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1. INTRODUCAO

1.1. A Proteina S100B

S100 ¢ uma familia de proteinas ligantes de calcio do tipo EF-hand (hélice-loop-
hélice) que compreende cerca de 25 membros. Foi denominada S100 por ser soluvel em uma
solucdo 100% saturada de sulfato de amonio (Sedaghat & Notopoulos 2008).

As proteinas da familia S100 exibem expressdo célula/tecido especificos, diferentes
localizagdes subcelulares, modificagcdes pds-traducionais e afinidades de ligacdo a metais
(Van Eldik & Wainwright 2003). Os membros desta familia sdo proteinas sinalizadoras
multifuncionais envolvidas na regulagdo de diversos processos celulares (Marenholz et al.
2004).

Em 1965, Moore isolou o primeiro membro desta familia a partir de um extrato de
cérebro bovino como uma mistura parcialmente purificada de duas proteinas, SI00B e
S100A1 (Moore 1965).

Estruturalmente, a S100B ¢ um homodimero de 21kDa constituido por duas
subunidades B unidas por ligagdes ndo-covalentes e arranjadas de modo antiparalelo.
Entretanto, a subunidade B também pode formar heterodimeros (Donato 2001). Cada
mondmero da proteina apresenta dois sitios ligantes de Ca®" interconectados por uma regido
central (hinge) e uma extensdo C-terminal. O dominio C-terminal contém um loop ligante de
Ca®" classico com maior afinidade por este ion, enquanto que, o dominio N-terminal também
contém um loop ligante de Ca’" ndo-convencional especifico desta proteina e de menor
afinidade (Fritz & Heizmann, 2004) (Figura 1). Além do Ca®’, a S100B também liga Cu®" e
Zn*". Curiosamente, a ligagido do Zn** a S100B resulta em uma maior afinidade da mesma por

Ca®" e por suas proteinas alvo (Leclerc et al. 2010).



Figura 1: Estrutura da proteina S100B associada ao fon Ca*". Um mondmero esta
em amarelo ¢ o outro estd em azul. A ligacdo do fon Ca’" (pontos em rosa) em cada
monodmero causa uma mudanca conformacional na proteina (adaptado de Donato 2003).

Em humanos, o gene que codifica a S100B estd localizado na regido cromossomal
21g22.3 com conseqiiente superexpressao da proteina na sindrome de Down (Rothermundt et
al. 2003).

A S100B ¢ produzida e secretada no sistema nervoso central (SNC) principalmente
por astrocitos, mas também pode ser expressa por oligodendrdcitos maduros e por
determinadas populacdes neuronais. Entretanto outras fontes extracerebrais como, por
exemplo, adipocitos (Goncalves et al. 2010), certas populagdes de linfocitos, células satélites
musculares, também podem expressar S100B (Donato et al. 2009).

A S100B encontra-se predominantemente soluvel no citoplasma das células e uma
pequena percentagem (5-7%) associada as membranas intracelulares (Sedaghat & Notopoulos
2008).

Em astrocitos, a S100B é encontrada no citoplasma e no nucleo, onde age como um

2+ o C . . ,
sensor de Ca” e exerce suas fungdes bioldgicas por interagir com outras proteinas



modificando suas atividades. Foi demonstrado que a S100B interage com elementos do
citoesqueleto (microtubulos, filamentos intermediarios do tipo III), com enzimas da via
glicolitica (frutose 1,6-bisfosfato aldolase, fosfoglicomutase) e com fatores de transcrigdo
(p53); a S100B também estd envolvida na homeostase do Ca’" e na proliferacdo e
diferenciagdo celular além de, inibir a fosforilacao de proteinas (Donato et al. 2009, Leclerc et
al. 2010).

Além de suas fungdes intracelulares, a SI00B pode ser ativamente secretada por
astrocitos onde pode agir como uma citocina. A S100B extracelular pode modular a atividade
de neurdnios, microglia, astrécitos e células endoteliais. (Rothermundt et al. 2003, Leclerc et
al. 2010).

Os efeitos extracelulares da S100B em diferentes tipos celulares dependem de sua
ligacdo ao receptor para produtos finais de glicacdo avancada (RAGE). A S100B interage
preferencialmente com o dominio V do RAGE e poderia envolver a multimerizagdo do
receptor. Entretanto, este pode ndo ser o unico receptor para a S100B (Ponath et al. 2007,
Leclerc et al. 2010, Sen & Belli 2007).

O RNAm e os niveis intra e extracelulares da proteina S100B sdo utilizados como
parametro de ativacdo e/ou morte astrocitica em varias situagdes de injuria cerebral.
Desordens do SNC associadas com aumentos periféricos de S100B incluem traumatismo
craniano, isquemia cerebral, doengas neurodegenerativas e desordens psiquiatricas
(Goncalves et al. 2008).

As multiplas fun¢des da proteina S100B sugerem que ela possa ser um importante

mediador das interagdes neurdnio-glia no SNC (Reeves et al. 1994).



1.2. Secrecgdo de S100B por Células Gliais

Em 1846, Virchow descobriu a existéncia de outro grupo de células no SNC, além dos
neurdnios. Ele foi o primeiro a utilizar o termo neuroglia (Privat et al. 1995). Através de
técnicas de coloragdo por impregnagao pela prata, Santiago Ramoén y Cajal, e Pio del Rio-
Hortega descreveram diferentes tipos celulares no SNC: os astrocitos, os oligodendrocitos, a
microglia e as células ependimarias (Hof et al. 1999).

Diferentes preparagdes gliais tém sido utilizadas para estudar a secrecdo da proteina
S100B. Apesar do fato de astrdcitos primdrios e células de glioma C6 possuirem diferentes
mecanismos regulatorios para a expressao do gene da S100B (Castets et al. 1997), estas
células sao comumente e indistintamente utilizadas para estudar muitos parametros
bioquimicos e vias de transducao de sinal incluindo, expressao e secre¢ao da S100B (Nardin
et al. 2007). Varios estudos demonstraram a secre¢do da proteina S100B por astrocitos
(Tramontina et al. 2006a, Leite et al. 2009, Viecira de Almeida et al. 2008) e por células de
glioma C6 (Van Eldik & Zimmer 1987, Davey et al. 2001, Abib et al. 2008, Quincozes-
Santos et al. 2010). Em 1984 foi descrita, pela primeira vez, a secregdo da proteina SI00B em
fatias hipocampais de ratos (Shashoua et al. 1984).

Extracelularmente, a S100B parece ter muitos efeitos fisioldgicos importantes, mas
seu mecanismo de secrecdo permanece desconhecido. A literatura mostra que a S100B ¢
secretada por um mecanismo independente da via reticulo endoplasmatico - Golgi. Isto ¢
consistente com o fato de que a S100B nao apresenta a sequéncia sinalizadora classica para a
secrecdo por esta via (Davey et al. 2001). Resultados recentes do nosso grupo demonstram
que a secrecio de S100B esta relacionada a um aumento do Ca®" intracelular (Leite et al,

dados nao publicados).



Um aumento na secrecao de S100B por astrocitos pode ocorrer durante estimulagcdo do
receptor de serotonina 1A (5HT s-R) (Whitaker-Azmitia et al. 1990), pelo tratamento com
acido lisofosfatidico (Pinto et al. 2000), glutamato (Ciccarelli et al. 1999), citocinas pro-
inflamatérias como, fator de necrose tumoral-o (TNF-a) (Edwards & Robinson 2006) e
interleucina-1p (Il-1B) (de Souza et al. 2009) e durante estresse metabolico (Gerlach et al.
2006). Outros estimuladores da secrecdo de S100B por astrocitos incluem, altos niveis de
Ca*" citosolico (Davey et al. 2001), anti-oxidantes naturais (de Almeida et al. 2007, Abib et
al. 2008), a-cetoacidos de cadeia ramificada (Funchal et al. 2007), a neurotoxina MPTP
(Tuvone et al. 2007), o neuroléptico risperidona (Quincozes-Santos et al. 2008) ¢ o
antidepressivo fluoxetina (Tramontina et al. 2008). A S100B também poderia extravasar de
células danificadas acumulando no espago extracelular e/ou entrando na corrente sanguinea,
como por exemplo, em pacientes com melanoma (Harpio & Einarsson 2004), durante a fase
aguda de injuria cerebral (Rothermundt et al. 2003), apos exercicio fisico intenso (Dietrich et
al. 2003), no curso de cardiomiopatias (Mazzini et al. 2007).

Foi demonstrado que a secrecdo de S100B reduz em astrécitos tratados com um alto
conteudo de glicose (Nardin et al. 2007), durante tratamento com altas doses de glutamato
(Tramontina et al. 2006a) ¢ quando as células atingem a confluéncia. Ao atingirem a
confluéncia, culturas de células, como conseqiiéncia da inibi¢do por contato, talvez produzam
um sinal para cessar a secre¢do de S100B e acumular intracelularmente (Davey et al. 2001).

Quando secretada por astrocitos a S100B pode exercer efeitos troficos ou toxicos,
dependendo de sua concentragdo, podendo agir de maneira autdcrina e/ou pardcrina sobre
neurdnios e outras células gliais (Rothermundt et al. 2003).

Os efeitos da S100B sobre neurdnios variam dependendo da concentragdao e do
microambiente. Em concentragdes nanomolares (nM), a SI00B exerce efeitos neurotroficos:

1. aumentando a sobrevivéncia neuronal, durante o desenvolvimento e apds injlria; 2.



induzindo o crescimento de neuritos; 3. estimulando a prolifera¢ao glial e a regeneragdo in
vitro e in vivo. A S100B protege neur6nios por causar uma superexpressdo do fator
antiapoptotico, Bcl-2 e ativagdo da via de sinalizagdo Ras/MEK/ERK1/2/NF-kB. Por outro
lado, em concentragdes micromolares (uUM) a S100B exerce efeitos toxicos. Altas
concentragdes de S100B podem induzir apoptose neuronal através da superproducdo de
espécies reativas de oxigénio (ERO), superexpressao da caspase 3 e excesso de ativagdo da
via MEK/ERK1/2 (Van Eldik & Wainwright 2003, Donato et al. 2009).

Além dos efeitos observados sobre neurdnios, a S100B age também sobre a microglia.
Em doses nanomolares, a SI00B bloqueia os efeitos da neurotoxina trimetiltina sobre a
microglia (Reali et al, 2005). Em contraste, em doses mais altas, a S100B secretada ativa a
microglia que aumenta a superexpressao da 6xido nitrico sintase induzivel (iNOS), da enzima
pro-inflamatéria ciclooxigenase-2 (COX-2) e aumenta a produgdo de IlI-1B e TNF-a,
sugerindo sua participagdo na neuroinflamagdo decorrente de processos neurodegenerativos,
doengas auto-imunes, infecgdes e traumas (Adami et al. 2001).

