grey and
white areas (Fig. 1E and F).

4. Discussion

Here, we report the use of the original “single-section” Golgi
method (without osmium) and adaptation after 1zzo et al. (1987)
and Bolam (1992) as another technique to study the morphol-
ogy of human cells on brain slices. One of the advantages of this
method is that it can be applied to formalin-fixed human tis-
sue stored for a long time, as in the routinely fixed anatomical
pieces. We developed this technique in brain samples stored for
almost 2 years in formalin, but other times can be tested (few
months of storage also appeared to provide good results; data not
shown). The use of low concentrated osmium tetroxide led to the
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Fig. 2. Neurons from the human caudate nucleus stained with the adapted "single-section” Golgi method for formalin-fixed samples. The inset in A was zoomed up to show
details of a cell body, branching dendrites, and spines (B). Pleomorphic dendritic spines () classified as thin (t), "mushroom-like” (m}, stubby (s or wide (w).

best results and all the experimental steps could be done in few
days.

As from the times of Ramén y Cajal (1909), the application of
the Golgi method allows relevant insights on the cytoarchitecton-
ical organization of different brain areas. “Golgi staining requires
a significant investment in tissue, time, and materials, and unless
oreat care is taken, it can fail completely” (Rosoklija et al., 2003 L
This is true under many conditions. The present procedure, which
adds to the basics for the study of the human nervous tissue, has the
same advantages described for the “single-section” Golgi method
in other species. It is relatively easy and fast (5-11 days], requires
minimal equipments, and provides good results for human brain
rissue fixed in formalin. Qualitative and quantitative studies can be
conducted in well-impregnated neurons under light microscopy
(see examples in Rasia-Filho et al., 2004; de Castilhos et al., 2006,
2008; Brusco et al, 2008; Dall'Oglio et al,, 2008a,b) to be corre-
lated with other neuronal and glial morphological and functional
findings (Hermel et al., 2006; Martinez et al., 2006; Cunningham et
al., 2007; de Castilhos et al., 2008; Rasia-Filho et al., 2009). There-
fore, besides other current techniques and innovations, the Golgi
methed continues to be a relevant tool to neuroscience.

Commen drawbacks using the Golgi methed are the absence
of a complete neuronal impregnation and variability in the results
(Scheibel and Scheibel, 1978; Rasia-Filho et al., 1999). In addition,
other inherent variables that might affect the final results are the
age of the subjects, their past health condition, the long-term use of
medications, the degree of cellular post-mortem necrosis, and vari-
ations in the diffusion rate of the primary fixative. Mevertheless,
when comparing the present protocol to other current ones, the
Golgi-Cox method on long-term fixed human tissue {10% neutral
buffered formalin for up to 15 years) does not produce satisfac-
tory results even when pretreatments (citrate buffer and sodium
borohydrate) are used to remove excess of fixation prior to chro-
mation { Melendez-Ferro et al., 2009). Other procedures as the rapid
Golgi and the Golgi-Kopsch gave nice results with tissues fixed
in formalin, that had lost its buffering capacity over time, and
that were stored from 15 months up to 55 years (Rosoklija et al,,
2003). Here, the sections were obtained without prier embedding
in palymerized plastic as described by Moss and Whetsell {2004)

and the impregnation process did not require microwave heating
for 6-8 h as done by Armstrong and Parker (1986} The present
method also allowed the observation of glial cells, which can be
compared to the Golgi-Hortega-Lavilla silver impregnation tech-
nique for glutaraldehyde-paraformaldehyde prolonged fixed brain
tissue (D"amelio, 19830

Finally, the aim of the present work is to propose a new appli-
cation of a relevant protocol and to report that Golgi-stain sections
obtained from brains stored in unbuffered formalin for long peri-
ods of time can still be useful to analyze human brain material. This
may instigate the interest to applying the Golgi method to normal
conditions or to specific neurological diseases in human materials.
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The Golgi method has been used for over a century to reveal the general morphology of neurons and glial cells in various
areas of the nervous system i several species. The “single-section” Golgi method can provide consistent results using
light mecroscopy in fishes. rats, cats, and ferrets. In human brains. cells can appear well-impregnated even from tissue
stored in formalin for months or vears. This technique can be combined with immunocytochenistry for different
neurotransmitters or with electron microscopy. Features of the glial cells and the cell body, dendrites, spines. and axons
from various kinds of neurons can provide descriptive and quantitative data from vartous cortical and subcortical bram
areas. To advance morphological studies. fine powdered carbocyanine dye Dil can be applied extracellularly on brain
slices to reveal the shape of dendritic spines under confocal microscopy and in combination with synaptic labeling.
Describing the detailed shape of single neurons and glial cells can allow the elaboration of functional hypotheses of brain
function from moerphology. The methodological details of these techniques are depicted altogether with comments on their
methodological advantages.

Keywords: neuronal morphology: dendritic spines: glial cells; carbocyanine dye: synaptic labeling: confocal nucroscopy:
human brain.

1. The “single-section”Golgi method

The Golgi method 1s an old procedure still i use to exanune the general morphology of neurons and glia in different
areas of the nervous system. Since the mitial applications. phylogenetic and ontogenetic studies benefited from this
reliable tool to identify different types of neurons and to explain functienal hypotheses of brain function through
morphological studies [e.g.. 1-8]. The rationale consists of the metallic impregnation of neurons and glial cells in tissue
blocks that had been hardened by potassium dichromate and then treated by silver mitrate [9].

As for other techniques, the Golgi method has advantages and limitations, as discussed elsewhere [10.11]. However,
to provide further applications and complementary results. several modifications of the original techmque were
developed [reviewed 1 12]. Among them. one approach made available the study of specific synaptic interactions of
Golgi-stained neurons by the combination of light and electron microscopy [13]. Moreover, the Golgi method could be
combined with histochemical procedures to examine neurons in specific pathways retrogradely labeled by horseradish
peroxidase [14] and with immunocytochemical approaches for different nevrotransmitters to identify neurochemically-
spectfic subpopulations of neurons [15,16]. This last approach for nervous tissue slices, named the “single-section”
Golgi method. served to demonstrate the neuroendocrine modulation of the dendritic spine density 1n the hippocampus
and in the amygdala of male and female rats [17-20]. As onginally reported, the “single-section™ Golgi method can be
applied to rat, cat, and ferret brains [15.16]. to fish brain (L. M1, unpublished data). and to human bram [21].

Some methodological details will be described here [according to 18.20.22]. The “single-section™ Golg: method can
be done 1n rats transcardially perfused with paraformaldehvde and pieric acid in phosphate buffer solution (PBS). The
brains are sliced using a vibratome (coronal sections 100-200 pm thick), “sanwiched” between coverlips. maintained in
a potassium dichromate solution and impregnated 1n silver nitrate. Sections are rinsed in distilled water. dehydrated in
an ascending series of alcohol, cleared with xvlene. placed on slides, and mounted under coverslips. Good results 1n rats
can also be obtamned after a transcardiac perfusion with saline immediately followed by paraformaldehyde and
glutaraldehvde 1n cold sodmm cacodilate buffer solution (CBS). The brain sections are rinsed i PBS. transferred to a
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osmium tetroxide solution, immersed in potassmim dichromate, “sandwiched” between histological slides, and placed 1n
silver mitrate. After that, the sections are dehydrated. cleared and mounted [16.23].

For a South American teleost fish “praugu”™ (Leporinus macrocephalus, OSTEICHTHYES. ANASTOMIDAE), deep
anesthesia can be obtained with aerated tricaine methanesulfonate solution (MS222) administered mside the mouth and
through the gills and followed by a transcardially perfusion with 1sotonic fish electrolyte solution. glutaraldehyde and
paraformaldehyde i CBS. The bram 1s post-fixed mn the same fixative solution, placed i sucrose solution 11 CBS,
sectionad with a vibratome (100-200 um thick). immersed in osmium tetroxide in PBS. i a solution of potassium
dichromate and 1n silver nitrate, and mounted on histological slides as described before.

For cortical and subcertical areas of human brains immersed in formalin for months or even vears, small samples of
the area of interest have to be trimmed to approximately 1.5 cm’ to be sectioned in slices with vibratome (200 um
thick). Free-floating sections have to be post-fixed with paraformaldehyde and picnie acid m PBS, transferred to an
osmuum tetroxide solution 1 PBS, immersed in potassium dichromate, “sandwiched” between glass coverslips, and
placed m the impregnarion solution of silver mitrate. Afterwards, the sections are mounted on istological shides [21].
These are simple experimental procedures that provide quick results (Figure 1).

2. Data acquisition using light microscopy

The areas of interest can be observed and pictured with a light microscope (from 25 to 1250X) coupled to a lugh
quality videocamera and to a computer with a software for morphometry. Stacks of micrographs can provide two-
dimensional or three-dimensional reconstructed images. To be selected for further analysis, the final image of the
neurons have to show the following characteristics: a) be within the boundaries of the aimed area; b) be in the nuddle of
the section thickness to have a more profiise dendritic ramification and to avoid excessive “cut-off” branches: c) be
relatively 1solated from neighboring impregnated cells to prevent “tangled” dendrites; d) have well-impregnated
dendrites with defined borders: e) have the majority of their dendrites tapering towards their ends: and. £) have dendritic
spines that can be easily recognized i contrast with the background silver deposits in the neuropil [18.20.24].

Results can allow the classification of neurons and glial cells in different morphological categories [3-5.7.24].
Quantitative data can be obtamned from measurements on area and volume of the cell bodies. number of dendritic
branches in each arborization level. number of branching pomnts (1.e.. total mumber of dendntic ranufications). radial
distribution of dendrites in relation to the distance from the cell body. and the predominant spatial distribution of
dendritic branches [24]. Dendritic spines can be counted along different dendritic branches to provide mean density
values per dendritic nmucrometer. The shapes of these spines can allow their classification as thin, stubby, wide or
“mushroom™-like, among others [8.19.25]. Axonal emergence, length. spatial arrangement and ramifications can also be
determund. Glial cells can be studied mainly in terms of location. viciity to blood vessels or ventricular walls. shape,
ramification aspect. and spatial orientation [e.g.. see 21].

For nevrons and glial cells, the detailed cellular morphology can be obtained and compared under different natural or
experimentally-induced pathological conditions. The complexity of dendritic morphology reflects the number of
connections made by a nevron and more elaborated inputs require the development of more complex dendrites [24,26].
Both the idennfication and the quantification of the dendritic spines provide relevant data for different research fields
since the spines are involved with synaptic function, mtegration and plasticity. For example, the shape and density of
spines can show dynamc modifications along the estrous cycle or due to motherhood experience. following learning
tasks and stressful stimuli or can evidence abnormalities in the course of genetic syndromes with mental retardation,
hypoxic-1schemic brain injuries, and neurodegenerative diseases [8.25].

3. Dil Fluorescence and Confocal Microscopy

The use of the lipophilic carbocyvamine dye 1.1'-Dioctadecyl-3.3.Y 3'-tetramethylindocarboeyanine perchlorate (DiI)
reveals fine details of dendritic spines under confocal microscopv (Figure 2). Dil shows a photostable fluorescence and
can diffuse along cell membranes [27.28]. Nice results can be obtained in rats following light tissue fixation with
paraformaldehyde m PBS [27]. sectioning the bram with a vibratome (100-200 pm thick), and applying sonicated
powdered Dil extracellularly, directly or under a stereo microscope, on the bram slice surface for further confocal
microscopy data obtention. The Z-stack acquisition (1.e.. the distance between each captured image) can be done with a
0.2 um step interval, avoiding excessive over and undersaturated pixels. This technique can also be done in association
with immunolabeling for synaptic proteins (e.g.. synaptophysin: Figure 1), This 15 relatively sumple and allows the
wdentification and study of the three-dimensional morphology of dendritic spines from a sample of neurons. providing
reproducible results about spine topegraphical distribution and shapes [e.g., 8.28]. The co-localization of pre-synaptic
proteins provides evidence for those spmes that are probably forming active synapses. Multiple contacts can also be
occurrng upon one spine, which adds information to the synaptic complexity of the studied area.