A S100B age de maneira autdcrina também sobre astrocitos. Em baixas doses (nM), a
S100B estimula a proliferagdo de linhagem astrocitica (Selinfreund et al. 1991) e em doses
maiores (uM), a SI00B aumenta os niveis de RNAm e a atividade da iNOS em astrocitos

corticais de ratos através da ativacdo do NF-kB (Lam et al. 2001).



1.3. Modelos Experimentais

O uso de modelos experimentais adequados tem sido o objetivo principal de varias
areas da pesquisa cientifica. Em neurociéncias, encontrar uma metodologia simples que
mantenha as propriedades do sistema o mais préximo do fisioldgico ¢ um tema relevante e
desafiador.

Muitos estudos tém sido realizados em modelos in vitro (culturas ou linhagens de
neurdnios ou células gliais isoladas) para avaliar fung¢des especificas destas células e pela
facilidade de controlar a composicdo do meio extracelular. Entretanto, em pesquisas que
avaliam a interagdo neuronio-glia, estes tipos de preparagdes tornam-se inadequadas (Lossi et
al. 2009).

Preparacdes com fatias cerebrais foram primeiramente utilizadas por Warburg e
colaboradores em 1920 (Lipton, 1985) e a utilizacdo deste tipo de metodologia vem
aumentando muito nos Ultimos anos.

Fatias de diferentes regidoes do SNC sdo ferramentas muito importantes para estudar as
propriedades estruturais, fisiologicas e farmacoldgicas dos circuitos neuronais. Como a
metodologia de preparo ¢ relativamente simples, as fatias vem sendo utilizadas por
eletrofisiologistas, histologistas, farmacologistas ¢ bioquimicos (Lossi et al. 2009).

Existem dois tipos principais de preparagdes de fatias atualmente em uso em
neurociéncias; as fatias frescas (frequentemente referidas somente como fatias) que sao
preparagdes de viabilidade curta e, as culturas de fatias organotipicas, uteis para os estudos
que exigem viabilidade mais longa (Lossi et al. 2009).

Dentre as vantagens do modelo de fatias podemos citar: a reproducdo de muitos dos
aspectos do contexto in vivo, a preservacao da citoarquitetura do tecido do SNC de origem ¢ a

manuten¢do da atividade neuronal e da circuitaria sinaptica funcionalmente intacta. Além



disso, este modelo permite um controle preciso do ambiente extracelular (Cho et al. 2007) e
requer menor tempo e custo para sua execugao.

Existem algumas limitagdes no uso de fatias (Aitken et al. 1995). As fatias sempre
parecem ter uma regido de alguns micrometros no limite do corte na qual as células sdo
danificadas. Consequentemente, as regioes mais externas da fatia deveriam ser consideradas
como tecido morto. Entretanto, o mais importante ¢ a preservacdo da ultra-estrutura do
interior da fatia (Lipton, 1985). Além disso, as fatias cerebrais podem ser mantidas
metabolicamente ativas por apenas algumas horas entdo, este modelo ndo pode ser utilizado
para observagdes feitas em um maior periodo de tempo (Gong et al. 2001). Ao contrario de
culturas de células, tém-se dificuldades para identificar o tipo celular em fatias frescas.
Neurdnios e células gliais ndo podem ser identificados por sua localiza¢ao ou morfologia com
seguranga nestas preparagoes (Dallwig & Deitmer 2002).

Viarios fatores metodologicos influenciam na preservacdo da fatia para que ela se
assemelhe o maximo possivel, com a fisiologia in vivo. Entre eles podemos citar: espécie e
idade do animal; temperatura e tempo de preparacdo e manutencao das fatias; manutengdo da
homeostase do ambiente externo e tempo de estabilidade metabolica que ¢ obtido apos
algumas horas. Estudos bioquimicos tém demonstrado que a estabilidade metabdlica em fatias
¢ atingida entre duas e quatro horas (Sajikumar et al, 2005). Este periodo ¢ crucial para que
os niveis metabdlicos de atividade enzimatica, segundos mensageiros, proteinas e outros
componentes sejam estabilizados (Lossi et al. 2009).

Apesar das dificuldades e limitacdes, fatias frescas t€ém se tornado uma alternativa
para a investigagdo detalhada de propriedades da membrana neuronal, mecanismos sindpticos,
acoes celulares de neurotransmissores e estudos sobre a homeostase do calcio (Lossi et al.

2009).



1.4. Hipocampo

A palavra hipocampo deriva do grego hippos = cavalo ¢ kampi = curva devido a seu
formato curvado apresentado em secgdes coronais do cérebro humano assemelhando-se a um
cavalo-marinho (www.wikipedia.org). O hipocampo tem sido associado ao processamento
emocional e ao aprendizado (Bear et al, 2002).

O hipocampo humano ¢ essencialmente uma faixa curva de cortex filogeneticamente
primitivo (arqui-cortex), localizado na por¢ao medial do lobo temporal. O hipocampo ¢
dividido no sentido antero-posterior em trés porgdes: cabeca, corpo e cauda. A extremidade
anterior da cabeca do hipocampo ¢ dilatada e apresenta sulcos rasos com elevagdes, enquanto
a extremidade posterior da cauda do hipocampo estende-se com o fornix (Schwartz &
Westbrook, 2000).

O termo hipocampo ¢ comumente utilizado para descrever conjuntamente duas regides
interligadas: o giro denteado e o hipocampo propriamente dito. Ambos possuem uma
organizagdo interna trilaminada, composta por dois tipos de células principais: as células
granulares do giro denteado e as células piramidais do Corno de Amon (CA, do latim: cornu
ammonis), sendo estas subdivididas nas areas de CA1, CA2 e CA3 com base nas diferengas
de morfologia celular, conectividade e desenvolvimento. Cada uma dessas areas mantém um
padrao organizado de conexdes intrinsecas e extrinsecas, sendo que a principal aferéncia para
o hipocampo origina-se no cortex entorrinal (Gazzaniga et al, 2006).

Os principais componentes neuronais excitatorios do hipocampo sdo: 1) a via
perforante que forma conexdes excitatorias entre o coOrtex para-hipocampal ¢ as células
granulares do giro denteado, 2) as fibras musgosas (axonios das células granulares) que

conectam as células granulares do giro denteado as células piramidais CA3 ¢ 3) as colaterais


http://www.wikipedia.org/

de Schaffer, que conectam as células piramidais de CA3 as células piramidais de CAl

(Gazzaniga et al, 2006) (Figura 2).
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Figura 2: Os principais componentes neuronais excitatorios do hipocampo. A via
perforante do cortex entorrinal forma conexdes excitatorias com as células granulares do
giro denteado. As células granulares dao origem a axonios que formam as fibras musgosas
que se conectam com as células piramidais na area CA3 do hipocampo. As células
piramidais na regido CA3 projetam-se para as células piramidais da regido CA1 por meio

da colateral de Schaffer (Schwartz & Westbrook, 2000).

Pinto e colaboradores demonstraram que astrocitos cultivados de diferentes regides

do SNC, incluindo do hipocampo, expressam ¢ secretam a proteina S100B (Pinto et al. 2000).
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1.5. Neurotransmissores e S100B

De um modo geral, podemos definir neurotransmissor (NT) como uma substancia
quimica endogena que ¢ liberada por um neurdnio, em uma sinapse, ¢ que afeta a célula alvo
de maneira especifica. Um numero limitado de substancias sao aceitas como NTs.

Entretanto, at¢ mesmo para estas substancias, ¢ dificil demonstrar uma funcao
transmissora em uma sinapse particular. Entdo, muitos neurocientistas propdem que uma
substancia deve ser considerada um NT se apresentar os quatro critérios abaixo relacionados:

1. Ser sintetizada e estocada no terminal nervoso pré-sinaptico;

2. Ser liberada, sob estimulacdo, em quantidades suficientes para exercer uma agao
definida no neur6nio poés-sinaptico ou orgao efetor;

3. Mimetizar a acdo do transmissor liberado endogenamente, quando administrada
exogenamente em concentragdes adequadas;

4. Ter um mecanismo especifico para remové-la de seu sitio de acdo (fenda sinaptica).

(Bear et al, 2002; Schwartz, 2000).

Sabe-se que alguns NTs modulam a secre¢do da proteina S100B. Sao eles:

1. Acetilcolina (ACo0): ¢é a tnica amina de baixo peso molecular que ndo ¢ um
aminoacido. A rota biossintética da ACo tem uma Unica reagdo enzimatica catalisada pela
colina acetiltransferase (CoAT). A ACo ¢ sintetizada a partir da colina e da acetil-CoA,
derivada da glicose. Neurdnios que sintetizam ACo (neurdnios colinérgicos) também
produzem a enzima aceticolinesterase (ACoE) que degrada rapidamente a ACo em colina e
acido acético. A ACo ¢ utilizada em muitas sinapses em todo o SNC. Em particular,
neurdnios colinérgicos sdo numerosos no nucleo basal com muitas projegdes para o cortex
cerebral, hipocampo e bulbo olfatorio (Schwartz, 2000; Bear et al, 2002; Taylor & Brown,

2006).
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Estudos recentes do nosso grupo evidenciaram a possibilidade da secrecao de S100B
apresentar modulagdo colinérgica. O resultado mostrou, pela primeira vez, que a ativagao
colinérgica pode causar um aumento na secrecdo de S100B em cultura primaria de astrocitos.
Por outro lado, em fatias hipocampais a ativacao colinérgica causou uma redugdo na secre¢ao

de S100B, ambos apés 1 hora de tratamento (Lunardi et al, dados ndo publicados).

2. Serotonina (Ser): também conhecida como 5-hidroxitriptamina (5-HT), é derivada
do aminoacido triptofano. Neurdnios serotonérgicos siao relativamente poucos, mas
desempenham um importante papel na regulacdo da aten¢do, do humor, do comportamento
emocional e do sono (Schwartz, 2000).

A sintese de serotonina ¢ limitada pela disponibilidade de triptofano proveniente da
dieta e ocorre em duas etapas. Primeiramente, o triptofano ¢ convertido em 5-
hidroxitriptofano (5-HTP) pela enzima triptofano hidroxilase. O 5-HTP ¢ entdo, convertido
em 5-HT pela enzima 5-hidroxitriptofano descaboxilase. Apds sua liberagdo do terminal pré-
sinaptico, a serotonina ¢ removida da fenda sinaptica pela agdo de um transportador especifico
(Hensler, 2006).