Making clear the detailed shape of single neurons and glial cells can allow the elaboration of functional hypotheses
of brain function from morphology. The present approaches expand our knowledge of the features of nervous cells in
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different species. Besides other current techniques and innovations, the Golg: method and light microscopy stay as
relevant tools for neuroscience [21]. The wse of extracellular Dil. which allows the visualization, classification and
counting of neuronal features under confocal microscopy, provides an additional level to vnderstand the neuronal
organization in various brain areas.
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Figure 1 — Examples of reconstructed digitized microscopic image showing Golgi-impregnated neurons from rat (a). human (b). fish
(c) or astrocytes from the human brain (d). Note the aspect of the cell bodies (a-c). the different dendritic branches (a.b). pleomorphic
dendritic spines (b.c) and glial processes close to a blood vessel (d). A thin axon is emerging from the middle of the cell body (in the
upper right) of a multipolar neuron in (a). Dendritic spines were labeled with extracellular sonicated fine powdered Dil in lightly
fixed slices (e.f). close to synaptophysin puncta (in red, g). Fluorescent images were three-dimensionally reconstructed with confocal
microscopy. Note the details of the different dendritic spines (e-g) and the proximity to the associated labeled presynaptic protein (g)
Background and contrast were slightly adjusted using Adobe Photoshop 7.0 software (USA). Scale bar = 20 um (a.b). 4 pm (¢). 10
um (d).and 2 pm (e-g)
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ABSTRACT plasmic 3strocytes were sither isolated or formed small
The medial nucieus (Me) is a superficial component of clusters and showed GFAP-immunoreactive czll bodies
the anygdaloid complex. Here we assessed the density and multiple branches. Furthermore, we identified both
and morphology of the newrons and glial c2lls, the ghal asymmetrical (with various small, clear, round, electron-
fibrllary acidic protein (GFAP) immunorsactivity, and lucent wvesicles and, occasionally, large, dense-core
the ultrastructure of the synapfic sites in the human  vesicles) and symmetrical (with smal, flattened
Me. The opfical fractionator method was applied. The  Vesicies) axodendritic contacts, also including multisy-
Me presented an estimated mean neuronal density of naptic spines. The astrocytes surround and may com-
153 x 10° neurons/mm® (greater in the ieft hemi- pose tripartite or tetraparfite synapses, the latter
sphare), more glia (72% of all cells) than neurons, and s~ including the extracellular matrix between the pre- and
nonneuronalineuronal ratio of 2.7. Golgi-impregnated ~ the postsynaptic elements. Interestingly, the terminal
neurons had round or ovoid, fusiform, angular, and po- axons exhibited 3 glomerular-ke structure with various
lygonal cell bodies (10-30 pm in diameter). The length asymmetncal contacts. These new morphological data
of the dendrites varied, and pleomorphic spines were on the cellular population and synaptic complexity of
found in sparsely spiny or denssly spiny cells (1.5-5.2 the human Me can contribute o our knowledge of its
spines/dendric pm). The axons in the Me neuropil ~ rofe in health and pathological conditions. J. Comp.
were fine or coarsely beaded, and fibers showed simple Neurol. 521:588-611, 2013.

or notably complex coliateral terminations. The proto- € 2012 Wiey Ferosicass, Inc.

INDEXING TERMS: amygdals cytology; extended amygdals; GFAFP; Golgi method; stereclogy. synapses; ultrastructure

The human amygdaloid complex consists of a hetero- aways have clear bordars, and some of them expand
pensous group of telencephalic subcortical nuclel that beyond the imits of the “amygdala” (Brodal. 1881; Martin
rests in the dorsomedial pole of the temporal lobe and is etal., 1991; de Olmos, 2004).
rostral to the hippocampus. it forms the superior and ven-
tromedial wall of the tip of the Iateral ventricle and is
close to the margins of the claustrum, putamen, and Grant sponsor: CNPg; Grart numger. 43138220103 80 AARF);
giobus paliidus (Brodal, 1981; Everitt. 1905; de Oimes, Grant sporscr FAPESF ans FASFA. Grant sumber 03038537 (m
2004: Yil r-Hanke, 2012). Most funcsional studies of :;Edhé):”ewnmm DH01S71-5 (30 JEM); Grant rumber: 11407530
the human amygdaloid complex describe the region as a “CORREZPOMDENCE TO: Frf. A A. Rasis-Fihz, UFCEFA, A Sarment
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The nomenciature for the human amypdaloid nuclei
and subnuclei is not uniform despite the efforts to iden-
tify particular morphological, neurochemical. hodologi-
cal, and ontogenstic characteristics (Johnston, 1823;
Crosby and Humphrey, 1941; Martin et al., 1991; Everitt,
18085; Sorvari et al, 1985; Gloor, 1987; Ulfig et al.,
2003; d= Clmos, 2004). This also apphes to the medial
amygdaloid nucleus (Me). According to the most recent
studies in mice, the neurons of the Me have multiple tel-
encephalic and extratelencephalic histogenetic origins
(Garcfa-Lépez et al, 2008: Hirata =t al, 2008; Camey
et al,, 2010; Bupesh et al., 2011). In rats, the Me has
four anatomical subdivisions, as described elsewhere
(Petrowich et al., 2001; Choi et al, 2005; Dall'Oglio
et al, 20083 b; Rasia-Filho =t al., 2012a,b). The Me has
been included in the “centromedial” amygdaloid group
in different species of monkeys (McDonald and Augus-
tine, 1993; Barton and Aggleton. 2000; Carlo et al.,
2010). It has aiso been classified as being part of the
“centromedial” (Yilmazer-Hanke, 2012) and the “cortico-
medial” amygdaloid group in humans (Brodal, 1981; Say-
gin et al., 2011). The Me is considered part of the
“medial extended amygdala”, a3 cormmidor of cells in the
basal forebrain of rats and primates (Martin et al., 1901;
Heimer, 2000; d= Olmos, 2004). Different technical rea-
sons have preventad the unanimous, precise localization
of the borders and subdivisions of the primate Me (see,
e.g., Sims and Williams, 1990; Martin =t al., 1891; Sor-
van et al., 1995; Gloor, 1887: Carlo et al., 2010; Yil-
mazer-Hanke, 2012). Currently, little is known about the
cellular composition of the human Me (Schumann and
Amaral, 2005; Chareyron et al., 2011).

However, based on Nissh-stained coronal sections, the
human Me has been located in a superficial position, lat-
eral to the optic tract {opt) and showing an iregular
shape at the fundus of the endorhinal sulcus. The Me
lies dorsal to most amygdaloid nuclei and the periamyg-
daloid cortex, and myelinated fibers separate the Me
from the central nucieus laterally (Everitt, 1885; Gloor,
1807; de Olmos, 2004). In the monkey (cf. Everitt. 1805;
Freese and Amaral, 2008), the Me receives intra-amyg-
daloid connections mainly from the basal and lateral
nuclei. [t projects fibers to the accessory basal, anterior
cortical, and central nuciel as wall as to the periamygda-
loid cortex and amypdslohippocampal area. The major
extrinsic connections of the Me onginate from the brain-
stem peripeduncular nucieus, the rostral insular cortex
and the hypothalamic ventromedial nucleus, the lateral
are3, and the supramammiillary region. The efferent con-
nections reach the medial areas of the bed nucleus of
the stria terminalis (BST). the medial preoptic area and
anterior medial hypothalamus (including the paraventric-
ular and supraoptic nuckei), the hypothalamic ventrome-

dial, the dorsal and ventral premammillary nuclei, and
the midline thalamic nuclei. Indirect connections also
allow the Me to modulate the processing of both cortical
and subcortical information (McDonald, 1883; Rasia-
Filho et al., 2000). These connections highlight the im-
portance of this nucleus in determining the direction of
the flow of information toward, within, and outward from
the amygdaloid complex.

The number of neurons in the different nuclel of the
hurnan amygdaloid complex has been estimated by using
a stereological sampling technique (Schumann and Ama-
ral, 2005). In this study, however, the Me was not out-
fined. Changes in the neuronal density or n2uron number
of the amygdaloid nuclei appear to be associated with the
pathogenssis of various naurological and psychiatric dis-
orders, such as epilepsy, autism, schizophrenia, Parkin-
son's disease, Huntington's chorea, and Alzheimer's dis-
ease (see Sorvan, 1887; Schumann and Amaral, 2005;
and references therein). Nevertheless, the separate func-
tions and disorders of each amygdaloid nucleus have not
been well established because standard imaging techni-
ques have been unable to differentiate the specific nuclei
{Saygin etal., 2011). New discoveries of human Me func-
tions and connectivity will depend on methodological
improvements (for critical review see LaBar and Warren,
2009). Currently, new, noninvasive approaches such as
probabilistic tractography may confribute to the func-
tional research on the Ms (Saygn et al, 2011). The
human Me has been associated with offactory stimuli
procassing (Zald and Prado, 1887). It is also important for
recognizing fearful faces and the positive valence of
happy faczs (Gamer et al., 2010}. which suggests that
the Me is wital for modulating emotions and social
behawiors.

To provide basic data on the human Ms, we investi-
gated the density of neurons and ghal c2fis in the adult
human Me by using stereclogy and characterized the
morphology of neurons via the Golgi method. In addition,
we assessed the glal fibrillary acidic protsin (GFAF) im-
munoreactivity of local astrocytes and the ultrastructure
of local complex synaptic sites.

MATERIALS AND METHODS
Subjects

Postmortem brains were obtained from nine adult
males. All ethical and legal procedures of the ntema-
tional regulatory standards (based on the Halsinki Decla-
ration of 1864) were followed. This study was approved
by the Brazilian Ethics Committee from the Department
of Forensic Medicine ("Instituto Geral de Perlcias”, City of
Porto Alegre, State of Rio Grande do Sul, process number
03/08), the Federal University of Health Sciences of
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TABLE 1,
Ch. of the Hu Cases

Age at death (years) 8 {howrs) Gender Cause of death Type of fxation
56 06:00 Mate Cardiac amest Immersion
88 0s:30 Male Acute pulmonary edema Immereion
52 0300 Male Pneumcnia Immersion
75 12:15 Mae Ellateral pneumonia Immereion
53 1145 Male Pulmonary edema Immereion
83 03:00 Maie Bronchopneumonia Immersion
&7 05:.00 Make Urothela carcinoma immereion
S0 0615 Male Liver cimhosis/pneumonia Immersion
Uninown 05:.00 Male Unknoan Perfusion

TP post mevteo intenval

Porto Alegre (UFCSPA; process number 541/07), the
Federal University of Rio Grande do Sul (proczss numbsar
20080/08). and the Pathology Facility, Clinical Hospital
of Ribeir30 Preto, University of S30 Paulo (FMRP-USP pro-
cess number 01/08). Informad consent was obtained
from the next of kin at the morgue for the removal of part
of the bilateral temporal lobe duning autopsy. Six of the
brain blocks were acquired from the Department of For-
ensic Medicine, two wers acquired from the Pathology Fa-
cility st FMRP-USP, and one w3as donated by the Depart-
ment of Pathalogy of the UFCSPA (Brazil).

For this study, we selected adult men with no history of
neurosurgical interventions or treatmeant for any neuro-
logical or psychiatnc disorder. Individuals deceased from
3 wiolent cause or infectious nsurological disease were
excluded from the study. The clnical dats and informa-
tion regarding prewious comorbidities were obtainad by
interviewing the family members or legal representatives
that had authorized the brain tissue donation. Each sub-
ject received 3 code to protect the identities. The age,
postmortem interval, cause of death, and type of fixation
for each subject are presented in Table 1. The sampled
tissue from each subject was also analyzed histologically
by 3 neurologistineuropathologist (A.H.) to confirm the
absence of common vascular and neurcdegenerative
lesions (data not shown).

Tissue processing
Thionin staining and the stereological sampling
technique.

The brains wers removed from the skull, and the bilat-
eral blocks containing the temporal lobe were immedi-
ately immersad in 10% unbuffered formaldehyde solution
at room temperature (RT). Best results were obtained af-
ter removal of the meninges. From the original tissue
blocks, small samples of approximately 1.5 cm® were
removed from the medial and ventral temporal cortex.
The parahippocampal formation, the endochinal sulcus,
and the opt were used as the anatomical references for
this step {DeArmond et al., 1888 Mai et al., 2008). The

left and night hemispheres were studied separately. The
samples were stored in the aforementionad ficative solu-
tion for 1-24 months prior to the GFAP immunoreactivity
expenments and for 1—42 months prior to the thionin and
Golgi processing. The tissue was coronally sactioned
along the rostrocaudal axis using a vibratome (1000S:
Leica, Wetzlar, Germany). The samples were sectionad in
an alternating fashion. One senss was sectionad at 50
pm for the thionin technigue and GFAP immunohisto-
chemistry. The other senes was sectioned at 200 pm for
the Golgi method. The ultrastructural analyses required a
separate approach, which is described balow.