Neuronios serotonérgicos sao encontrados no nucleo da rafe e enviam projecdes para
todo o SNC (Bear et al, 2002).

Foi descrito que agonistas do receptor de serotonina 1A (SHT;s-R) particularmente,
ipsapirona e BayX3702, estimulam a secrecdo de SI00B em cultura de astrocitos de ratos
(Whitaker-Azmitia et al. 1990, Ahlemeyer et al. 2000). Estes e outros dados sustentam a
hipotese de que a S100B ¢ trofica para neurdnios serotonérgicos € que a serotonina (via
SHT;a-R) estimula a secre¢do de S100B. Por outro lado, dados do nosso grupo demonstraram
que a serotonina induziu uma redugdo na secrecao de S100B em cultura de astrocitos em 6 e

24 horas e fatias hipocampais, 1 hora apods incubagdo. O mesmo efeito foi obtido com um
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agonista do SHT;s-R (8-hidroxi-DPAT) e foi bloqueado por um antagonista (NAN-190)

especifico do SHT 4-R (Tramontina et al. 2008).

3. Glutamato (Glu): ¢ o principal NT excitatorio na maioria das sinapses do SNC. O
glutamato ¢ sintetizado a partir da glicose e de outros precursores utilizando enzimas
existentes em todas as células. Apos sua liberagdo, o glutamato ¢ captado da fenda sinaptica
principalmente por astrocitos através do ciclo glutamina-glutamato que recupera o glutamato
para ser reutilizado como NT (Schwartz, 2000; Hassel & Dingledine, 2006).

O glutamato ¢ o principal mediador da informagdo sensorial, coordena¢do motora,
emocodes, cognicdo e memoria (Hassel & Dingledine, 2006).

A S100B extracelular protege neurdnios hipocampais do dano excitotdoxico
(Ahlemeyer et al. 2000, Kogel et al. 2004). Por outro lado, nosso grupo demonstrou o efeito
inibitorio do glutamato sobre a secre¢ao da S100B. Niveis considerados toxicos de glutamato
(1 mM) para neurénios reduziram a secre¢do de S100B induzida pela privagdo de soro em
cultura de astrécitos hipocampais apds 1 hora de incubagdo (Goncalves et al. 2002). Outros
autores corroboraram com nossos resultados em fatias cerebrais onde o glutamato também

diminuiu a secre¢dao de S100B (Buyukuysal 2005).
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1.6. Zinco e Glutamato

Zinco ¢ o segundo elemento mineral nutricionalmente essencial no corpo humano.
Este metal ¢ encontrado em varios tecidos corporais como, pele, ossos, figado, muasculo e
encéfalo (Takeda 2001).

O zinco regula numerosos aspectos do metabolismo celular incluindo, divisdo e
diferenciagdo celular (Takeda 2001). Além de ser um constituinte essencial de um grande
numero de proteinas, incluindo enzimas, o zinco também ¢ essencial para suas atividades
biologicas. Por outro lado, niveis elevados de zinco podem ser neurotoxicos induzindo
disfungao e morte neuronal. Portanto, a concentragdo de zinco deve ser precisamente regulada
e equilibrada (Bitanihirwe & Cunningham 2009).

A concentragdo do zinco no encéfalo aumenta apdés o nascimento € se mantém
constante na fase adulta. O sistema de barreiras encefalicas (barreira hemato-encefalica e
barreira sangue-liquor) ¢ importante para a homeostase do zinco no cérebro e, alteragdes neste
sistema, podem estar associadas com disfungdes cerebrais e doencas neuroldgicas. A
homeostase do zinco no cérebro ¢ bastante complexa e, proteinas ligantes de metais, as
metalotioneinas, parecem estar envolvidas na homeostase do zinco intracelular (Takeda
2001).

O zinco foi identificado no encéfalo, pela primeira vez, por Maske utilizando um
método histoquimico que poderia detectar somente o zinco livre. Maske observou bandas
vermelhas brilhantes em fatias hipocampais de ratos (Frederickson et al. 2005, Bitanihirwe &
Cunningham 2009). Atualmente, sabe-se que no hipocampo e em outras regides do encéfalo,
o zinco vesicular é encontrado em vesiculas pré-sinapticas de neurdnios que utilizam o

glutamato como NT. Estes neuronios s3o denominados neuronios gluzinérgicos. Todos os
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neurénios que contém zinco sdo glutamatérgicos, entretanto, nem todos os neurdnios
glutamatérgicos contém zinco (Takeda 2001).

A distribui¢ao do zinco no encéfalo ndo ¢ uniforme. Concentragdes de zinco sdo mais
elevadas na matéria cinzenta do que na branca e em determinadas regides cerebrais como no
hipocampo, na amigdala e neocértex. No hipocampo, altas concentragdes de zinco tém sido
encontradas nas fibras musgosas de células granulares do giro denteado e em neurénios das
areas CA1 e CA3 (Frederickson et al. 2005).

O transporte do zinco para o parénquima cerebral ocorre através do sistema de
barreiras encefalicas (Takeda 2001). As rotas de entrada, que regulam o influxo do zinco dos
fluidos extracelulares para neurdnios e células gliais, ainda nao estdo completamente
elucidadas, mas transportadores da familia de proteinas tipo Zrt e Irt (ZIP) parecem estar
envolvidos neste processo. Entretanto, canais idnicos tais como, canais de Ca*’ voltagem-
dependentes do tipo L, trocadores Na'/Zn*" , receptores de glutamato do tipo NMDA e
AMPA/cainato e receptores GABAérgicos também parecem mediar este processo
(Mocchegiani et al. 2005).

Por outro lado, dois grupos de proteinas que regulam o efluxo de zinco de neurénios e
células gliais bem como, a captagdo do zinco em vesiculas pré-sinapticas, sdo conhecidos; a
familia de transportadores de catios divalentes (DCT) e a familia de transportadores de zinco
(ZnT). Ha pelo menos 10 membros da familia de ZnT, a maioria dos quais sdo ubiquamente
expressos embora, ZnT3 ¢ encontrado somente no cérebro e ¢ a unica isoforma neurdénio
especifica presente em vesiculas sinapticas. O ZnTl1 ¢é expresso, sinapticamente ¢
extrasinapticamente, na membrana plasmatica de neuronios e glia. Outros membros da familia
de ZnT (ZnT2, ZnT4, ZnT5 e ZnT6) sdo também expressos em varias regides cerebrais

(Mocchegiani et al. 2005, Bitanihirwe & Cunningham 2009, Sensi et al. 2009) (Figura 3).
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Figura 3: O trafego do zinco nos neurénios gluzinérgicos. O zinco é captado para as
vesiculas sindpticas dos terminais gluzinérgicos através do transportador de zinco 3 (ZnT-
3) e ¢ estocado com o glutamato. Durante estimulacdo normal, o zinco ¢ liberado junto
com o glutamato para a fenda sindptica, onde ele pode agir em receptores GABA ou
NMDA, canais voltagem-dependentes ou outros canais i0nicos. As metalotioneinas sao as
principais proteinas tamponantes de zinco intracelular e elas regulam a biodisponibilidade
de zinco em neurdnios pré e pos-sinapticos (Bitanihirwe & Cunningham 2009).
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1.7. Dopamina

A dopamina (DA) ¢ um neurotransmissor da classe das catecolaminas. Todos os
neurdnios catecolaminérgicos contém a enzima tirosina hidroxilase que catalisa a conversao
de tirosina em um composto denominado dopa (L-di-hidroxifenilalanina). O dopa, por sua
vez, ¢ convertido em DA pela dopa descarboxilase (Bear et al, 2002; Kuhar et al, 2006). A
conversao de tirosina em DA ocorre no citosol e, apos, a DA ¢ captada para as vesiculas
sinapticas (Kuhar et al, 2006). As enzimas monoamino oxidase (MAO) e catecol-O-
metiltransferase (COMT) sdo responsaveis pela inativagdo da DA assim como, sua recaptagao
por um sistema de transportadores de dopamina (DAT) ou a difusdo da DA para sitios longe
dos receptores (Cousins et al. 2009).

Os neurdnios dopaminérgicos sao amplamente distribuidos no SNC. Quatro vias
dopaminérgicas principais foram identificadas no cérebro humano: a tuberoinfundibular,
envolvida na regulagdo enddcrina, a nigroestriatal envolvida com o sistema motor e a doenga
de Parkinson, a mesolimbica e a mesocortical envolvidas na acdo de antipsicoOticos e drogas
de abuso (Kuhar et al. 2006, Cousins et al. 2009) Estas vias modulam dominios como
impulsividade e atengdo, busca da recompensa, processamento emocional, memoria de
trabalho e fungdes executivas (planejamento ¢ execu¢ao de atividades) (Cousins et al. 2009).
Os receptores de DA sdo encontrados principalmente no encéfalo e sdo agrupados em duas
familias, geralmente referidas como tipo D; (D; e Ds) e tipo D; (D2, D3 € D4). Os receptores
tipo D; estimulam a atividade da adenilato ciclase e, consequentemente, estimulam a produgao
do segundo mensageiro, AMPc enquanto que, os receptores tipo D, inibem esta enzima e a
producdo de AMPc¢ (Trantham-Davidson et al. 2004).

De acordo com a hipdtese dopaminérgica para a esquizofrenia, os sintomas psicéticos

podem estar relacionados a uma excessiva atividade dopaminérgica no sistema limbico
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enquanto que, os sintomas negativos e déficits cognitivos podem estar relacionados, pelo
menos em parte, com uma reducao da atividade deste sistema no cortex pré-frontal (Ichikawa
& Meltzer 1999). Receptores tipo D, parecem mediar a agdo de drogas antipsicoticas tipicas
devido a hipotese que desordens psicoticas resultam da super-estimulagdo de receptores tipo
D, e, entdo, a agdo antipsicética ¢ mediada pelo bloqueio destes receptores (Stone et al. 2007).

Na esquizofrenia, os niveis séricos de S100B estdo aumentados (Schroeter et al.
2009). Este aumento esta associado a exacerbagdo aguda dos sintomas positivos e sao
frequentemente relacionados a uma ativagao e/ou dano glial (Steiner et al. 2010b). Isto nos
remete a duvida: os niveis séricos aumentados de S100B em pacientes esquizofrénicos

realmente refletem uma secre¢do ativa de S100B por astrécitos?
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2. OBJETIVOS

Considerando as limitagdes e possiveis vantagens de medir S100B em fatias cerebrais,
. ) ~ . 2+ 2+
bem como as lacunas de conhecimento existentes com relagdo ao efeito de Ca™ e Zn™ e

dopamina sobre a secrecao de SI00B estabelecemos os seguintes objetivos.

2.1. Objetivo Geral

Visa atingir a nossa hipdtese de trabalho demonstrando que a secre¢dao de S100B ¢

modulada por Ca*", Zn>" e dopamina em um modelo ex vivo de fatias hipocampais.

2.2 Objetivos Especificos

a) Padronizagio da secrecdo de S100B em fatias hipocampais, usando um
procedimento simples e viavel,

b) Avaliar o efeito do Ca®" sobre a secrecdo de S100B em fatias hipocampais;

¢) Estudar a secrecio de S100B modulada por Zn**em fatias hipocampais;

d) Investigar a secrecdo de S100B modulada por dopamina também em fatias

hipocampais.
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3. RESULTADOS

CAPITULO |
S100B Secretion in Acute Brain Slices: Modulation by Extracellular Levels of Ca?* and K*
Neurochemistry Research, 2009; 34: 1603-1611
Patricia Nardin, Lucas Tortorelli, André Quincozes-Santos, Lucia Maria V. de
Almeida, Marina Concli Leite, Ana Paula Thomazi, Carmem Gottfried, Susana T. Wofchuk,

Rosario Donato, Carlos Alberto Gongalves
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Abstract Hippocampal slices have been widely used to
investigate electrophysiological and metabolic neuronal
parameters, as well as parameters of astroglial activity
including protein phosphorylation and glutamate uptake.
S100B is an astroglial-derived protein, which extracellu-
larly plays a neurotrophic activity during development and
excitotoxic insult. Herein, we characterized S100B secre-
tion in acute hippocampal slices exposed to different
concentrations of K and Ca®" in the extracellular med-
jum. Absence of Ca®" and/or low K (0.2 mM KCI)
caused an increase in S100B secretion, possibly by mobi-
lization of internal stores of Ca®". In contrast, high K™
(30 mM KCI) or calcium channel blockers caused a
decrease in S100B secretion. This study suggests that
exposure of acute hippocampal slices to low- and high-K*
could be used as an assay to evaluate astrocyte activity by
S100B secretion: positively regulated by low K™ (possibly
involving mobilization of internal stores of Ca®") and
negatively regulated by high-K* (likely secondary to influx
of K1).
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Introduction

Acute brain slices, particularly hippocampal slices, have
been widely used to investigate electrophysiological and
metabolic neuronal parameters due to partially preserved
neuronal circuitry and a suitable control of extracellular
medium [1, 2]. These preparations have also been used to
study some parameters of astrocyte activity, including
protein phosphorylation [3], glutamate uptake [4] and
S100B secretion [5, 6]. Morphological studies have con-
firmed the integrity of a large number of synaptic terminals
accompanied by glial process swelling [7]. Moreover, data
suggest the functional presence of gap junctions in acute
brain slices [8]. All this information justifies the use of these
preparations to complement studies, and sometimes to
surpass limitations, inherent to use of isolated glial cultures.

S100B is a Ca”"-binding protein that is expressed and
secreted by astrocytes [9, 10]. This protein has many
intracellular putative targets, involved in the regulation of
proliferation, differentiation and cytoskeleton plasticity.
Moreover, S100B is secreted by unknown mechanisms and
has a neurotrophic effect on neurons, protecting against
excitotoxicity, oxidative stress and f-amyloid toxicity
[11-13] and modulating neurotransmission [14].

Brain S100 proteins and S100B secretion in brain slices
were first described by Moore and coworkers [5, 15] and
reports of S100B secretion in glial cultures doubtless con-
firmed its astrocyte origin [16]. Some years ago, we
attempted to measure extracellular S100B in acute hippo-
campal slices submitted to oxygen—glucose deprivation [17].
Although the methodology was suitable to evaluate some
parameters of cellular damage, no differences were observed
in extracellular S100B content. However, 2 years later
Buyukuysal observed variations in the extracellular levels of
S100B in brain slices exposed to in vitro ischemia, using an
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experimental procedure that involves multiple changes of
the incubation medium before S100B release assay [6].

Using a similar experimental procedure, we measured
S100B secretion in brain slices exposed to different S1I00B
secretagogues such as fluoxetin [18], interleukin-1/5 [19]
and gap junction inhibitors (M. C. Leite, unpublished data).
Here, we characterized and standardized S100B secretion
in acute hippocampal slices under basal conditions and in
the presence of varying concentrations of K™ and Ca®™,
commonly used to study neurotransmitter release and
electrophysiology. It is important to emphasize that chan-
ges in K* and Ca®" concentrations affect neurons and
astrocytes in a differentiated manner [20, 21]. In contrast to
neurons, which employ extracellular Ca*" as the main
source for intracellular Ca>* elevation, glial cells mobilize
internal stores of Ca®" to elevate the intracellular levels of
this cation. Hippocampal slice integrity and metabolic
viability (including lactate release, glutamate uptake, glu-
tathione content and reduction of MTT) were evaluated
during 5 h of incubation.

Experimental Procedure
Animals

Male Wistar rats (30 days-old) were obtained from our
breeding colony (in the Department of Biochemistry,
UFRGS), maintained under controlled light and environ-
mental conditions (12 h light/12 h dark cycle at a constant
temperature of 22 £+ 1°C), and had free access to food and
water. All animal experiments were carried out in accor-
dance with the National Institute of Health Guide for the
Care and Use of Laboratory Animals (NIH Publications
No. 80-23) revised 1996, following the regulations of the
local animal house authorities.

Material

Trypan-blue, monoclonal anti-S100B antibody (SH-B1),
L-glutamate, 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic
acid (HEPES), o-phenylenediamine (OPD), o-phthaldialde-
hyde (OPA), meta-phosphoric acid, [3(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyl tetrazolium bromide] (MTT), were
purchased from Sigma. Polyclonal anti-GFAP and anti-S100
antibodies were obtained from DAKO. Peroxidase-conju-
gated anti-IgG and L-[2,3-’H] glutamate were obtained from
Amersham, and Trypsin from Gibco.

Preparation and Incubation of Hippocampal Slices

Animals were killed by decapitation, the brains were
removed and placed in cold saline medium with the
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following composition (in mM): 120 NaCl; 2 KCl; 1 CaCl,;
1 MgSOy; 25 HEPES; 1 KH,PO,, and 10 glucose, adjusted
to pH 7.4 and previously aerated with O,. The hippocampi
were dissected and transverse slices of 0.3 mm were
obtained using a Mcllwain Tissue Chopper. Slices were
then transferred immediately into 24-well culture plates,
each well containing 0.3 ml of physiological medium and
only one slice. The medium was changed every 15 min with
fresh saline medium at room temperature (maintained at
25°C). Removed medium was stored (at —20°C) until
S100B measurement. Following a 120-min equilibration
period, the medium was removed and replaced with basal or
specific modified media for 60, 120 or 180 min at 30°C in a
warm plate. Note that measurements in the equilibration
stage involve medium replacement, while the measure-
ments in the post-equilibration stage do not. Modified
media for S100B secretion after equilibration include: (1)
addition of verapamil 50 pM or 1 mM CoCl,, to block
calcium channels; (2) omission of CaCl, or MgCl,; (3)
0.2 mM KCI (low K*) or 30 mM KCI (high K*). Media
containing low and high K™ had tonicity compensated by a
decrease or increase in NaCl content, respectively. A set of
experiments using high and low K™ was carried out without
the addition of Ca®". Thirty microliters of media were
collected at 15 and 60 min for S100B measurement.

ELISA for S100B

ELISA for S100B was carried out, as described previously
[22]. Briefly, 50 pl of sample plus 50 pl of Tris buffer were
incubated for 2 h on a microtiter plate previously coated
with monoclonal anti-S100B. Polyclonal anti-S100 was
incubated for 30 min and then peroxidase-conjugated anti-
rabbit antibody was added for a further 30 min. The color
reaction with OPD was measured at 492 nm. The standard
S100B curve ranged from 0.002 to 1 ng/ml.

Metabolic Viability

Extracellular lactate content was measured using a lactate
assay kit (Katal Biotecnologica, Brazil), according to the
manufacturer’s instructions and slice viability assay was
performed by the colorimetric MTT method [23]. Briefly,
slices were incubated with 0.5 mg/ml of MTT, followed by
incubation at 30°C for 30 min. The formazan product
generated during the incubation was solubilized in dime-
thyl sulfoxide and measured at 560 and 630 nm. Results
are expressed as a percentage of the control.

Glutamate Uptake Assay

Glutamate uptake was performed as previously described
[4]. Media were replaced by Hank’s balanced salt solution
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(HBSS) containing (in mM): 137 NaCl; 0.63 Na,HPOy;
4.17 NaHCOg;; 5.36 KCI; 0.44 KH,POy; 1.26 CaCly; 0.41
MgSOy; 0.49 MgCl,, and 5.55 glucose, in pH 7.4. The
assay was started by the addition of 0.1 mM L-glutamate
and 0.66 puCi/ml L-[2,3—3H] glutamate. Incubation was
stopped after 5 min by removal of the medium and rinsing
the slices twice with ice-cold HBSS. Slices were then lysed
in a solution containing 0.1 M NaOH and 0.01% SDS.
Sodium-independent uptake was determined using
N-methyl-p-glucamine instead of sodium chloride. Sodium-
dependent glutamate uptake was obtained by subtracting
the non-specific uptake from the specific uptake. Radioac-
tivity was measured with a scintillation counter.

Glutathione Content

GSH content was determined as described before [24].
Briefly, slices were homogenized in sodium phosphate
buffer (0.1 M, pH 8.0) containing 0.005 M EDTA and
protein was precipitated with 1.7% meta-phosphoric acid.
Supernatant was assayed with o-phthaldialdeyde (1 mg/ml
of methanol) at room temperature for 15 min. Fluorescence
was measured using excitation and emission wavelengths
of 350 and 420 nm, respectively. A calibration curve was
performed with standard GSH solutions (0-500 uM). GSH
concentrations were calculated as nmol/mg protein.