The Me was studied in five cases by using the thionin
technique (cases 1-5; Table 1). The serial sections from
each tissue block were placed on 7.5- x 5-cm gelatn-
coated slides and left to dry at room temperature (RT) for
24 hours. The slides wers then immersed in a 4% parafor-
makdehyde in 0.1 M phosphate buffer solution (PBS; pH
7.4) for 7 days at 4°C protected from light. After drying
for 24 hours at RT, the sections were placed in 3 70%
ethanol solution for 24 hours. Staining involved the fol-
lowing steps. First, the samples were immersad n solu-
tions of increasing concantrations of ethanol and cleared
in absolute xylene. Then, they were subjectad to decreas-
ing concentrations of ethanol and were washed in dis-
tilled water. Next, they were immersed in 3 solution of
0.25% thionin for 3 minutes, and the excess stain was
removed. The samples wers then again immersed in solu-
tions of increasing ethanol concentration. They were
dipped in 3 solution of 85% ethanol with 1% acefic acid
and absolute xylene. Finally, the shdes wers mounted
with synthetic balsam and coverslipped.

The locations of the Me in both left and right brain
hemispheres were identifisd according to the descrip-
tions and recommendations in the literature (Gloor,
1807; Sorvan, 1997; de Olmos, 2004). Microscopic
images of the brain slices were projected onto the sche-
matic drawings of the human brain atlss of Mai et al.
{2008). Figure 1 shows low-magnification images of the
thionin-stained sections matched with corresponding
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Figwe 1. Left: A=l Schematic dlagrame of adult human brain coronal 52ctions showing the madial amygdalold nuCEws alng B rostro-
c3vdal a5 (MeA, MeR, and Mej; the surrounding reference Etructures are 3lso shown. The valuss In milimeters correspand to the dis-
tance posterior to M2 mdpoint of the anterior commissire. Adapted from Mal 2t 3l (2008). Right: Matchad, thicnin-stzined coronal brain
52C20n6 Showing the location of tha human medial amygdaiokd nucleus (aow). The abbreviations 3ko ooespond to M2 terminology
usad In e Mal et 3l {2008) atiss. ACoD, anterior cortical amyadalokd nucieus, dorsai part; ACOV, anterice oontical amygdaiold nuCews,
ventral part AG, amblers gyrus; AHL amygdalonippocampal area: Al, amygdalod lsland; ASt, amygdalostriatal transition area; BC, basal
Nuckys, compact part, BL, basolateral amygdalol nuckes; BLD, basolateral amygdalol nuckes, dorsal (magnoosiiuar) part. BLI, basolat-
&r3 amygdaiol nuckes, ntermedizte part; BLPL, basolateral amygdalold nuckeus, paralaminar part; BLVL, basoiateral amygaaiold nuckes,
ventrolateral part BLYM, basciateral amygdalodd nuckes, ventromedial part; EM. basomedial amyadalond nuckeus; BMCM, basomadia!
amygdaioid nucieus, centromedial part; EMDL. basomedial amygdalid nucieus, dorsolateral part; BMDM, basomed|al amygdalold nuckes,
dorsomedial part; EMVM, basomadial amygdaiold nuciaus, ventromedial part; Ce, central amygdakod nucieus; Cal, central amygaaiod nu-
ius, Iateral part; CeM. cental amygaakold nuckeus, medlal part, ENt, entorhinal conex. s, endorminal sukus; HIH, hippocampal head;
L3, lateral amygdalol nucieus: LaDA, Iateral amygaaiok nucieus, dorsa antenor part; LaDL, fateral amygdalon nuckes, dorsolsteral part;
LaDM, fateral amygdalokd nuckes, dorsomeaial part; Lal, lateral amygdalodd nucieus, Intermadiate part. L3V, iateral amygdaiold nucks,
ventral par Me, madial amygdalold nucieus; MeA, medial amygdaiold nUCkus, anterior part: MeP, madial ampadalold nuciaus, posterior
part; opt, 0pEC Yact PCo, posterior corical amygdakld nuckes; PHA, paranippocampal-3mygdalold ranskion ares; s3s, seaiannular suk-
cus: SLG, semilunar gyrus; SCOL, SUPrACREC NUCKS, COrs013%ral part; 50X, SURA0pHc commissure; Y, ina terminals; TLV, temporal
horn of iateral ventricie; Un, uncus; us, uncal sulces; vat, ventral amygdalofugal patway; vt; velum termingle. Scale bars = 0.5 cm.




47

]

Human medial amygaaia

=




48

Dal'Oghio et sl

Figure 2. Photomicrographs of thicnin-stined cefs in the human
medial amygasiol nucieus (Me) 3t e magniication used %r the
optical fractionator technigue. A: Theae types of mulipalar NEUrons
were expected o be present In the Me, according 1o previcus Im-
munonisiochemical studies. These subtypes ware expected 10 have
<2l bodiss wath roundiovold {1}, anguiar (2), or fusform (3) mor-
phoiogies. Scaie bar = 20 m. B For ™2 Stereokogical procadure,
the 3rea of Interest (400 wm®) and Incuding (dashed inzs) and
exciuding (soid inss) borders (20 ym each) are shown. The neuron
Wwin 30 evident nuckoius & Ingicatad by 3 thick amow (In ths
€3e2, It has 3 Astiorm soma). The 3strocyies and cligedendrocytes
are gepicied by thin amows (pocled 35 gl cels™ In this study)

drawings to demonstrate the location of the human Me.
These images were applied in our investigation of the
human Me.

For the stereological estimation, images were obtainad
with an Olympus BXB81 microscope (Clympus, Tokyo,
QOlympus Japan) and 3 x 100 oil immersion objective lens
(VPfan S-apo 1.40¢0.17). The microscope was motorized
for movement in the three spatial axes. It was attached to
a high-resolution digital D172 camera and a computer
with the Celi*P software (Olympus). The neurons in the
Me wers identified morphologically by their large. pale
nuclel with evident nuckzolus and by the dark cytoplasm
that contained Niss| bodies. The glial cells were identifisd

according to their relative size and unstained cytoplasm.
The nucleolus was usad as the counting marker for neu-
rons, and the nucleus was usad as the counting marker
for glial cells (Fig. 2). For technical reasons, the few cells
that were not clearly identifiable were also counted and
classified as “undefined cells.”

The cell density {the number of neurons, glia, or unde-
fined calls per cubic millimater of the Me) was estimated
by the optical fractionator method (adapted from Schu-
mann and Amaral, 2005, and references thersin). All
cases were studied along the rostrocaudal axis, beginning
at 40 mm and going to 14.6 mm postenior to the mid-
point of the anterior commissure, according to the atlas
of Mai et al. (2008; Fig. 1). Cne of five serial sections con-
taining the Me was selected proceeding along the rostro-
cauwdal axis. On each coronal section, the Me was identi-
fied, and 3 square counting frame of 20 x 20 ym was
overiaid onto the nucleus. The presumed borders of the
Me were avoided when data were gathered. No counting
obtained from the Me superficial, cell-sparse molecular
layer (Martin et al., 1981) was included in the measure-
ments of cell densities. Four counting frames per section
and 7 to 11 sections per casehemisphere were ana-
tyzed. The cells were counted at different focal planss in
the z axdis throughout the brain slice. The cells overlaying
the “including” borders of the counting frame were
counted in addition to the celis located within the count-
ing frame. The cells overlaying the “excluding” bordars of
the counting frame were not countad (Fig. 2).

The numerical densities of the neurons, glial. and unde-
fined cells were estimated using the following formula:

Nv = (1/a/f -h]) - (BQ/2F),

where Nv - estimated numencal density, af — area of
the counting frame (400 pm?); h =, dissector height. £Q
= sum of cells (neurons, ghal or undefined cells) counted,
3nd P = sum of analyzed counting frames. The postpro-
cessing thickness of each brain slice was measured, and
the section height was used as the dissector height
(Costa Femo et al , 2010). The precise borders of the ros-
tral and the caudal parts of the Me could not be deter-
minzd. Thus, the Cavalieni method was not used for esti-
mating the Me volume.

The Golgi method.

We employed the “single-section” Golgi techmique
{Gabbott and Somogyi, 1984; Rasia-Filho et al, 2004; de
Castilhos et al., 2008; Arpini et al, 2010), according to
the modifications proposed by lzzo et al. {1837) and
Bolam (1992), and used the methodology specific for
human nervous tissue recently described by Dall'Oglio
et al. (2010). We tested differant fixative concentrations
3t various fixation times in different brain areas, including
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TABLE 2.
Primary Antibody Used
Dilution
Antigen Immunogen Manufacturer wsed
GFAP GFAP, 50 kDa Cako (Glostrup, 1800
from human Danmark),
brain mouse monocknal,
cione 6F2, MO751

the hippocampus, striatum, and other amygdaloid nuclei.
We found that incomplete impregnations of Me neurons
occurred frequently. Howsver, better results were
obtainzed with the following procadure. Brain blocks con-
taining the Me of seven subjects (cases 1-8, 9; Table 1)
were subjected to an additional postfixation step with 432
paraformaldehyde and 1.5% picric acid in PBS (0.1 M, pH
7.4) for 5-80 days at RT. Tissue samples wers cut using 3
vibratome to 200 ym thickness, and the sections were
maintained in the same postfiation solution for an addi-
tional 72 hours at RT. Then, the secfions were quickly
rinsed in PBS and transferred to 3 solution of 0.1% os-
mium tetroxide (Sigma, St. Louis, MO) in PBS. They were
immersed for 10-30 minutes under gentle agitation and
were protected from light. Next, they were rinsed in PBS,
immersed in 3 3% potassium dichromate (Merck, Darm-
stadt, Garmany) in deionized water, and maintained in the
dark at 4°C for 48 hours. After this step, they were rinssd
again in distilled water and were “sandwiched” between
coverslips (epoxy glue was placed at the four comers to
minimize the flow of the impregnation solution into the
tissue). The siides were then placed in a solution of 1.5%
silver nitrate (Merck) diluted in defonized water at RT and
kept in the dark for 24 hours. Afterward, the coverslips
were broken and the sections removed. The sections
were washed in distiled water, and 3 soft brush was used
to remowe the unavoidable crystals on the shces. They
were then placed on gelatin-coated histological slides
and dnied at RT. After drying, they were immersed in dis-
tilled water and dehydrated in an ascending senss of
ethanol. The sections were cleared in a solution of xy-
lenefabsolute ethanol followed by 100% xylene. Finally,
they were coverad with nonacidic synthetic balsam and
coverslips.

To be selectzd for the study, the well-impregnated neu-
rons were required to 1) have nsuronal cell bodies
located within the boundaries of the Me, according fo the
atlas of Mai et al. (2008; Fig. 1); 2) be izolated from neigh-
boring cells, to awoid “tangled” dendrites; 3) have den-
drites with defined borders that were tapered distally;
and 4) have dendritic spines that were clearly distinguish-
able from the background (based on Rasia-Filho et al,
2004; de Castihos =t al., 2008). The general morphology

Human medlal amygasia

of the neurons was studied at x400 or x1,000 under
optical microscopy (Olympus BX-81 coupled to a CCD
DP72 camera). Three-dimensional reconstruction of the
neurons was performed i Image Pro Plus 7.0 with 3D
Reconstructor software (Media Cybametics, Siver Spring,
MD). Fine adustments of the background contrast and
sharpnass were made in Adobe Photoshop CS3.

The dendritic spine density (L.e., the number of spines
per unit length of dendritic segment; data obtained from
caszes 5 and 9) was calculated by dividing the spne num-
ber directly counted at x2,000 (Olympus UPlanSApo
x100 1.4 NA oil immersion objective lens, magnification
changer x1, and x20 ocular lens) by the dendritic length
measursd in the three spatial planss using the same
image analysis software. Spines were studisd along
(mean + SD) 183.9 + 36.4 pm of the centrifugal den-
drites arising from the neuronal cell body. The initial den-
dritic diameter was 4.8 * 1.5 um, and the distal segment
diameater was 1.4 + 0.3 um. However, the spine number
counted in the Golgi-impragnated neurons most likely
underrepresents the actual values for entire cells
because of technical considarations that have been previ-
ously described for rats (Woolley and McEwen, 1904;
Rasia-Filho et al., 1888). Finally, the axons were studied
to provide descriptive data of their morphology and com-
phexity (cf., Lamiva-Sahd. 2008).

GFAP immunohistochemistry.

Samples from four cases wers usad for GFAP immuno-
histochemistry (cases 1-4; Table 1). adapting the meth-
ods described in previous reports (Xavier et al, 2005;
Martinez =t al., 2006; de Castilhos =t al., 2008). Senial
sections (50 um thick) containing the Me (beginning ros-
trally, one of five sections) were postived with 4% para-
formaldshyde in PBS and kept in the dark at 4°C for 7
days. The sections were maintained in fresh PBS at 4°C
until procassing. The fre=-floating tissue sections were
placed in individual 3-ml tissue culture wells filled with
0.01% Triton X (PBS-Tx; Sigma). They wers procassed
under gentle agitation and rnsad in PBS-TX between the
following steps. The sections wers 1) immersed in 10%
methanal and 3% H;0; for 5 minutes each and 2) blocked
for 60 minutes in 1.5% normal goat serum (NGS). 3) Next,
they were incubated overnight with the primary antibody
{monocional anti-human GFAP antiserumt Table 2) in
1.5% NGS in PBS-Tx at 4°C and 4) with the biotinylated
anti-rabbit secondary antibody (Sigma) diluted to 1:200
for 40 minutes. 5) The sections were then incubated in
the awidin-biotin peroxidase compiex {ABC; Dako,
Glostrup, Denmark) diluted to 1:100 at RT for 60 minutes.
6) They were then incubated in 0.05% 3,3"diaminobenzi-
dine (DAB; Sigma) and i 0.01% Hz0; in PBS in Petri
dishes for 10 minutes to stain the reaction product. The
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reaction was terminated by rinsing the sections in cold
PBS. 7) Finally, the sections were mounted on gelatin-
coated siides, ar dried for several hours, dehydrated in
(Merck) and coverslips. The images were obtained by op-
tical microscopy ( x400) using the aforementioned micro-
scope and 20 reconstruction software. Fine adjustments
of the background contrast and sharpness were made in
Adobe Photoshop CS3.

See Table 2 for the pamary antibody used. The
anti-human GFAP antibody recognized a single band
of 50 kDa mw. on 3 Westem blot of human brain,
and its specificity was demonstrated by immunocyto-
chemistry (manufacturer's data sheet, see also Mid-
deldorp et al., 2008). it stainad a pattern of cellular
morphology and distribution in the human Me that is
identical to that described in previous reports (Mid-
deldorp et al., 2008).

Electron microscopy

Ultrastructural observations were camied out in two
subjects (cases 7 and 8; Table 1), following the proce-
dures detailed by Moreira et al. (1998), Hermel et al.
(2008a), and Rodriguss &t al. (2007). Brain tissue blocks
that were 2 x 1 mm and contained the Me (approx-
mately st the level of Fig. 1D; Mai et al., 2008) were used
in this study. The blocks were fixed in 3 solution contain-
ing 2% glutaraldehyde and 2% parsformaldehyde in caco-
dylate buffer (CB; 0.1 N, pH 7.4) for 48 houwrs under gen-
tie agiation. The samples were then washed in CB and
immersed in a 1% osmium tetroxade solution with CB for
80 minutes. Next, they were nnsad in CB followed by so-
dium acetats buffer rinse (SABS; 0.1 M. pH 5.0} and
stained in block with 0.5% uranyl acetate in SABS, pro-
tected from Bght, for 24 hours. The osmium and uranyl
acetate steps were performad on ice. On the next day,
the samples were washed in SABS and dehydrated using
3 graded series of ethanol ending with 100% propylens
oxide. Next, they were infitrated in EMbed 812 resin
{Electron Microscopy Sciences, Fort Washington, PA) and
baked at 75°C for 48 hours to polymerize. The plastic
blocks were tnimmed and sectionad with 3 Leica Ultracut
UCT ultramicrotome. Ultrathin sections (80-70 nm) were
collected on Pyoloform and carbon-coated single-siot
gnids and contrasted with uranyl acetate and lead citrate.
Elzctron micrographs were obtained with a Zeiss 10 trans-
mission electron microscope at a magnification of
%3,000 and x20,000.

Approximately 850 =lectron micrographs were taken
from the intact neuropd that had not been disrupted by
postmortem autolysis. We focused on the cell bodies of

the neurons, dendritss, spines. and axon terminals that
have identfiable synapses. The ultrastructural character-
istics of the neurons, glial calls, and synapses were classi-
fied according to Peters et al. (1881). The synaptic termi-
nals were classified as being asymmetnc to the
postsynaptic density (PSD) and most likely excitatory,
when at least 80% of the total vesicies had 3 round, elec-
tron-ucent appearance (Hermel et al,, 20063). The syn-
apse was classified as being inhibitory, when more than
20% of the electron-lucid vesicles on 3 synaptic terminal
were flattened, and the pre- and postsynaptic mem-
branes of the terminal were symmetrical (Matsuda =t al.,
2004; Hermel et al, 20063). The dense-core vesicles
{DCVs) were also described.

Statistical analysis

The neuronal and glial densities of the nght and left
hemispheric Me of each subject were compared using a
paired, two-tailed Student's #-test in GraphPad Prism 4.0.
P < 0.05 was considered statistically signdficant.

RESULTS
Thionin and stereological data

The thionin technigue produced suitable and homoge-
neous cellular staining slong the rostrocawdal axis of the
human Me. In both hemispheres, the neurons that were
observed had cell bodies with 3 well-defined cytoplasm
and a round, ovoid. fusiform or angular shape (depend-
ing on the number of primary dendritic branches emerg-
ing from the soma), large nuclei with pale chromatin,
and a thick nucleolus. The thionin stain was the first to
reveal the general aspects of the ghial calls in the Me
that surrounded the neurons. The glial cells had con-
densed chromatin nuclei and narrow adjacent cytoplasm
(Fig. 2).

The cell densities measured in the Me are shown in
Figure 3. When pooling the data from both hemispheres,
the meaan values for the neuronal and glial densities
were 1.53 x 10° and 4.08 x 10° cells/mm?®, respec-
tively. That is, the glial c=lis constituted 3 greater pro-
portion of the total celis in the Me (about 72% of all
cells). A significant difference in the neuronal density
was found betwsen the right and the left hemisphenic
Me (approximately 183 greater in the left than the night;
P < 0.02).

Golgi-impregnated neurons

Small numbers of neurons and glial cells were individu-
ahized in the human Me. There was considerable variabii-
ty in the number of cells in each brain that were
adequately stained by the Golgi method. The Me naurons
were small and medium-sized (mean diameter of
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Figure 3. A: Mean (+SO) of he density {cellsmm®) of neurons, gifa, 3nd undefned o=ils 35 estimated by the optical fractionator
method. The measuramants ware perfrmed In e human madal amygaaiid nuckews (Me) In the 2% ang rght hemispharze. The left Mz
nad 13% mare neurons than the right Me (‘P < 0.05). B: Parcentage distrbutions of the estimated density of naurons, gia, and undefined
=iz I the night 3nd /et hemispheric human Me. G13 were the most commenly cbeerved c2ls In e Me

appraximately 15 pm) or large (approximately 30 pm;
Figs. 4-8). That is, neurons had a fusiform cell bady and
two (rarely three) primary dendrites arising from its poles
that were classified as “bitufted” nsurons (Figs. 48-E,
5B.C, 6C). We did not find characteristic “bipolar” nau-
rons, as classically referred to by Ramdn y Cajal, with one
dendrite and one axon anising from opposite poles of the
cell body (se= parallel comments in Rasia-Filho et al,
1899, 2012b). Furthermore, we observed stellate nau-
rons with 3 round or ovoid czll body that typically had var-
jous primary dendrites emerging from their ce body
(sewen of them in the neuron at the upper left comer of
Fig. 4E: see also Fig. 6E) and other n2urons with an angu-
lar soma giving rise to three primary dendrites (Fig. 4F).
Despite the triangular shape of their cell bodies, these
cells did not display morphological characteristic of corti-
cal-ike pyramidal neuwons. These three basic types of
neurons resembled presently identified cells wsualized by
the thionin technique and previously by immunohisto-
chemistry (see Discussion). Howsver, two addtional
types of Golgi-impregnated multipolar neurons were

observed in the Me. One type had a round, pear-shaped
cell body and two primary dendrites (Figs. 4B, 5E). The
dendrites branched sparingly (Fig. 48) but were some-
times lengthy (Fig. 5€). The other neuron type had a large,
rectanguiar soma (up to 30 pm in diameter) with multiple
primary dendrites (Fig. 88), the latter being the less fre-
quenty call found in the Me.

The primary dendrites extended in different directions
and would typically start to branch near the cell body
(Figs. 4-8). The nzurons had dandritic branches of vary-
ing lengths, with few ramifications within the Me neuropil
{compare neurons in Figs. 4, 5). Ve observed some very
long dendrites directed toward the borders of the Me
{Fig. 5E; see also Fig. 6C, upper dandrites of the neuron
3t night). There were various oblique, perpendicular (Fig.
4) and parallel gradually tapering dendrites (Figs. 5, 8)
drected to the Me medial surface The spines that we
observed covered the cell bodies and dendntes with dif-
ferent dendritic branching order levals. They were located
mainly in the middle or distal branches instead of at the
proximal branches. Pleomorphic spines that were 3

The Journal of




52

Figure 4. A: Schematc giagrams of adult human brain coronal s2cfions showing the location of the medial amygdaiokd mucieus (Me; 133
mm posterior fo the midpaint of the anterior commissure), where the Golgkimpregnated naurcns shown n B-F were observad. These k-
12re (from € to F) correspond to the spatial location of the neurons within the Me. opt, optic ¥ract; st, sirla terminals. Other references
are consEtent with the j2gend %o Figure 1. Adapted from Mal et 3l (2008). B-F: Reconstrucied, digitized microscopk Images of represen-
1athe GolgHmpragnated mulpeiar neurons from e human Me. According o previous Immunchistochemical reports, mulipolar neurons
have cell bodies with rounalovold (Emall arow), fusiform (iarge amow), and angular (armowhead) morphologies. A new neuronal typs char-
acterized by 3 foundad, pear-shapad o2l body and sew dendriic branches is shown (Indicated by an asterisk). I F, the proximal portion
of the axon (ax) coming from 3 primary dendric branch Is notable. G-1: Camara luckia drawings over Image reconstruction of Goigk
Impregnated denaritic s2gments 1o exempiity the spine denclty found In bozal neurons. Plzomarphic spines ranged from 3 low density (G)
10 3 higher ane {1y M2an vaiue of dendritic spine densRy for the ampied population I near that found I H. Fine aojustments of the back-
ground contrast and sharpness were made in Adobe Fhotoehop CS3. The spatial coorainates are: |, inferior; L 132ral; M, medial; S, supe-
rior. Scale bars — 1 cmin A, left 0.5 cmin A, right; 50 um In F (apples to B-F). 5 pm in G,
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Figure 5. AD: Schematic diagrams of adult human brain coronal sections showing the location of the medial amygdalold nucieus (Me
and MeP; 12 and 8 mm poeterio %o e midpaint of the anterior commissure 0 A and D, respactively) from which Golgi-impregnated new-
rone B and E were obeerved. These keiess (B and E) ais0 corespond o the spatial location of these neurons within the Me and MeP. opt,
optic tract st, siria terminails. The references are conslstent with the kegend to Figure 1. Adapled rom Mal et al. (2008). 8: Recon-
structad digitizea microecopic Image of 3 sparsely spiny fusiform neuron (large amow). C: The area Inaicated In B was magnited to show
the detalls of the proximal denarites and spines. Note that, even at tE magnification, the spines are isolated or In clusters (small arow)
and have dMesent shapss. The dandritic spines were ciassified a& stubty {5), TN (), or mushroom-ike (m). E: Reconstructad, cigitized mk-
croscopic Image of 3 novel muitipolar meuron WRR 3 rounded, pear-shaped ceil body, teo primary denarties, and few but long dendriic
branches. F-H: Three-dimansional reconstruction of micreecopic Imagee of the denarttic branches and spines from spiny neurons of the
human Me. Note the presence of the plecmorphic spines In both sparcely spiny (F) ana more densely spiny (G, reconstrocted In H) dendrk
1ic branches. Fine adjustments of the background contrast and sharpness were made In Adobe Photoshop CS3. The spatial coordinates
are: |, inferior; L, Iaterak; M, meaial; S, superior. Scake bare =1 cminAD R, 05cminADright, 20 ym B, S0 pm R CE; 2 amIn F;
6 pmin GH.
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Figure 6. AD: Schamatic diagrams of 33Uk human brain coronal Gections showing the location of the medial amygdaiok nuckes (MeP
and Me; 5.3 and 10.7 mm poeterkor to the midpoint of e anterior commissure in A and D, Tespectively) from which Golg-mpragnated
neurens B, C, 2nd E were obsarvad. Thess letiers (B,C E) 3o cormespond % the spatal location of hese neurcns within the Me and MeP.
opt, optic wract; 51, s1a teminglls. Adapted from Mal et al (2008). & Reconstructsd. digitzed microscopic IMage of another nove! mult-
polar p2UrON charactenzed by 3 lange and rectanguiar ceil body 3nd %our primary dendrites. C: Raconetructd, digitzad microscopl mage
of mumpeiar fusiform naurons (1afge 3row) Wihout evident proximal portion of the axon or wan 3 visiblz axon (axi. The axon originates
from the border of tha o= bady and the prmary dengrite. The axon ¢an be folivwed for 3 short distance. Although the axon of neuron In
C 3ppears 1 contact te dendrites, thelr focal microsoopic planes were diterent and cannot be characterzed 3 3 recurent branch. £
Reconstructsd, digkized microscopic Image of 3 MUMpaar N2uron With 3 roundiovoid o=1 body (smal 3mow), an evisent proximal portion
of the 2xon, 303 3 centrifugal 3xon (2x) coming from the Soma. The axon can ba traced for 2 short Ostanca away from e cendrites of
the cell from which It originates. In addition, the Me neuropl n3s 3 rich axonal network. Reconstructad, digittzed microscopl: mages dem-
ons¥ate the coarse and finely beaded axons 1 the Me naurcpid (F 300 G r=spectively), M2 axonal colizeral divsions with single and sim-
pie appendages (W), and the axons with both smpie and bubous final 3ppendagss (. The compiex axonal endings show muliple
¥arkoeles and Dranching patteme (j) 35 wel 35 complcated branched and DUDOUS 3ppearancss (K). Tha EXoNs Cross Ppendicu@ry 1
reach the dendrites (L) or end In 3 specific spine [M), which most Ikely forms 3 synapee. Fine adjustments of e background contrast
and shalpness were made 1 AJobe Fhotoehop CS3. Very small axons were colored In black to low batter visualtzation 0 JM. The spatal
coordinates are: |, inferior; L, Iaterat M, meaial; S, superior. Scake bare = 0.25 cm In AD; 50 ym In B.CE; 3 wm 1 G (apples to F.G); 15
um N HM 3 pmin L5 pmin K 10 pm L
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continuum of different shapes and sizes were found in
isolation or in small clusters (Figs. 4G, 5C). Thess
spines could be classified according to their shapes as
being thin, stubbywide, or mushroom-like (Fig. 5C.G).
Some spines were small and located closs to the dendni-
tic shafts, but other spines were considerably larger, with
a thin or most commonly mushroom+-ike shape (Figs. 4G—
|. 5G). GolgHmpregnated spines also appeared ramified.
They either had 3 racemose appearance (ie, branchaed
appendagss with multiple bulbous tips) or had a pattem
of “coraline excrescence” (ie, dendritic varicosity
extending various thin protrusions; Fiala and Hamis,
1889). Spinules emerped from the larger mushroom-like
spines (Brusco et al, 2010; data not shown).