Cell Integrity Assays

Lactate dehydrogenase (LDH) activity in the incubation
medium was determined by a colorimetric commercial kit
(from Doles, Brazil), according to the manufacturer’s
instructions. Neuronal integrity also was evaluated by
neuron-specific enolase (NSE). Extracellular NSE was
measured using an eletrochemiluminescent assay pur-
chased from Roche Diagnostics, which is double sandwich
assay that use an antibody anti-NSE bound with ruthenium
(luminescent label). The reaction and quantification were
performed by Elecsys-2010 (from Roche). Trypan blue
exclusion assay was carried out as described previously
[25]. Briefly, at the end of the incubation time, slices were
mechanically dissociated by a sequential passage through a
Pasteur pipette in a solution containing 400 pl Trypsin/
EDTA and fetal calf serum at 37°C, and allowed to settle
during 10 min to remove residual intact tissue. An aliquot
of the cell suspension was blended with 1.2% trypan blue
solution. After 2 min, cells were counted in a hemocy-
tometer by phase-contrast in an inverted light microscope
at 100x magnification. Each value indicates the percentage
of stained cells obtained from a mean of the number of
viable cells counted in four squares of the chamber. ELISA
for GFAP was carried out by coating the microtiter plate
with 100 pl samples (from slice homogenates), containing

200 ng of protein, overnight at 4°C [26]. Incubation with a
polyclonal anti-GFAP from rabbit for 2 h was followed by
incubation with a secondary antibody conjugated with
peroxidase for 1 h, at room temperature. The color reaction
with OPD was measured at 492 nm. The standard GFAP
curve ranged from 0.1 to 5 ng/ml.

Statistical Analysis

Data from the experiments are presented as mean =+ stan-
dard error and analyzed statistically by one-way analysis of
variance followed by the Duncan’s test or Student’s #-test
as indicated in the “Results”, assuming P < 0.05.

Results

As shown in Fig. 1a, SIO0B content in the saline medium
dramatically decreased during the first 30 min of incuba-
tion and continued to decrease significantly until 75 min,
when it reached a plateau from this time onwards (5th
change of medium). From the initial measurement of basal
S100B release (collected at the end of the first change) to
the last measurement (collected at the end of the 8th
change), S100B content dropped more than 20 times.
Based on the cell integrity evaluation by measurement of
extracellular LDH activity (Fig. 1b; see also Fig. 4), it
would be adequate to refer to “SI100B release” for the
initial measurements (up to the 5th change of medium) and
to “S100B secretion” for measurements from Sth change
of medium onwards. However, we decided to consider
secretion only after 120 min of equilibration (after eight
changes of medium).

Basal values of S100B secretion at 15 and 60 min post-
equilibration phase are shown in Fig. 2a. Two approaches
were carried out to investigate the effect of external Ca®™
on S100B secretion measured at 60 min post-equilibration;
using Ca”" channel blockers or omitting Ca*" in the
medium composition. When medium contained Ca®"
channel blockers, either 50 uM verapamil or I mM CoCl,,
a significant decrease was observed in S100B secretion
(Fig. 2b). Interestingly, absence of Ca®" caused an increase
in S100B secretion, whereas absence of Mg2+ in the
incubation medium did not alter basal S100B secretion
(Fig. 2¢).

When slices were exposed to a medium containing low
K" medium (0.2 mM KCl), an increase in S100B secretion
was observed (Fig. 3a). On the other hand, high K™ med-
ium (30 mM) decreased S100B secretion. In addition, in a
medium without Ca2+, which “per se” is able to cause an
increment of intracellular Ca®" in astrocytes by mobiliza-
tion of intracellular of stores, low K induced an intense
increase in S100B secretion in acute hippocampal slices
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Fig. 1 S100B release curve during equilibration phase. Transversal
hippocampal slices of 0.3 mm were incubated in a HEPES-buffered
saline for 120 min. Medium was replaced every 15 min. a S100B was
measured by ELISA. Values of S100B (in ng/ml) were expressed in
mean =+ standard error, in 10 independent experiments performed in
triplicate. a Significantly different from S100B release at 15 min and
b significantly different from S100B release at 30 min (assuming
P < 0.05). b Extracellular LDH activity was measured in parallel by
colorimetric assay. Values are expressed as percentage of the initial
activity (at 15 min), assumed as 100% in each experiment. a
Significantly different from LDH activity at 15 min; b significantly
different from LDH activity at 30 min; and c significantly different
from LDH activity at 30 and 45 min (assuming P < 0.05)

(Fig. 3b). High K, even in a medium without Ca*",
caused a decrease in S100B secretion.

Three assays were performed to evaluate cell integrity.
Assuming extracellular LDH activity as been 100% at first
15 min we observed a decrease during the first 2 h (see
Fig. 1b). This activity (less than 5% of initial measure-
ment) remained constant in the incubation medium from 2
to 5 h (Fig. 4a), indicating that no significant additional
losses occurred during this time. Moreover, the content of
neuron specific enolase (NSE), also exhibited a significant
decrease only during the equilibration phase (Fig. 4b).
About 30% of dissociated cells stained with Trypan-blue
immediately after slice preparation. This value decreased
to 15% after 1 h of equilibration and remained unaltered
during the next 3 h of incubation, i.e., from 1 to 4 h
(Fig. 4c).
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Fig. 2 S100B secretion after equilibration phase in basal condition,
presence of Ca®*-blockers and absence of Ca>*. a Basal S100B
secretion was measured at 15 and 60 min in normal medium. Values
of S100B (in ng/ml) were expressed in mean + standard error, in five
independent experiments performed in triplicate; b S100B secretion
at 60 min was measured in medium containing verapamil (50 pM) or
CoCl, (1 mM); ¢ S100B secretion at 60 min was measured in
medium without CaCl, (-Ca®>*) or MgCl, (-Mg>*). The line indicates
basal secretion in b and ¢, assumed as 100% in each experiment. Each
value is a mean (z%standard error) of five independent experiments
performed in triplicate. *Significantly different from basal secretion
(P < 0.05)

Metabolic insult and recovery after decapitation were
appropriately indicated by extracellular lactate content
(Fig. 5a). The lactate curve shown in Fig. 5a mirrored the
trypan-blue exclusion curve in Fig. 4c, pointing to signif-
icant cell damage up to 4 h after decapitation followed by
metabolic recovery after this time point. However, no
significant changes were observed in the MTT assay in this
same time interval (Fig. 5b). In order to confirm func-
tionality of astrocytes in slices and their recovery during
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Fig. 3 S100B secretion after equilibration modulated by K* in
presence and absence of Ca®*. In a, S100B secretion at 60 min was
measured in a medium containing 0.2 mM KCI1 (Low-K*) or 30 mM
KCl (High-K™); in b, S100B secretion at 60 min was measured in a
Ca**-free medium containing 0.2 mM KCI (Low-K™) or 30 mM KCl
(High-K*). The line indicates basal secretion (with and without Ca>*
in a and b, respectively), assumed as 100% in each experiment. Each
value is a mean (%standard error) of five independent experiments
performed in triplicate. *Significantly different from basal secretion
(P < 0.05)

incubation, we measured glutamate uptake and GSH con-
tent. Glutamate uptake, measured at 2 and 3 h, increased
when compared to the activity immediately after decapi-
tation (Fig. 6a). GSH content decreased during the first
hour, but remained unaltered thereafter (Fig. 6b).

Discussion

Brain slice equilibration or stabilization, which corre-
sponds to a metabolic “recovery” of this preparation,
commonly varies from 15 to 120 min, depending on the
experimental assay. We used a procedure for stabilization
with multiple changes of medium, as previously conducted
[6], in order to eliminate extracellular S100B release as a
result of altered membrane permeability. However, differ-
ently from this previous study, we performed changes of
medium every 15 min (for 2 h, at 25°C) instead of 10 min
(for 1.5 h at 30°C). Moreover, we used a HEPES-buffered
medium aired with O, (instead of NaHCO;-buffered
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Fig. 4 Cellular integrity in hippocampal slices during 5 h of
incubation. Transversal hippocampal slices of 0.3 mm were incubated
in a HEPES-buffered saline for 5 h. During the first 2 h, medium was
replaced every 15 min. Cellular integrity was measured by three
different assays. a LDH activity in the medium. Values are expressed
as percentage of the initial activity (at 15 min), assumed as 100% in
each experiment; b NSE content measured by a commercial
immunoassay from Roche and expressed as a percentage of the
initial content, assumed as 100% in each experiment; ¢ Trypan-blue
exclusion assay of dissociated cells from hippocampal slices. Values
are expressed as percentage of stained cells in each experiment. Each
value represents mean (=£standard error) of six independent exper-
iments performed in triplicate. Times of equilibration stage are
indicated. *Significantly different from value measured at “0” min
(or 15 min, in a and b; P < 0.05)

medium bubbled with 95% 0,/5% CO,) and S100B
secretion was assayed at 30°C (instead of 37°C).

Under these conditions of equilibration, extracellular
S100B decreased significantly during the first hour and
reached a plateau from 75 min onwards (5th change of
medium). As such, all subsequent experiments to
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Fig. 5 Metabolic viability of hippocampal slices during 5 h of
incubation. Transversal hippocampal slices of 0.3 mm were incubated
in a HEPES-buffered saline for 5 h. a Lactate content in the
extracellular medium and expressed as percentage of the lactate at
15 min, assumed as 100%; b MTT reduction by hippocampal slices,
assuming initial value as 100%. Each value represents mean
(£standard error) of five independent experiments performed in
triplicate. Times of equilibration stage are indicated. *Significantly
different from the initial measurement value (P < 0.05)

investigate S1I00B secretion were performed by stabilizing
hippocampal slices for 120 min, also based on the other
parameters used to evaluate integrity and metabolic via-
bility of hippocampal slices, which will be discussed later.

Several secretagogues have been reported to be involved
in S100B secretion in astroglial cultures, but the underlying
mechanism remains unknown. Here, we investigated how
extracellular ionic composition affects this secretion in
slice preparations. Blocking Ca*"-channels with Co®" or
verapamil, caused a decrease in basal S100B secretion at
1 h (about 50 and 15%, respectively). Verapamil is rec-
ognized as blocker of voltage-sensitive Ca”"-channel,
while Co*" is widely considered to be a non-specific
blocker of Ca2+-channels, and additionally few studies
have shown that receptor activation and depolarization
could induce uptake this cation in neurons [27] and glial
cells [28]. In glial cells, Ca** entry through plasmalemma
Ca”"-channels is mainly destined for replenishment of
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Fig. 6 Glutathione content and glutamate uptake in hippocampal
slices during 5 h of incubation. Transversal hippocampal slices of
0.3 mm were incubated in a HEPES-buffered saline for 5 h. a
Glutathione content (expressed in pmol/mg prot); b glutamate uptake
(expressed in nmol/mg prot/min). Each value represents mean
(£standard error) of five independent experiments. Times of equil-
ibration stage are indicated. *Significantly different from the initial
measurement value (P < 0.05)

internal stores. Moreover, voltage-sensitive channels in
glial cells, in contrast to neurons, tend to disappear during
development [21]. Therefore, different molecular targets of
these blockers could help to explain their differences of
activity on basal S1I00B secretion.

Interestingly, absence of Ca®" or exposure to 1 mM
EGTA (data not shown) caused a significant increase in
S100B secretion in agreement with previous observations in
brain slices [5, 6], possibly due to the mobilization of
internal stores of Ca®" [21]. Together, these data suggest a
complex modulation of S100B secretion involving mobili-
zation of intracellular Ca2+, as well as entry of extracellular
Ca”" for replenishment of internal stores. Mg”"-free med-
ium has been used to remove the Mg”" blockade of NMDA
receptors, inducing seizure-like events in brain slices [29,
30]. S100B secretion was not altered in Mg”-free medium,
suggesting that Ca®" entry via NMDA receptors is not
involved in the mechanism of S100B secretion. Accord-
ingly, NMDA (or other glutamate ionotropic agonists) did
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not affect SIO0B secretion in astrocytes in culture [31]. In
addition, astrocyte NMDA receptors apparently were not
affected by extracellular Mg*" [32].

S100B secretion was increased in hippocampal slices
exposed to 0.2 mM KCl. Decreased extracellular K*
(<1 mM) elicits a Ca*" influx into rat astrocytes in culture
[33]. Moreover, in hippocampal slices, most S100B-posi-
tive cells respond with cytosolic Ca®" elevations when
exposed to low concentrations of K™, in contrast to neurons
[20]. These data, again, reinforce the idea that S100B
release is consequent to an increase in intracellular Ca**.

When slices were exposed to high K™, however, a
decrease in S100B secretion was observed. Importantly,
whilst astrocytes are depolarised by increasing external
K™, this type of stimulation does not induce an increase in
intracellular Ca®* or glutamate release [21, 34]. The
mechanism underlying this decrease in S100B secretion
could be mediated by an undetermined neuronal factor
released during high K" depolarization, such as by a
neurotransmitter; for example, elevation of extracellular
glutamate in cultured astrocytes [35] and brain slices [6]
decreases S100B secretion. However, the involvement of
neuronal depolarization is excluded based on data from
Fig. 3b, where absence of Ca®" (necessary to neuronal
depolarization) does not prevent the decrease in S100B
secretion, compared to basal secretion. Regardless of the
mediator involved in this effect, these contrasting S100B
secretory profiles in response to K* suggest two different
kinds of regulation of S100B secretion, one positive by low
K™ (possibly involving mobilization of internal stores of
Ca”" in astrocytes [21]) and other negative by high K™
(possibly secondary to influx of K™ in astrocytes, which are
responsible for K* uptake and buffering under in this
condition [36]).

Results of the LDH activity and NSE content indicate a
significant loss of cell integrity during the first 2 h, but no
additional losses occurred during the next 3 h. Moreover,
no changes were observed in GFAP content (data not
shown), possibly due to its insoluble character and/or
methodological insensitivity to detected small variations.
Interestingly, the Trypan-blue exclusion assay indicated a
decrease in cell integrity at the beginning of the incubation,
but in contrast to the LDH assay, Trypan blue also indi-
cated a decrease in integrity at 5 h of incubation. It is
important to mention that Trypan blue assay was per-
formed with dissociated cells from slices and, therefore,
differed from adhered cells in tissue, indicating suscepti-
bility to mechanical injury caused by cell dissociation. As
such, at 5 h of incubation, hippocampal slice cells are not
more permeable to Trypan-blue, but likely more suscepti-
ble to mechanical injury.

Phosphocreatine and ATP levels in brain slices
are ~50% those of intact brain, while O, consumption

drops to at least 30%, indicating an anaerobic metabolism
adaptation [7, 37]. Interestingly, ATP content in these
preparations is apparently the same, either in HEPES- or in
bicarbonate-buffered medium [38]. Based on extracellular
lactate, it is possible to observe a significant energetic
variation during the first hour and a recovery from 1 h on.
The exact meaning of these changes is unclear because
they involve production, release, uptake and consumption
of lactate in different cell types. Based on glutamate uptake
and GSH content measurements, it is possible that astro-
cytes are actively working in these preparations and,
according to extracellular lactate measurements, it is pos-
sible observe a lower metabolic activity during the first
hour ex vivo.

Our data suggest that, under these conditions, S100B
secretion (and other parameters of astroglial activity) can
be evaluated in acute hippocampal slices. This procedure,
like others previously described [5, 6], allows S100B
secretion data to be obtained from ex-vivo brain tissue,
which may be extremely useful for the study of astroglial
activity, in addition to other neurochemical parameters
currently investigated in these preparations, such as GFAP
phosphorylation [3], glutamate uptake [4], and glutamine
synthetase activity [39].

Acute brain slices exhibit a partially preserved neuronal
circuitry and active net of astrocytes [8]. SI00B secretion
in these preparations apparently preserves some charac-
teristics observed in astrocyte cultures [5, 6, 35, 40].
Therefore, these slices may be used to complement studies
of S100B secretion in culture, and sometimes to surpass the
limitations, inherent to isolated glial cultures. In addition,
this study suggests that exposure of acute hippocampal
slices to low and high K* could be used as an assay to
evaluate astrocyte activity by S100B secretion: positively
regulated by low K (maybe involving mobilization of
internal stores of Ca®") and negatively regulated by high-
K* (maybe secondary to influx of K™).
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Abstract

In the brain, Zn”" is selectively uptaken and stored in neurons and astrocytes. When released,
Zn*" interacts with several protein targets modulating synaptic plasticity, including
neurotransmitter receptors, particularly glutamate and purinergic receptors, and store-operated
calcium channels. A calcium and zinc-binding protein named S100B, which is predominantly
produced and secreted by astrocytes in the gray matter of the brain, has been suggested to be a
modulatory element in synaptic plasticity, as well as a protein marker of astroglial activation.
In this study, we investigated whether S100B secretion is affected by extracellular zinc in
acute slices of the hippocampus, an important gluzinergic brain region, as well as to discuss
which mechanistic elements are involved in this putative modulation. Our results show that
micromolar levels of Zn**, equivalent to those found at physiological levels, were able to
negatively modulate S100B secretion. In the absence of Ca®’, or low levels of K, in the
extracellular medium (which are able to induce an increment of intracellular calcium in
astrocytes), Zn®" still had the capacity to block S100B secretion. In addition, TPEN prevented
these Zn*"-mediated effects and per se induced an increase in S100B secretion. In addition,
this study confirmed that high levels of glutamate (0.1-1 mM) inhibit S100B secretion and
showed, for the first time to our knowledge, that ATP at 1 mM also inhibits this secretion.
Our data contribute to understanding the role of Zn®' in the hippocampus, particularly
regarding the secretion of S100B, and suggest a regulatory role for this ion in astroglial

activation.

Key words: astroglial activation, calcium, hippocampus, S100B, zinc
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Introduction

In the central nervous system (CNS), Zn>" is selectively uptaken and stored in neurons and
astrocytes. In presynaptic glutamatergic neurons, Zn>" is transported to vesicles and released
together with glutamate (Frederickson et al. 2005). During physiological glutamatergic
transmission, the Zn®" concentration in the synaptic cleft can reach 300 uM. These Zn®'-
glutamate releasing neurons have been named “gluzinergic” neurons. In addition to glutamate
vesicles in neurons, Zn2+ is stored in the cytoplasm of astrocytes and binds to
metallothioneins (mainly type 2, MT-2), which are small proteins containing cysteine residues
that allow them to bind Zn*" and other metals (Sensi et al. 2009) .

When released in the synapses, Zn®" interacts with various protein targets, modulating
synaptic plasticity. In fact, zinc is able to affect cell communication by acting on NMDA,
GABA and adenosine receptors (Cohen-Kfir et al. 2005, Smart et al. 2004); on glutamate
transport (Vandenberg et al. 1998); on a metabotropic Zn>" -sensing receptor (Besser et al.
2009); and store-operated calcium channels (SOCC) (Kresse et al. 2005). These last targets
are ubiquitous, but are very important in non-excitable cells and particularly, in the CNS, in
astrocytes. Moreover, zinc is able to interfere in the secretion and/or activity of inflammatory
cytokines [e.g.(Bao et al.) ] and modulate TrkB neurotrophine receptors (Huang et al. 2008),
which could also affect synaptic plasticity. A calcium and zinc-binding protein named S100B,
which is predominantly produced and secreted by astrocytes in the CNS, has been suggested
to be a modulatory element in synaptic plasticity (Nishiyama et al. 2002) and Alzheimer’s
disease (Griffin et al. 1998). However, there is little information about the manner by which
Zn*" affects S100B secretion from astrocytes (Davey et al. 2001).

In pathological conditions, such as ischemia, seizures and traumatic brain injury, the amount
of released Zn®", together with glutamate, is able to impair brain activity (Bitanihirwe &

Cunningham 2009). Under these conditions, S100B has been reported as to be a marker of

33



astroglial activation, particularly at extracellular levels (Goncalves et al. 2008). In support of
this finding, in vitro results with S100B suggest that it has neurotrophic or neurotoxic activity,
depending on its concentration (Donato et al. 2009). For example, nM levels of S100B could
protect neurons against glutamate excitotoxicity (Ahlemeyer et al. 2000), but uM levels could
induce neuronal death mediated by NO release (Hu et al. 1997).

In a similar way, Zn”" has beneficial and detrimental activity in brain tissue (Frederickson et
al. 2005, Sensi et al. 2009). In fact, Zn®" has been associated with several brain diseases
(including Alzheimer’s disease, epilepsy and stroke), and also plays a protective role in the
CNS in some conditions (Bitanihirwe & Cunningham 2009). It is important to mention that
the observation of Zn>" accumulation in degenerating neurons of Znt3-null mice suggests that
there are other zinc sources, besides those found in synaptic vesicles (Lee et al. 2000) .
Potentially, Zn*" can be rapidly released by nitrosylation or oxidation of the thiol groups from
astrocytic MT-2 (Frederickson et al. 2005). In this study, we aimed to investigate whether
S100B secretion is affected by extracellular zinc in acute slices of hippocampus, an important
gluzinergic brain region, as well as to discuss which mechanistic elements could be involved
in this putative modulation.