In total, 11,000 spines were counted from 21 fusiform
neurons, the most commonly cbserved neurons in the
present sample. The density of the sparsely spiny (Fig.
4G, 5C) or more densely spiny (Figs. 4. 5G) cells ranged
from 1.5 to 5.2 spines/dendritic pm. respectively. The
mean (+5D) dendritic spine density was 28 + 1.0
spinesidendritic um (approximate value shown in Fig.

The thin and most likely unmyelinated axons were
observed in the Me neuropil. These axons radiated in all
directions, but many axons coursed horizontally in the
molecular layer lying adjacent to the opt. We found few
=xons arising from their neurons with the presant Golgi
method (Fig. 6C.E). When this occurred, the praximal por-
tion of the axon was observed at call bodies (Fig. 6C) or
at proxamal primary dendrites (Fig. 4F). These centrifugal
axons could typically be traced for 3 short distance away
from the parent cell. No clear recurrent fibers could be
identified in the same focal plane as the call's dendrites
[Fig. 6C E). The axonal varicosities were present in fine or
cearsely beaded fibers {Fig. 6F,G). The axons had simple
appendages (Fig. 6H). both simple and bulbous ends (Fig.
8l), or more complex collaterals and branched termina-
tions (Fig. 8J,K). Furthermore, they were found in perpen-
dicular positions in relation to different dendrites (Fig. 61)
and turnad to terminate in cell bodies, in dendritic shafts,
or on specific spines (Fig. 6M).

GFAP immunoreactivity

identification of the thionin-stained astrocytes. These
astrocytes appeared isolated or formed small clusters
and extended muitiple branches in the Me neuropil (Fig.
TAB). The staining was light to moderate but allowed us
to observe the rod-like, round, and stellate cell bodies.
e also observed large primary stem processes. Some of
these processes were deficate and thin and stretched in
multiple directions (Fig. 7A-C). Others ended adacent to
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Figure 7. DAQtized photomicrographs of the gial fibriary acdic
proteln (GFAPHimmunoreactive cells In the human medial amyg-
3kl nucikeus. Note the cell bodies and multipie thick and thin
branches win variable lengths of these protopEsmic astrocyles
that were found In 50ltion (A), In Glusters (B}, and In e proxim-
Ity of blood vesse (C). <, Capliary. The background contrast and
brightness were adjusted In Adobe Photoshop 7.0. Scale bar =
30 pm.

the blood vessels (Fig. 7C; interesting image also in Fig.
58, right).

Ultrastructural data

A clear macromolecular damage of the onginal tissue
was caused by the postmortem interval. However, it was
possible to visuslize nsurons and glia cells within the
complex Me neuropil (Figs. 8, 8). These cells appeared as
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Figuee 8. Uitrastructure of the human medial amyodaiold nuckeus. The different subceliufar components of tha newons and gilal c2ls are
naicated In A-M. A- Arrowh2acs indicate the borders of ?e perikaryon. The inset Is 3 higher magnitcation of the lipofuscin granuies {LY)
observed In the ceil bedy of ™2 same neuron. E: Blood vessel with engothalial cell F-H: Myelinated axons. Amows point 10 small, dense-
cor2 veskies (F,H). See text for further detals. As, astrocyic procees; BV, blood vessel, Chr, chromatin aggregases; End, endothelal
ceil; Ery, erythrocyte; m, microtubules; my, myelin shaath; ncl, pucieolss; Nuc, nucleus. Scalke bars = 3 um (applies 0 A-E); 1 um in ins2t
{A¥ 0.3 ym In H (apples to F-H).
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Figueo 9. Ultrastrocture of the muman medial amygdaiols nucieus. A-J: Asymmetric {A-C, D In the rght. €) and symmetric contacts D I the
%t and Its Ins2rt at higher magnitcation, G,H) were found on dendrites, cell bedies (1), and putasve spines (B.D). The presynaptic (amow n C)
anad pestsynaptic membrane speciizations In asymmetic and symmetric synapses (AB,H) are depiched. A putathe mulsynaptc spine (D,
amows point 10 veskies close to the presynaptic densky In both asymmetric and symmetric contacts; Ins=t 15 3 higher magnification of the
3symmelric one); ™2 eXT3cIUEr Matrx in he synaptic ckt (A-C, D 1 M2 nght, G, wih an exampis of 3 tetrapartile synapkic unt (C); and
3 glomerular-ie f23ture WIm Yarous Eynapic contacts (amows) In 3 single t2rminal (J) 2re shown. Note 350 the charactenstc 35pacts of the
S§NapIc veskkes (C,E.G-). Smal (3Towe) and 13rge [3mowh2ais) ense-Core vesicies were 350 ateenvad (1), Unmyeiinated axons are markad
Wi 3sterisks (C). See text for detals. As, 3strocyc shaath; AL axon t2mminal Den, dendrite; ER. gramuiar endoplasmic raticuum; mt, mio-
chondria; NS, Nissl bodies; Perk, perlkanyont sp, putative dendritic spine. Scaie bars — 0.5 pm In J (3pikes 10 A-JJ; 0.1 m In Inset (D).
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previously described (ses, e.g., Paters et al, 1891; Har-
mel et al., 2008a) but exhibited various signs of autolysis
in the nucleus, organeles, and cytosol We found in the
neurons numerous dense granules of heterochromatin
that were dispersed around or attached to the inner nu-
clear membrane. The nuckeoli sppeared well preserved
and obvious (Fig. 84.C,0). The neuronal cytosol showed
vacuolization and had a uniform distribution of swollen
mitochondria and smooth (SER) and rough {RER) endo-
plasmic reficulum. The RER exhibited enlarged cisternas
and free ribosomes or polysomes. We also observed
numerous lipofuscin granules with large halos around the
dense content (Fig. 8A), which lkely was related to the
age of the donors. The proximal dendntes containad the
same elements 3s the newonal perikaryon. Some of the
gl call nuckei showed dense nuciear heterochromatin
(Fig. 8B). The cytoplasm of the astrocytes and ofigodan-
drocytes appearsd as previously described (ses. 29,
Peters et al., 1981), aithough there were vacuoles and
secondary lysosomes in the cytoplasm. For the Me neuro-
pil. we observed few myelinated axons and thin myslin
sheaths. The internal part of these axons exhibited
numerous microtubules and mitochondria (Fig. 8F-H).
Bundles of unmyelinated axons or single axons, blood
vessals with endothelial calls and pericytes {with hatero-
chromatin attached to the nuckzar memirane). and many
transcytotic vesicles were also found (Fig. 8E). The blood
vessals were surrounded by several astrocytic processes
(=g.. Fig. 8E). We rarely saw terminal arterioles with colla-
pen fibers.

Axosomatic and axodendnitic synapses, the Iatter con-
tacting both dendritic shaft and spines, were also identi-
fied in the Me (Fig. 8A-J). Tripartte synapses wers com-
mon. These structures consisted of pre- and postsynaptic
elements and the synaptic site surounded by astrocytic
processes (see, eg., Fig. BC). Multiple axosomatic con-
tacts were observed on the surface of the cell body (Fig.
BF ). Furthermore, there were both symmetrical and
asymmetrical axodendritic synapses (Fig. 8A,C.E.GHJ).
These synapses showed notable components of the pre-
synaptic gnd (Fig. 8C). The asymmetric type had more
dense matenal at the postsynaptic membrans and, some-
times, perpendicular thin filaments that projected to the
adjacent cytoplasm (see, e.g., Fig. 98,C). Some of these
synapses occumed on putstive spines with prominent
PSDs, filaments resembling actin, smooth endoplasmic
reticulum, and mitochondria (Fig. ©8). These putative
spines could establish more than one synaptic contact
and both asymmetric and symmetric synapses (Fig. 8D).
Among these other most commonly observed synaptic
arangements, there was a glomerular-like structure com-
posed of 3 single terminal axon establishing various
asymmetric contacts (Fig. 8J). In contrast. the symmetric

type exhibited a thin PSD that was composad of 3 mate-
rial similar to the dense substance observed on the inside
of the presynaptic membrane (Fig. 8G.H).

The presynaptic terminals of the asymmetric synapses
showed dusters of round, small, electron-lucent vesicles
{Fig. 8A-D). In the symmetric presynaptic ferminals, the
vesicles wers small, flat, or pleomorphic (Fig. 9H). Occa-
sionally, intermingled large, dense-core vesicles were
seen (Fig. BE). Additionally, we frequently observed an
extraceliular matrix in the synaptic cleft, a feature that
adds one more element to the tripartite synaptic ultra-
structure (see, 2.9., Fig. 8AD).

DISCUSSION

Five new results are avadable indicating that 1) the Me
has more glial cells than neurons; 2) different multipolar
neurons compose the Me; 3) there are sparsely spiny and
densely spiny nzurons and an elaborated axonal termina-
tion in the local nsuropil; 4) astrocytes are GFAP-ir and
have multiple branches; and 5) putative excitstory and in-
hibitory contacts can form complex synaptic units. How-
ever, critical evaluation of the methodology applied to
studying postmortem human brain tissue is necassary.

Methodological considerations of the
stereological study

Some technical limitations could not be avoided in our
stereclogical approach. For example, the shrinkage gen-
erated by the brain presarvation and histological proce-
dures may affect the interpretations of the neuronal and
ghal densities. The fractionator and Cavalien mathods are
the gold standard for evaluating the total number of cells
within brain regions {Schumann and Amaral, 2005).
Unfortunately, when studying some neuroanatomical
aspects of large structures in human brains, it s not feasi-
bie to use approaches that produce little shrinkage such
as the inclusion of fissue in durcupan or epoxy resins
(Tang and Nyesngaard, 1987; Lopsz et al, 2005; Hermel
etal., 2006a,b).

The shce thickness that we applied as the disector
height might also be of concem mn this study. "Lost caps™
and “split cell” errors could be induced by the imegular
slice surfaces produced by the vibratome knife. the frag-
ments of cells that are split by the knife, and the differant
staining methods and intensities (Willians and Rakic,
1883; Hedreen, 1998). Because of technical limitations,
the distance betwsen the top and bottom of each slice
{Le., the slica thickness) was measured with 3 microcator
in our expenments. Thus, the top and botiom planes were
defined when only the whole observation fisld was in
focus (Costa-Ferro et al, 2010). resulting in 3 2-3-pm
guard zone. Given that the counting markers used in our
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estimation are very small (nuckzolus in neurons and the
nucleus in glial cells), we assume that the guard zone was
sufficient to reduce the lost caps and split cell errors.

Other precautions were also taken to reduce the esti-
mation error and to improve accuracy. We used immer-
sion ol to ensure that the measured opfical height slice
was the true height by avoiding the emrors associated with
Snell's Iaw of refraction (Williams and Rakic, 1988). Addi-
tionally, we applied small counting boxes, so that fewer
than five cells were counted in each bax This method
raduced the human mror involved in the estimation (VWi-
liams and Rakic, 1888). There are inherent difficulties
involved in estimating morphological parameters (Howard
and Reed, 2005) in such regions as the human Me. Our
results are not completaly bias free. mainly because of
tissue shrinkage (Coggeshall and Lekan, 1996). Neverthe-
less, 3 valid estimate of the percentage of neurons and
gial cells in the human Me can be achieved, and the rela-
tive values measured in this study can serve as referen-
ces for this brain area, considering age and cause of
death of the subjects.

Methodological limitations for the
delineation of the Me

The Cavaliern method to estimate nuclear wolume
requires 3 clear defineation of the anatomical boundaries
of the region of interest. The precise defineation of the
human Me and its subnuclei, however, is still under
debate (s=e, g, Martin et al., 1891; Gloor, 1887; de
Olmos, 2004; Mai =t al, 2008; Yilmazer-Hanke, 2012).
Inde=d, the morphological differences between the vani-
ous nuclei and their subdivisions are often subtie (Gloor,
1887). Although atlases are important for studies such as
the present one, ther usage can neglect the individual
variation i nuclear anatomy (Zald and Pardo, 1987;
Saygin et al., 2011). Thus, it is not surprising that nuclear
borders continue to be refined on the basis of cytoarchi-
tecturs, fiber architecture, connections, and chemoarchi-
tecture, but the cntenia for delineating the neural struc-
tures can differ for individual investigators (Kruger et al.,
1893). The human Me is less viwdly stained by cholinergic
markars and more intensely by NADPH-disphorass com-
pared with other amygdaloid nuchei (Gloor, 1087 for a
more extersive list see Yilmazer-Hanke, 2012). However,
the Me has several names and subdivisions from earber
works (cf. Sorvari et al, 1885). For example. it has been
named the “supraamypdaleum superficiale” and the “sub-
regio pensupraamygdalea” (Brockhaus, 1838) or was
split into ant=rior and posterior divisions, the latter fur-
ther separated into dorsal and ventral parts (de Olmos,
2004). Other parceliations for both the human and the
monkey Me were suggested based on coronal, Nissk-
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staned sections by Martin =t al. (1881). In their study,
the Me, continuous with the part of the sublenticular divi-
sion of the BST in the posteroventral sublenticular “sub-
stantia innominata,” was divided into three parts: 1) su-
perficial Me made up of a few nsurons: 2) madial Me
made up of densely packed neurons; and 3) lateral Me, a
loossly amanged cellular group that encapsulates the
medial division at rostral levels and, at caudal levels,
occupies a lateral position.

According to the atias of Mai et al. (2008), the Me is
composed of an antenor structure (MeA 4.0-6.7 mm
posterior to the madpoint of the anterior commissure), 3
posterior structure (MeP, 8.0-8.3 mm), and the remaining
large component named Me (10.7-14.6 mm). It is debat-
able whether the Me at the level of A and parhaps B in
Figure 1 may be part of the antenior cortical amypdaloid
nucleus or this region may be a part of the poorly defined
anterior amygdaloid area (see relevant comments and
images in Yilmazer-Hanke, 2012). The same occurs for
the ultimate |ateral borders of the Me, which are close to
the central nucleus in B and C. At the levels Hand |, the
Me was delineated according to Mai et al. (2008). How-
ever, this region appears to be in a continuum with parts
of the BST (Martin et al, 1891, Heimer ot al., 1008
Heimer, 2000; Petrides et al, 2000). Therefore, we
decided to analyze only the neuronal and glial cell den-
sities in the human Me. It is worth mentioning that the
estimataed mean neuronal density found in the Me is com-
patible with the coresponding values in the human cen-
tral amygdaloid nucleus (1.04 x 10° nauronsimm>;
Schumann and Amaral, 2005; Chareyron et al, 2011). In
addition, the left Me had a greater measured neuronal
density than the right Me. The correlation between this
observation and functional hemispheric lateralization in
the amygdala is open now for further evaluation. For
example, 3 left-to-ight amygdala activation difference
occurs in the processing of emotionally loaded, threat-
relatedfearful faces in humans (Suslow et al, 2008;
Gamer et al, 2010). The same result is observad when
subjects are asked to rate the percsived aversivensss to
offactory stimuli (Zald and Pardo, 1887).

Neuronal types and GFAP-immunoreactive
cells in the human Me

The Golgi results indicate that the human Me s com-
posed of multipolar neurons with roundfovoid, fusiform,
or angular cell body shapss. In rats, the Me multipolar
neurons have been classified as bitufted (with an owoid or
fusiform soma) or stellste cells (see. eg, Rasia-Fiho
=tal, 1089, 2012b; Cooke et al., 2007; Marcuzzo et al.,
2007; DallOglio et al., 2008a,b; Arpini et al.. 2010) after
pravious descriptions (Valverde, 1862 de Olmos =t al,
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1885; McDonald, 1982). The overall morphology of these
rat Me cells resembles that of the calis in the present
report. The Me is an ancient evolutionary structure that is
connected with the olfactory pathways, the hippocampus,
and the hypothalamus (Johnston, 1823). However, the pri-
mate Me does not seem to receive direct olfactory pro-
jections (de Olmos, 2004), and these connections are
minimal in humans (Brodsl. 1881). Although the basic
morphological organization of the amypdala is the same
in all mammals, the main phylogenstic change is the
increase in the proportional volume of the corticobasolat-
eral group in contrast to the centromedial group in prima-
tes, and in humans in particular (Gloor, 1897). From the
present random Golgi sample, we did not find neurons
with the typical pyramidal structure or local cortical-like
organization. Our descriptions of these neurons will have
to be compared with those reported by other suthors
(Sims and Williams, 1890; Gloor, 1987; de Olmos, 2004).
Mors appropriate names for these neurons will have to
b= coined (f. Peters and Jones, 1834).

One of the advantages of the present Golgi methed is
that it can be applied fo human tissue fixed and stored in
formaldehyde. This method allows us to study nsurons
and ghial cells in brains that have been kept in simple and
routine fixative solutions (Dall'Ogho et al., 2010). Here,
we have assigned previously used names to the Me neu-
rons based on their morphological description from im-
munchistochemical studies (Sorvan et al., 1996ab). In
doing so, we are attiempting to maintain common nomen-
clature betwesen studies and to allow comparison with
previous resufts. The Golgi impregnation also revealed
the presence of multipolar neurons with spherical somas
(approxdmately 10-20 pm in diameter), three to 11 den-
dnites of approximately equal thickness, and prmary den-
drites that typically branch into several secondary den-
drites near the soma. These neurons were classified as
“type 1 calretinin-immunoreactive cells,” which are the
maost common type of neuron in the Me according to Sor-
vari 2t al. (18863). A similar neuron is depicted in Figure
4 (neuron in the upper left of Fig. 4E). Some Golgi-imprag-
nated neurons also resembled “type 27 neurons. These
neurons are characterized by an angular cell body and pn-
mary dendrites that give rise to several thinner side
branches, especially in the intermediate division of the
basal amygdaloid nucleus (Sorvar et al., 1988a; compa-
rable to the neuron shown in Fig. 4F). Most impregnatad
neurons, however, resembled the description of “type 3°
cells. These neurons were characterized by primary den-
drites that originated from the opposite poles of the spin-
dle-shaped soma. These dendrites remained unbranched
for some distance or. occasionally, bifurcated nesr the
cell body (Sorvan et al., 1996a; compare Fig. 4C and D;
see also Fig. 6C). These “type 3" neurons were aspiny or

sparsely spiny and were observed in the amygdaloid |at-
er3l, basal, and accessory basal nudlei and the amygdalo-
hippocampal area (Sorvan et al, 1886a). Fusform neu-
rons that resemble “type 3" neurons were the most
commonly obsarved subtype in the human Me with the
present Golgi procedure, although we found sparsely
spiny or more densely spiny neurons (Figs. 4G-1, 5C.G).

W\ could not reliably identify mtemeurons on the basis
of overall morphology of local nzurons in the Me. Electro-
physiological recordings and other neuroanatomical tech-
niques will bz needed to characterize the intemeurons
and projecting neurons (see Huttmann et al., 2008; Lan-
ciego and Wounteriood, 2011). However, these call types
are likely subsamples of neurons in the Me associated
with specific functional phenotypes. The human Me has
three types of calbindin-D2Z8k-immunoreactive neurons,
also numbered 1-3. These neurons resemble the afore-
mentioned calretinin-immunoreactive cells (Sorvar et al
1898b) and might represent different populations of in-
hibitory neurons (Sorvari et al., 1985, 1886a; Camey
=t al., 2010). Additionally, the Golgi staining revealsd two
nowel neuron fypes, which may represent nsurons with
other neurochemical characteristics and functions. In
addition, the morphological differences betwsen the nau-
rons and the gha cells in each lamina (layers 1-3, 35 pre-
viously reported by Sorvarni et al., 1985, 19086b) and co-
lumnar cellular organization (de Olmos, 2004) of the Me
remain to be studied. The “single-section” Golgi method
allows histochemical procadures to be camried out prior
to silver impregnation in rat brain sections (Freund and
Somogyi, 1823), which might be helpful in this regard.
Lipofuscin pigment patterns have also been described in
other amygdaloid nuclei (Braak and Braask, 1883; Urban
and Yimazer-Hanke, 1898). The analysis of these pat-
terns may also contribute to the identification of differant
neuronal call types in the human Me. Furthermore, the
common marphological features of the human Ms nau-
rons and of other components of the “medial extanded
amypdala” can also be compared in the future (Martin
etal, 1991; de Olmos, 2004).

The Golgi-based findings reported here will be impor-
tant for investigations of the synapfic organization in the
human Me. This field would benefit from further investiga-
tion of the identification and quantification of spine sub-
types and whether they are formed and shaped by net-
wiork activity (Kasai et al., 2003; Hayashi and Majewska,
2005; Bourne and Hamis, 2007; Areliano et al, 2007;
Segal, 2010). Moreover, both simple and complex ramifi-
cations along the axon length are present. The varicose
aspect of the beaded =xons that we observed is consist-
ent with the description of the neurotensin immunoreac-
tivity in the human Me (Benzing et al, 1982). Some of
these fibers may form en passage synapses with more
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than one element in the Me neuropd. In contrast, the sin-
gle terminal boutons may contact one specific end target.
The axonal protrusions varied from a3 single fine, pro-
longed shape to having ramified or tulbous ends (e.g.,
Fig. 8H-K}. These observations suggest that these axons
have complex synaptic relationships, as revealed st the
ultrastructural level.