Material and methods

Animals. Male Wistar rats (30—days old) were obtained from our breeding colony
(Department of Biochemistry, UFRGS), maintained under controlled light and environmental
conditions (12 hour light/12 hour dark cycle at a constant temperature of 22 + 1°C), and had
free access to a commercial chow and water. All animal experiments were carried out in
accordance with the National Institute of Health Guide for the Care and Use of Laboratory

Animals (NIH Publications No. 80-23) revised 1996, following the regulations of the local

animal house authorities.
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Material. Monoclonal anti-S100B antibody (SH-B1), L-glutamate, 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid (HEPES), Zinc chloride (ZnCl;), Adenosine 5'-
thriphosphate (ATP), N,N,N’,N’-Tetrakis(2-pyridylmethyl) ethylenediamine (TPEN),
Dithiothreitol (DTT), O-phenylenediamine (OPD), [3(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide] (MTT), were purchased from Sigma. Polyclonal Rabbit Anti-S100 was
obtained from Dako. Anti-rabbit IgG Horseradish Peroxidase was obtained from Amersham.
Preparation and incubation of hippocampal slices. This procedure was carried out, as
described previously (Nardin et al. 2009). Briefly, rats were decapitated and their hippocampi
quickly dissected out. Transverse sections (300 um) were rapidly obtained with a Mcllwain
tissue chopper. One slice was placed into each well of a 24-well culture plate. Slices were
incubated, at room temperature, in a HEPES-buffered saline solution (HBSS) containing (in
mM): 120 NaCl; 2 KCI; 1 CaCly; 1 MgSO4; 1 KH,PO4. 10 glucose and 25 HEPES, pH 7.4.
The medium was exchanged every 15 min for fresh medium. After a 120-min equilibration
period, slices were incubated for 1 h, at 30°C, in the HBSS medium (for basal S100B
secretion) or Ca*-free HBSS (in which Ca”" was not included) or Low-K " (in which KCI was
added to a final concentration of 0.3 mM). ZnCl,, TPEN, DTT, glutamate and ATP were
added to the incubation medium (at concentrations indicated in the Results section).

S100B measurement. The S100B concentration was measured as described previously (Leite
et al. 2008). Briefly, 50 uL of sample plus 50 uL of Tris buffer were incubated for 2 h on a
microtiter plate previously coated with monoclonal anti-S100B. Polyclonal anti-S100 was
incubated for 30 min and then peroxidase-conjugated anti-rabbit antibody was added for a
further 30 min. The color reaction with o0-phenylenediamine was measured at 492 nm. The
standard S100B curve ranged from 0.002 to 1 ng/mL.

MTT Reduction Assay. A slice viability assay was performed using the colorimetric MTT

method (Hansen et al. 1989). Briefly, slices were incubated with 0.5 mg/mL of MTT,
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followed by incubation at 30°C for 30 min. The formazan product generated during the
incubation was solubilized in dimethyl sulfoxide and measured at 560 and 630 nm. Results
are expressed as a percentage of the control.

Statistical Analysis. Data are reported as mean = SEM and were analyzed by one-way analysis
of variance (ANOVA), followed by Duncan’s test in the SPSS-16.0. Values of p < 0.05 were
considered significant.

Results

The effect of Zn>" on S100B secretion by acute hippocampal slices is shown in Fig
1A. Zn*" varied from 1 to 300 uM and was able to induce a decrease in SI00B secretion,
measured in 1 h, for all concentrations, apparently in a concentration-dependent manner (R* =
0.91). The highest concentration is the concentration that Zn>" is estimated to reach in the
synaptic cleft (Frederickson et al. 2005). However, based on the MTT reduction assay (Fig
1B), Zn*" at 100 and 300 uM could impair cell viability in hippocampal slices. For this
reason, we used Zn>" at 10 pM in the following experiments.

Assuming that TPEN is a specific Zn*'chelating agent and that DTT offers
competitive sulphydryl groups that prevent some Zn*" effects, we investigated the effects of
these compounds on basal S100B secretion (Fig 2). Both compounds (at 10 pM) increased
basal S100B secretion per se and no inhibitory effect of Zn*" was observed when they were
added.

Subsequently, we investigated two conditions that are specifically associated with the
increase in intracellular Ca®" in astrocytes, putatively involved in S100B secretion: low
extracellular levels of K (Dallwig & Deitmer 2002) and absence of extracellular Ca>*(Zanotti
& Charles 1997), which could be affected by the presence of Zn*". At low levels of potassium
(0.2 mM KCl), S100B secretion increased when compared to basal secretion, assumed as

being 100% (measured in a medium containing 2 mM KCI) (Fig 3). Zn>" was able to prevent
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this increase and even to decrease S100B secretion, when compared with basal secretion.
TPEN did not increase the stimulated S100B secretion that was induced by low K. However,
TPEN, together with Zn®", prevented the effect induced by Zn®" and, apparently, even
increased S100B secretion.

We then investigated S100B secretion in a Ca*'-free medium (no CaCl, was added to
this medium) (Fig 4). S100B secretion was stimulated in this condition and Zn*" was able to
prevent this increase. TPEN, in the Ca’’-free medium, also increased S100B secretion, when
compared to basal secretion, but the stimulated secretion was not different from that induced
by Ca**-free medium per se. Moreover, TPEN together with Zn>" prevented the effect induced
by Zn*".

Recently we suggested that S100B secretion is positively modulated by gap junction
inhibitors. Thus, the effects of two neurotransmitters, glutamate and ATP (suggested to be gap
junction modulators), on S100B secretion were determined, as well as their effects in the
presence of Zn>". Glutamate at 0.1 and 1 mM reduced S100B secretion (Fig 5A); this effect
was not quantitatively different when Zn*" was added (Fig 5B). ATP at 1 mM was also able to
reduce S100B secretion (Fig 6A) and, similarly to the result with glutamate, no additive effect
was observed when Zn>" was present (Fig 6B).

Discussion

Previous studies mention that, in the synaptic cleft, the Zn®>" concentration can reach 0.3 mM
(Frederickson et al. 2005). However, these high levels could be an overestimation (Kay
2006). Nevertheless, elevated levels of Zn®" have been characterized in pathological
conditions including stroke, epilepsy and degenerative diseases (Bitanihirwe & Cunningham
2009). In fact, elevated levels of Zn*" (0.1 mM) are able to inhibit glutamate uptake and could
compromise neural survival (Suh et al. 2007). We found that Zn*", from 1 to 300 uM,

inhibited S100B secretion, but that 100 and 300 uM impaired cell viability in hippocampal
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slices (based on the MTT reduction assay). Moreover, Zn’", at concentrations from 1 to 10
uM, are able to modulate ionic permeability and alter astrocyte response (Kresse et al. 2005),
and elevated levels (> 100 uM) can induce the opposite response in hemichannels (Chappell
et al. 2003).

After finding that Zn>" was able to inhibit basal SI00B secretion, we investigated whether
TPEN or DTT were able to prevent this effect. TPEN is a chelator with a high affinity for
Zn*" and was able, per se, to stimulate basal S100B secretion, possibly by chelating some of
the endogenous Zn>" involved in the inhibition of S100B secretion. Moreover, DTT was also
able to stimulate S100B secretion, suggesting an involvement of cysteine residues in the zinc-
mediated inhibition of S100B secretion. However, the per se effect of these compounds on
S100B secretion makes it difficult to prove that they prevented the inhibitory effect of Zn®".
Some S100B secretagogues have been identified, including forskolin (Pinto et al. 2000),
kainate (Sakatani et al. 2008) and carbenoxolone (Leite et al. 2009). However, the underlying
mechanism of secretion remains unknown and involves a non-classic vesicular export, where
Ca”" is a possible mediator (Davey et al. 2001, Goncalves et al. 2008). In order to investigate
the effect of Zn*" on S100B secretion, we incubated hippocampal slices under two specific
conditions associated with the increase of intracellular Ca*" in astrocytes: low extracellular
levels of K™ (Dallwig & Deitmer 2002) or absence of extracellular Ca*’(Zanotti & Charles
1997), which have been accompanied by S100B secretion (Nardin et al. 2009).

In astroglial cells, the absence of extracellular calcium induces an increase in intracellular
calcium, possibly involving mobilization of the Ca*" stored in the endoplasmic reticulum
(Zanotti & Charles 1997). This effect is blocked by thapsigargin and by the replacement of
Ca”" with some other divalent cations, including Zn>". This mechanism possibly involves a
calcium-sensing receptor in astrocytes (Yano et al. 2004). In our study, Zn>", at micromolar

levels, blocked the S100B secretion induced by the absence of Ca*". It would be possible to
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conceive that this calcium-sensing receptor, in astrocytes, is as sensitive to Zn*" as SOCC,
which is involved in the replenishment of internal Ca®" stores (Gore et al. 2004, Kresse et al.
2005). Therefore 1-10 uM Zn*" could block the release of Ca’” from the endoplasmic
reticulum and reduce S100B secretion. However, at this moment, we can not rule out another
target of Zn®" downstream from the calcium-sensing receptor involved in the internal Ca*"
release or in the machinery of S100B secretion. As expected, TPEN per se does not modify
the S100B secretion induced in a Ca*'-free medium, but prevented the inhibitory effect of
Zn*"

When K was reduced in the external medium, S100B secretion increased (about 60%), in
agreement with our previous result (Nardin et al. 2009). This increase in S100B may be
associated with an elevation of intracellular Ca®’, which is due to the influx of the external
medium through K+ inward rectifier channels, which are Ca®"-permeable at low levels of K
and highly sensitive to Ba®>" (Dallwig et al. 2000). Addition of Zn** decreased S100B
secretion to a value lower than basal secretion. TPEN per se did not modify the low K'-
stimulated S100B secretion, but TPEN prevented the inhibition caused by Zn**. In fact, TPEN
with Zn®" even increased S100B secretion, but the reason for this is unclear at this moment.
Elevated concentrations of glutamate (as observed in pathological conditions) induce a
decrease in S100B secretion, in primary astrocyte cultures and acute brain slices (Goncalves
et al. 2002, Buyukuysal 2005). Here, we confirm that this effect at 1 mM glutamate. The
underlying mechanism for this finding is unclear but appears to involve glutamate transporters
(Tramontina et al. 2006a). However, in contrast to primary astrocyte cultures, 0.1 mM
glutamate was enough to decrease S100B secretion in hippocampal slices. It may be noted
that the Zn*" effect on S100B secretion was not additive to the effect of glutamate. Elevated
levels of ATP, also observed in pathological conditions, decreased the S100B secretion, as

observed with glutamate. The purinergic receptors or other ATP targets involved in this effect
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probably require further characterization. Again the effect of Zn*" was not additive in ATP-
induced S100B decrease.