W\ additionally assessad the presence and complexity
of giial cells in the human Me by the GFAP immunorsac-
tivity i these cells. More glia than neurons were counted
in the adult human Me. Comparatively, the nonneuronal:-
neuronal ratio in the Me (approximately 2.7) was greater
than that of human cortical gray matter {approximately
1.4) but less than that of cortical white matter (15.4; Aze-
vedo et al,, 2009). The GFAP-mmunoreactive astrocytes
appear to be protoplasmic cells within the gray matter
that composes the Me (Emsley and Macklis, 2008; Sofro-
meew and Vinters, 2010). These astrocytes exhibited 3
widespread and complex ramification pattern in the
human Me neuropil. It was proposed earlier that region-
specific astroglial heterogeneity, including the local gial
density and morphology. may define the discrete
cytoarchitecture of the adult mammalian brain (Emsley
and Macklis, 2008). The astrocytic ramification patterns
should be correlated with the ultrastructural findings. For
example, the astrocytic contribution to the synapses may
influsnce fransmission in functional arangements as ti-
partite or tetrapartite (including the extracellular matrix
between the pre- and the postsynsptic elements) synap-
tic units in the human Me (Arague et al, 1009; Halassa
and Haydon, 2010; Dityatev and Russkov, 2011).

Ultrastructural data

Under the electron microscope, most contacts in the
human Me appeared to be excitatory. In addition to the
other aforementioned relevant findings, the identfication
of multisynaptic spines and the glomerular-like synaptic
organization are novel. The former was identified by the
presence of vesicle accumulation in close proximity to
the presynaptic density (Satzler et al., 2002; Ribsiro
et al., 2005) in both asymmetrical and symmetrical con-
tacts. GABA Iabeling has bzen described in the presynap-
tic terminal of symmetric spine synapses in the Me
(Cooke and Woolley, 2005; Brusco et al, 2012), and the
function of these inhibitory contacts in spines has been
hypothetized for rats (Marcuzzo et al., 2007). The latter
was recognized based on the description provided by
Paters et al (1891). That s, a bulbous axonal ending filled
with many synaptic vesicles that was surrounded by van-
ous dendrites. In our case, the axons formed asymmetric
synapses. Although they wers not commonly obsenved in
local synapses, both specializations offer insight into the
strength and complexity of the synaptic transmission and
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procassing in the Me (see parallel comments in Paters el
al, 1991; Popov and Stewart, 2008). That is, 3 multsy-
naptic spine can compute both excitatory and inhibitory
inputs, according to the specific activity pattern of affer-
ent neural circuitries. A glomerular-like axon terminal may
simultaneously affect various neurons to diverge infor-
mation in 3 network. It will be interesting to identify
the orgin of the excitstory and inhibitory synapses
coming to the human Me The putstive candidates
include the insula and cortex-ike amygdaloid nuclei for
excitatory inputs and the amygdaloid ntercalated
nuclei for inhibitory inputs (Yilmazer-Hanke, 2012).
Morsover, many putative chemical transmitters can
modulate the synaptic transmission in the human Me
{see Martin et al., 1991; de Olmos, 2004; Gloor, 1987;
Yilmazer-Hanke, 2012).

Three-dmensional electron microscopic reconstruction
viould provide a complete visualzation of the Me synaptic
dous difficulties in obtsining and reconstructing 150400
senal thin sections from a postmortem brain using the
methodological approach reported here. Experments may
also require the carbocyanine fluorescent dye Dil in ightly
fixed tissue and confocal microscopy (Rasia-Filho et al,
2010; Brusco et al., 2010). Extracelivlar Dil staining
requires intact cellulsr membranes. In our expenence. sven
several hours (more than 6 hours of postmortem interval)
of autolysis can considerably damape the Me. In other stud-
ies, postmortem intervals varied between 4 and 43 hours
(Sorvan et al, 1988a,b) and between 18 and 30 hours
{Schumann and Amaral, 2005}. There are cumently techni-
cal difficulties with obtaining live surgical specimens of the
Me. such as during neurosurgical procadures for removing
epileptogenic or tumor Bssus in the temporal lobe. Other
surgical approaches may improve upon the current techni-
ques by avoiding the ischemic/excitotoxic insults that
inevitably occur in postmortem tissue. These approaches
This observation may guide studies elucidating the struc-
ture—function relationships among the spinss, synaptic
strength, and synaptic plasticity.

CONCLUSIONS

Qur report complements previous immunohistochemi-
cal studies and prowides nowsl morphological data on the
cellular population and synaptic organzation of the Me.
The neuronal subpopulations as well as their histogenstic
ongins, connsctions, and functions hawe been studied
presiously in the Me subnuclei of rats and mice (Petrovich
et al, 2001; Choi et al.. 2005; Camey et al, 2010;
Bupesch et al, 2011; Rasia-Filho =t al, 20123.b). How-
ever, the features that we describe in the neuropd of the
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human Me sugpest a higher level of complexity than in
the other species studied to date, which may reflect more
elaborate sensory and emotional processing and adapts-
tion to species-specific social behaviors. The present ba-
sic data are also useful in directing futurs studies of the
human Me under normal conditions and in neurological’
psychiatric diseases.
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5. DISCUSSAO

5.1 Método de Golgi

As modificacOes propostas para 0 método de Golgi sdo bastante eficazes para
revelar neurdnios e células da glia em tecido nervoso humano coletado post-mortem e
fixado por periodos prolongados (mais de 1 més até 10 anos). Porém alguns ajustes da
técnica podem vir a ser necessarios dependendo da regido a ser estudada, como se
observou com o Me, o qual revelou melhores resultados quando se prolongou o tempo
de pos-fixacdo para 90 dias. Outras regibes enceféalicas como estriado ou cértex ndo

precisaram da mesma intervengéo, por exemplo.

5.2 Considerac6es metodoldgicas do emprego da estereologia

N&do foi possivel evitar algumas limitagdes técnicas capazes de afetar a
interpretacdo das densidades neuronais e gliais nesse estudo, como por exemplo, a
retracdo do tecido causada pela fixacao e pelos procedimento histolégicos. 1sso porque,
infelizmente, quando se estuda aspectos neuroanatdmicos de estruturas encefalicas
humanas grandes ndo se conseguem aplicar as melhores técnicas nesse sentido, como
inclusdo em resinas “durcupan” ou “epoxy” (Tang and Nyengaard, 1997; Lopez et al,
2005; Hermel et al., 2006a,b).

Por outro lado utilizou-se o método do fracionador Optico e o principio de
Cavalieri, que sdo considerados os métodos padrdo para se estimar o nimero de células

nos nucleos encefalicos (Shumann e Amaral, 2005).

Em funcdo das limitacGes técnicas fez-se necessario medir a espessura de cada
corte (distancia entre base e topo) com “microcator” definidos segundo Costa-Ferro et.
al. (2010), que garantiu uma zona de seguranca de 2-3 um. Isso somado ao fato de que
os marcadores celulares eleitos para a contagem foram bem pequenos (nucléolos nos
neurdnios e nucleos nas células gliais) nos permite assumir que a zona de seguranca foi
suficiente para evitar erros do tipo “Lost Caps” e “Split Cell”. Adicionalmente utilizou-

se Oleo de imersdo para evitar erros associados a Lei de Refracdo de Snell (Williams
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and Rakic, 1988). Também se elegeram areas de contagem pequenas (de até 5 células)

para diminuir a probabilidade de erro humano na estimativa (Williamsand Rakic, 1988).

Ha muitas dificuldades inerentes na estimativa de pardmetros morfologicos em
regides como o Me humano (Howard and Reed, 2005) e nosso estudo nado esta livre de
vieses, sobretudo com relacédo a retracdo do tecido (Coggeshall and Lekan, 1996), mas
certamente ha descrito aqui uma estimativa valida do percentual de neurdnios e células
gliais nesse ndcleo, e esses valores relativos servem de referéncia para essa area

encefalica, considerando-se a idade, 0 género e a causa da morte dos sujeitos.

5.3 Limitagbes metodoldgicas para delineamento do Me

O método de Cavalieri usado para estimar o volume de um determinado ndcleo
requer um delineamento claro dos bordos anatdmicos da regido de interesse, mas o
delineamento preciso do Me humano e seus subnucleos permanece sob debate (olhar,
por exemplo, Martin et al., 1991; Gloor, 1997; de Olmos, 2004; Mai et al., 2008;
Yilmazer-Hanke, 2012). Além disso as diferencas morfoldgicas entre 0s varios nicleos
e suas subdivisdes sdo muitas vezes sutis (Gloor, 1997). Embora o uso de atlas seja
muito importante em estudos como este, seu uso pode negligenciar as variacdes do
tamanho e posicdo dos nacleos em diferentes individuos. (Zald e Prado, 1997; Saygin e
col., 2011). Desso modo ndo surpreende que a delimitacdo dos ndcleos continue a ser
investigada com base em estudos de citoarquitetura, distribuicdo axonal, conexdes e
quimioarquitetura, mas é importante salientar que os critérios utilizados para delimitar
as regides encefalicas ndo sdo um consenso para os diferentes autores (Kruger e col.,
1995).
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6. CONCLUSOES

O presente trabalho contribuiu com dados descritivos e quantitativos inéditos
sobre os neurdnios e células da glia, especialmente os astrocitos, do Me de homens
adultos post mortem, evidenciando uma organizacao sinaptica complexa nessa estrutura
encefélica. Este trabalho pioneiro servira como referéncia para trabalhos futuros. Com
ele se conseguiu dados relevantes para o embasamento do que existe no Me humano nas

condigdes de estudo atuais.

As células gliais revelaram-se como a maior populacdo no Me humano (em
torno de 70% das células) e ha significativamente mais neurénios no Me esquerdo (em
torno de 18%) do que no mesmo nucleo no hemisfério direito. Aspectos da morfologia
neuronal foram estudados a partir da utilizagdo da técnica de Golgi adaptada para as
amostras armazenadas por periodos variaveis em formalina 10% ndo tamponada. 1sso
confirmou a classificagdo dos neurdnios em tipos revelados por técnica imuno-
histoquimica em estudos prévios de outros autores (Tipos 1 a 3; Sorvari e col., 1996a),
mas também se identificaram outros neurdnios até entdo ndo descritos. O estudo da
densidade de espinhos dendriticos sugere a existéncia de subpopulacGes de neurdnios
com poucos ou com muitos espinhos, como evidenciado em neurdnios com soma de
tipo fusiforme (Tipo 3), 0 que apareceu de forma mais numerosa com a presente técnica
de Golgi. Os astrocitos imunorreativos a GFAP apresentaram-se como protoplasmaticos
e com multiplas ramificagdes no neurdpilo do Me. Por fim, para a ultra-estrutura
neuronal e glial no Me, complementando os achados com a técnica de Golgi e além dos

contatos sinapticos classicamente mais abundantes descritos, observaram-se a existéncia
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de estruturas sindpticas do tipo glomérulo, muito complexas e até entdo nao descritas

para este ncleo nem mesmo em outras espécies, além de espinhos multissinapticos.
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7. PERSPECTIVAS

Ainda se sabe muito pouco sobre as fungfes do Me humano, mas pistas nos sao
dadas por sua origem embriolGgica, citoarquitetura, quimioarquitetura e hodologia, além
de dados de imageamento funcional (ainda pouco especificos para um nacleo de tdo
pequenas dimensBes), ou de estados patoldgicos que comprometam esta regido (neste
sentido ha ainda menos especificidade) ou de outros dados muito bem estabelecidos
para outras espécies, 0s quais podem, cautelosamente, ser-nos Uteis, sobretudo no que se

sabe sobre primatas ndo humanos.

A partir disto, por ser uma area ainda pouco explorada e este ser o primeiro
estudo nesta linha realizado no Laboratorio de Fisiologia da UFCSPA, em parceria com
o0 Laboratorio de Estrutura Sinaptica da USP-RP, ha muitas perspectivas que se abrem a
partir de agora. Espera-se poder somar e aprimorar 0s dados expostos aqui, por
exemplo, utilizando-se uma associagdo de técnicas imuno-histoquimicas que,
esperangosamente, permitam decifrar com mais precisdo os bordos do Me para que se
possam obter dados absolutos sobre o nimero de neurdnios e células da glia nesse
nucleo, o que seria mais adequado que a densidade relativa destas células aqui
demonstrada. Também se espera, a partir do protocolo bem estabelecido da técnica de
Golgi com adaptacdes proprias para 0 Me humano, estudar mais casos e obter dados
morfométricos completos (incluindo-se dos espinhos dendriticos e o percentual de
ocorréncia de cada um dos seus tipos) que sejam representativos tanto de homens como
de mulheres neurologicamente normais e, em um segundo momento, a partir de

parcerias com instituicdes que contenham banco de encéfalos em diferentes estados
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patoldgicos, por exemplo, estender as pesquisas a essas populacdes com diferentes

condicBes para comparagOes e para gerar hipoteses fisiopatoldgicas.
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9. ADENDOS
9.1. Autorizagbes dos Comités de Etica

9.1.1. Universidade Federal de Ciéncias da Saude de Porto Alegre — UFCSPA

MINISTERIO DA ]E,DUCACAQ
FUNDACAO FACULDADE FEDP;RAL DE CIENCIAS MEDICAS DE PORTO ALEGRE
COMITE DE ETICA EM PESQUISA
APROVADO PELA CARTA N° 880/2004-CONEP/CNS/MS
RUA SARMENTO LEITE, 245 — FONE: (51) 3224.8822
CEP 90050-170 — PORTO ALEGRE — RS - cep@fffcmpa.edu.br

Of. 541/07-CEP

Porto Alegre, 18 de outubro de 2007.
IImo. Sr.
Prof. Alberto Antonio Rasia Filho
Nesta Faculdade

Senhor Professor

Informamos que o adendo de seu projeto n° 215/07, intitulado “Morfologia
dos Neurdnios da Amigdala Medial em Seres Humanos.”, foi avaliado pelo Comité de
Etica em Pesquisa, na reunio de 18 de outubro de 2007, sendo o adendo aprovado.

Outrossim, informamos que de acordo com o Art. 4° letra ¢, do
Regulamento do CEP, V. Sa. deverd nos encaminhar relatérios semestrais do
desenvolvimento do projeto.

Adendo:

Atenciosamente,

%%n a Ri égttto

Vice-coordenadora do CEP/FFFCMPA
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9.1.2. Universidade do Rio Grande do Sul - UFRGS

ures

. pro.«<pesq
PRO-REITORIA DE PESQUISA

COMITE DE ETICA EM PESQUISA
CARTA DE APROVAGCAO AD REFERENDUM

O Comité de Etica em Pesquisa da Universidade Federal do Rio Grande do Sul analisou

o projeto:

Numero : 2008009

Titulo : Estudo da ultra-estrutura neuro-glial e da imunorreatividade a proteina

acida fibrilar glial no ntcleo amigdaliano medial de seres humanos
Pesquisador (es) :
NOME PARTICIPAQI\O EMAIL FONE

ALBERTO ANTONIO RASIA FILHO PESQ RESPONSAVEL rasiafilho@yahoo.com.br
ALINE DALL OGLIO PESQUISADOR alidalloglio@yahoo.com.br 33083146
DENISE GOMES RODRIGUES FERME PESQUISADOR dferme@terra.com.br 33085423
JORGE EDUARDO MOREIRA DA SILVA PESQUISADOR
MATILDE ACHAVAL ELENA PESQUISADOR achaval@ufrgs.br 33083092

O mesmo foi aprovado ad referendum do Comité de Etica em Pesquisa da UFRGS

por estar adequado ética e metodologicamente e de acordo com a Resolucao 196/96 e

complementares do Conselho Nacional de Saude.

quarta-feira, 28 de janeiro de 2009

Porto Alegre, quarta-feira, 28 de janeiro de 2009

\ r
\

W NG AN AD N AI AL \/
ILMA SIMONI BRUK DASILV
Coordenador do CEP-UFRGS
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9.2. Autorizacdo de coleta de amostras pelo Departamento Médico Legal de Porto

Alegre - DML-POA

GOVERNO DO ESTADO iy

RIC GRANDE DO SUL  :ec

SECRETARIR DA SEGURANGA PUBLICA
INSTITUTO-GERAL DE PERICIAS
DEPARTAMENTO MEDICO-LEGAL

PARECER No. 03/08 DO CONSELHO TECNICO-CONSULTIVO

O Conselho Técnico-Consultivo reunido no dia 07/05/2008, com base na normativa no.3 e
realizada a analise do:

Projeto protocolo DML: 4763/07, 1046/08 e 1360/08.
Autor:
Prof. Dr. Alberto A. Rasia Flho
Profa. Dra. Matilde Achaval Elena
Dra. Aline Dall’Oglio
Projeto: Estudo da ultra-estrutura neuro-glial e da imunorreatividade a proteina acida friblilar glial
no nucleo amigdaliano medial de seres humanos
Instituigao: UFRGS
Participantes: Dra. Aline Dall’Oglio
Data: setembro 2007

Emite parecer, a partir dos esclarecimentos fornecidos, autorizando a realizagdo da pesquisa
acima referida sem acompanhamento do DML, estando o pesquisador obrigado a:

1. informar, por escritc, ao perito responsavel pelo caso a atividade de pesquisa
realizada, conforme modelo anexo;

2. fornecer 4 Secao de Ensino e Pesquisa relatorio, atualizado, da nominata, no.
de protocelos do DML e da sua pesquisa dos cadaveres envolvidos, conforme
modelo anexo;

3. ratificamos que a pesquisa deverd ser realizada em cadaveres cuja causa da
morte seja de etiologia clinica e mediante termo de consentimento da familia,
o qual devera ser providenciado pela pesquisadora;

4. quanto ao tempo decorrido entre a morte e a retirada do tecido nervoso devera
ser obtida dos dados presentes na documentagdo quando da realizagdo da
pericia;

5. quanto a causa mortis, esta podera ser obtida quando do preenchimento do
atestado de 6bito, logo apos realizada a necropsia.

PSSO
Dra. Jussara Bocaccio

Porto Alegre, 07 de maio de 2008.

Dra. Helena Hubert Silva

Conselho Técnico Consultivo Ciente: %

Dra. Débora Maria Vargas de Lima
Diretora do DML

Secdo de Ensino e Pesquisa
Av. Ipiranga, 1807 — CEP'90160-093 — Porto Alegre/RS
Fone: 32882660 — Fone/Fax: 32882654
E-mail: dml-sep@igp.rs.gov.br
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9.3. Autorizacao de coleta de amostras pelo Servico de Patologia do Hospital das

Clinicas de Ribeirao Preto - SERPAT

HOSPITAL DAS CLINICAS DA FACULDADE DE MEDICINA
DE RIBEIRAO PRETO DA UNIVERSIDADE DE SAO PAULO

www.hcrp.fmrp.usp.br

USP - RIBEIRAO
assisténcia - ensino - pesquisa

Ribeirdo Preto, 19 de janeiro de 2009.

OF. N° 01/09
RSC/DAM-8/rpf

Prezada Professora,

Gostaria de apresentar nossa concordancia para a obteng¢do de pegas para estudo
no projeto de doutorado intitulado “Estudo da ultraestrutura neuroglial ¢ da imunorreatividade
a proteina 4cida fibrilar glial no nicleo amigdaliano medial de seres humanos” junto ao
SERPAT - Servigo de Patologia do Hospital das Clinicas de Ribeirdo Preto, desde que o
mesmo esteja aprovado neste CEP e que o Dr. Gyl Eanes Barros Silva, médico assistente do
nosso Servigo faca parte do projeto e seja inserido na autoria do artigo a ser publicado.

Atenciosamente,

Prof. Dr. Roberto Silva Costa
Coordenador e Supervisor do
- SERPAT -
Servigo de Patologia do

Ilustrissima Senhora

Prof* Dr* [lma Brum da Silva

M.D. Coordenadora do Comité de Etica em Pesquisa da
Universidade Federal do Rio Grande do Sul
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9.4. Termo de Consentimento Livre e Esclarecido

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO

O projeto de pesquisa intitulado “Estudo da ultra-estrutura neuroglial e da
imunorreatividade & proteina acida fibrilar glial no nlcleo amigdaliano medial de seres
humanos” tem por objetivo estudar as células da amigdala, uma regido localizada nos dois
lados da parte anterior do cérebro com cerca de 2 cm, para entender como elas sao em nés
seres humanos. As células do cérebro, que faz parte do sistema nervoso, séo responsaveis por
coordenar os comportamentos humanos. Apesar de ainda ndo se saber tudo sobre a amigdala,
ja se sabe por estudos realizados em diferentes animais que ela regula atividades como o
medo e que pode estar modificada em doencas neurolégicas como a Doenca de Alzheimer.
Como os animais sdo parecidos, mas ndo iguais a nos, o Unico jeito de se saber como a
amigdala funciona em humanos é estudando nés mesmos. Por isso este estudo pode ajudar a
entender mais sobre como a amigdala de humanos funciona normalmente e podera contribuir
para entender como ela funciona em casos de doencas e, assim, no futuro, podera servir ainda

para ajudar a descobrir como prevenir ou curar algumas doencas.

Para que este estudo possa acontecer é necessaria a doagdo de uma pequena parte
do cérebro, de ndo mais do que 5 cm, bem do lugar onde esta a amigdala. Esta pequena parte
(amostra) podera ser retirada pelo médico legista durante a necropsia onde o cérebro é
examinado também e, se for assim, ndo se espera nenhum desconforto ou risco para 0s
familiares ou responsaveis legais da pessoa falecida, ja que o procedimento de necropsia a ser
realizado é o habitual e esta indicado por normas técnicas/académicas e legais e ndo sera
modificado para este estudo. Depois disso, essa amostra sera levada para um laboratério e as
células do cérebro serdo coradas com técnicas especificas para que sejam vistas e estudadas
em microscopio. Todo esse material ficard guardado no Laboratério de Fisiologia da
Universidade Federal de Ciéncias da Saude de Porto Alegre, R. Sarmento Leite, 245, Porto
Alegre — RS durante cinco anos, mas podera ficar por mais tempo, desde que seja hecessario
e que o Comité de Etica em Pesquisa da UFRGS autorize, segundo Resolucéo 196/96 — CNS.
Caso o familiar ou responséavel legal pela pessoa falecida tenha alguma duvida sobre o que foi
informado acima, podera perguntar a qualquer um dos pesquisadores envolvidos neste estudo.
Podera também néo querer participar deste estudo, negando a retirada da amigdala sem que
isso implique qualquer tipo de prejuizo no procedimento de necropsia. Também podera
abandonar esta pesquisa no momento em que bem entender, sem que isso acarrete
necessidade de justificativas ou qualquer tipo de indenizagéo.

Os autores deste estudo se comprometem a divulgar os resultados obtidos para o
avanco do conhecimento cientifico, mas de maneira a ndo expor dados pessoais completos

gue possam identificar as pessoas que contribuiram para esta pesquisa.
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=L TR (familiar ou
responsavel), RG N ... , fui informado dos objetivos da
pesquisa acima de maneira clara e detalhada. Recebi informacéo a respeito de como sera
retirado parte do tecido cerebral para estudo, como o estudo sera feito, e esclareci minhas
davidas. Sei que em qualquer momento poderei solicitar novas informacdes e modificar minha
decisdo se assim eu o desejar. A pesquisadora aluna de doutorado Aline Dall’Oglio e/ou a
pesquisadora aluna de mestrado Denise Gomes Rodrigues Ferme certificou-me de que todos
os dados desta pesquisa serdo confidenciais, o procedimento de necropsia ndo sera
modificado em razdo desta pesquisa e terei liberdade de retirar meu consentimento de
participacdo na pesquisa, em face destas informag¢8es. Caso eu tenha novas perguntas sobre
este estudo, posso entrar em contato com o Prof. Alberto A. Rasia Filho (pesquisador
responsavel), com Aline Dall’Oglio (pesquisadora aluna de doutorado) ou com Denise Gomes
Rodrigues Ferme (pesquisadora aluna de mestrado) no endereco R. Sarmento Leite, 245,
Porto Alegre — RS, telefone 0 xx 51 33039000 ramal 8752. Para qualquer pergunta sobre os
meus direitos como participante deste estudo ou se penso que fui prejudicado pela minha
participacéo, posso chamar o coordenador do Comité de Etica em Pesquisa da Universidade
de Ciéncias da Saude de Porto Alegre, Prof. José Geraldo V. Taborda, ou seu substituto, na R.
Sarmento Leite, 245, Porto Alegre — RS/ telefone 0 xx 51 3303 8804, bem como a
coordenadora do Comité de Etica em Pesquisa da Universidade Federal do Rio Grande do Sul,
Prof2. lIma Brum da Silva, ou seu substituto, na Av. Paulo Gama, 110/ 7° andar, Porto Alegre —
RS/ telefone: 0 xx 51 3308 3738.

Declaro que recebi cdpia do presente Termo de Consentimento

Assinatura de familiar ou do responsavel legal

Nome do familiar e grau de parentesco
Data: [

Assinatura do Pesquisador

Nome do Pesquisador
Data: [



Este formulario foi lido para

representante legal) em / / (data) pelo

(nome do pesquisador) enquanto eu estava presente.

Assinatura de testemunha

(nome do familiar ou
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