Extracellular S100B is assumed to be a neurotrophic factor, but persistent elevation could
cause damage to neurons and other cells (Donato et al. 2009, Van Eldik & Wainwright 2003).
In addition, S100B, like other S100 proteins, has been considered to be a damage-associated
molecular pattern (DAMP) or alarmin (Bianchi 2007). Therefore, Zn>" at physiological levels
could function by repressing S100B secretion. This decrease did not impair trophic activities,
such as glutamate uptake stimulation (Tramontina et al. 2006b). On the other hand, a failure
to repress S100B release may result in a persistent elevation and trigger neuronal death. These
results in hippocampal slices confirm a regulatory role of Zn®" in S100B secretion, as
suggested previously in glioblastoma cells (Davey et al. 2001).

In summary, these results demonstrate that low levels of Zn>", equivalent to those found
at physiological levels, are able to negatively modulate S100B secretion in hippocampal
slices. In two extreme conditions, absence of Ca®" or low levels of K' in the extracellular
medium, which are able to induce an increased intracellular calcium, Zn*" still demonstrated
the capacity to block S100B secretion. In addition, TPEN prevented the effects of Zn®" and
per se induced an increase in S100B secretion. Moreover, our data confirm that high levels of
glutamate (0.1-1 mM) inhibit S100B secretion and show, for the first time to our knowledge,
that ATP at 1 mM also inhibits this secretion. These data contribute to the understanding of
the role of Zn>" in the hippocampus, particularly with regard to the secretion of S100B, a
protein widely used as marker of astroglial activation in several conditions of brain injury.
Acknowledgements. This work was supported by the Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico (CNPq), Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior (CAPES), FINEP/ Rede IBN and INCT-National Institute of
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Figure legends

Figure 1. S100B secretion is negatively modulated by Zn®* in acute hippocampal slices. In
A, S100B released from hippocampal slices incubated with Zn>" (at indicated concentrations)
for 60 min. S100B was measured by ELISA. Each value is the mean (£ standard error) of 5
independent experiments performed in triplicate. * Significantly different from basal S100B
secretion (without Zn*"), assumed as being 100% (One way ANOVA followed by Duncan’s
test; p< 0.05). In B, MTT reduction assay in hippocampal slices incubated with Zn** (at
concentrations indicated) for 60 min. Each value is the mean (£ standard error) of 5
independent experiments performed in triplicate. * Significantly different from slices
incubated in the absence of Zn”", assumed as being 100% (One way ANOVA followed by
Duncan’s test; p< 0.05).

Figure 2. The effect of Zn?* on S100B secretion was prevented by TPEN and DTT.

S100B secretion from hippocampal slices incubated with TPEN or DTT (at 10 puM) in the
presence or absence of Zn®" (at 10 uM) for 60 min. S100B was measured by ELISA. Each
value is the mean (£ standard error) of 4 independent experiments performed in triplicate. *
Significantly different from basal S100B secretion (without Zn*") (One way ANOVA
followed by Duncan’s test; p< 0.05).

Figure 3. Low-K* stimulated S100B secretion was prevented by Zn®*. S100B secretion at
60 min from acute hipoccampal slices was measured in a HEPES-buffered saline medium
containing 3 mM KCl (basal S100B secretion, assumed as being 100% and represented by a
line) or 0.2 mM KCI (Low-K stimulated S100B secretion, represented by an open bar). Zn*"
and/or TPEN were added at a concentration of 10 pM. Each value is the mean (+ standard
error) of 5 independent experiments performed in triplicate. * Significantly different from
basal S100B secretion (without Zn*") (One way ANOVA followed by Duncan’s test; p<

0.05).
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Figure 4. Ca®*-free stimulated S100B secretion was prevented by Zn?*. S100B secretion at
60 min from acute hipoccampal slices was measured in a HEPES-buffered saline medium
containing 2 mM (basal S100B secretion, assumed as being 100% and represented by a line)
or without CaCl, (Ca*"-free stimulated S100B secretion, represented by an open bar). Zn>"
and/or TPEN were added at a concentration of 10 uM. Each value is the mean (+ standard
error) of 5 independent experiments performed in triplicate. * Significantly different from
basal S100B secretion (without Zn*") (One way ANOVA followed by Duncan’s test; p<
0.05).

Figure 5. S100B secretion is negatively modulated by glutamate. In A, S100B secretion at
60 min was measured in medium containing glutamate at indicated concentrations; In B,
S100B secretion at 60 min was measured in the presence of glutamate (at 100 pM) and Zn**
(at 10 uM). Line indicates basal secretion (without glutamate or Zn”") assumed as 100% in
each experiment. Each value is the mean (£ standard error) of 5 independent experiments
performed in triplicate. * Significantly different from basal secretion (One way ANOVA
followed by Duncan’s test; p< 0.05).

Figure 6. S100B secretion is negatively modulated by ATP. In A, S100B secretion at 60 min
was measured in a medium containing ATP at indicated concentrations; In B, S100B
secretion at 60 min was measured in the presence of ATP (at 1 mM) and Zn®>" (at 10 pM).
Line indicates basal secretion (without glutamate or Zn>"), assumed as 100% in each
experiment. Each value is the mean (£ standard error) of 5 independent experiments
performed in triplicate. * Significantly different from basal secretion (One way ANOVA

followed by Duncan’s test; p< 0.05).
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Figure 5
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Abstract

Astrocytes express dopamine receptors and respond to dopamine stimulation. However, the
role of astrocytes in psychiatric disorders and the effects of antipsychotics on astroglial cells
have only been investigated recently. S100B is a glia-derived protein commonly used as a
marker of astroglial activation in psychiatric disorders, particularly schizophrenia. We
investigated S100B secretion in three different rat brain preparations (fresh hippocampal
slices, C6 glioma cells and primary astrocyte cultures) exposed to apomorphine and
antipsychotics (haloperidol and risperidone), aiming to evaluate ex vivo and in vitro whether
dopamine activation and dopaminergic antagonists modulate astroglial activation as measured
by changes in the extracellular levels of S100B. The serum S100B elevation observed in
schizophrenic patients does not fit with the in vitro decrease of S100B secretion we observed
in hippocampal slices, cortical astrocytes and C6 glioma cells treated with apomorphine,
which mimics dopaminergic hyperactivation. This decrease of S100B secretion can be
explained by a stimulation of D2 receptors negatively coupled to adenyl cyclase.
Antipsychotic medications and antioxidant supplementation were able to prevent the decline
in S100B secretion. This reinforces the benefits of antioxidant therapy in psychiatric
disorders. Moreover, our data suggest more caution in the interpretation of changes in
peripheral S100B levels as a sign of astroglial activation, particularly considering the extra-

cerebral sources of this protein.

Key words: apomorphine, astrocyte, antioxidant, antipsychotic, S100B, schizophrenia
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1. Introduction

Schizophrenia is a chronic psychiatric disorder that affects approximately 1% of the
population, and its positive symptoms (e.g., hallucinations and delusions) are correlated with
elevated dopaminergic activity (Guillin et al., 2007). The disruption of prepulse inhibition of
the acoustic startle response by the dopamine agonist apomorphine in rats has been used in the
last two decades as a model of schizophrenia-related disorders, and this disruption is reversed
by both typical and atypical antipsychotic agents [e.g., (Mitchell and Neumaier, 2008,

Swerdlow et al., 1994)].

It is well known that astrocytes express dopamine receptors and respond to dopamine
stimulation (Hertz et al., 1984). However, the role of astrocytes in psychiatric disorders (De
Keyser et al., 2008) and the effects of antipsychotics on astroglial cells have only been

investigated recently (Quincozes-Santos et al., 2008, Roh et al., 2008).

S100B is a calcium-binding protein synthesized and secreted by astrocytes, and it is
frequently used as a marker of astroglial activation (Donato et al., 2009, Goncalves et al.,
2008). However, its expression is not restricted to astrocytes in the brain (Steiner et al., 2007)
or even to brain tissue (Goncalves et al., 2010). Many groups (including ours) have reported
S100B serum elevation in schizophrenic and bipolar patients (Andreazza et al., 2007, Lara et
al., 2001). In fact, a meta-analysis showed that serum S100B elevation is related to the
exacerbation phase in schizophrenic patients (Schroeter et al., 2009). Despite this evidence, it
is not clear whether S100B serum reflects astroglial activation (Goncalves et al., 2010),

particularly in schizophrenic patients (Steiner et al., 2010c).

Some S100B secretagogues have been identified, including fluoxetin (Tramontina et al.,
2008), kainate (Sakatani et al., 2008) and carbenoxolone, an inhibitor of gap junctions (Leite

et al., 2009). In addition, two reports suggest a regulatory effect of antipsychotics on S100B
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secretion in C6 glioma cells and oligodendrocytic OLN-93 cells (Quincozes-Santos et al.,
2008, Steiner et al., 2010b), possibly mediated by dopamine receptors. Here we investigated
S100B secretion in three different rat brain preparations (fresh hippocampal slices, C6 glioma
cells and primary astrocyte cultures) exposed to apomorphine and antipsychotics (haloperidol
and risperidone), aiming to evaluate ex vivo and in vitro whether dopamine activation and
dopaminergic antagonists modulate astroglial activation measured as changes in the
extracellular levels of S100B. S100B secretion is also affected by antioxidant compounds
(Donato et al., 2009), and apomorphine has protective effects on oxidative stress-induced cell
death (Hara et al., 2006). Therefore, we also investigated the effect of apomorphine together

with other antioxidants on S100B secretion.
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2. Materials and methods

2.1 Animals

Male Wistar rats (30 days old) were obtained from our breeding colony (Department of
Biochemistry, UFRGS), were maintained under controlled light and environmental conditions
(12 hour light/12 hour dark cycle at a constant temperature of 22 + 1°C), and had free access
to commercial chow and water. All animal experiments were carried out in accordance with
the National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 80-23) revised in 1996 and followed the regulations of the local animal
housing authorities.

2.2 Chemicals

Poly-L-lysine, Dulbecco’s modified Eagle's medium (DMEM), flasks and other material for cell
culture, monoclonal anti-S100B antibody (SH-B1), 4-(2-hydroxyethyl)piperazene-1-
ethanesulfonic acid (HEPES), O-phenylenediamine (OPD), [3(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide] (MTT), apomorphine, N-acetylcysteine (NAC), and ascorbic
acid (AA) were purchased from Sigma (St. Louis, MO, USA). Glutathione monoethylester
(GSH) was obtained from Calbiochem. Polyclonal Rabbit Anti-S100 was obtained from
Dako. Anti-rabbit IgG Horseradish Peroxidase was obtained from Amersham. Fetal calf serum
(FCS) was purchased from Gibco. Risperidone (Risperdal®) and haloperidol (Haldol®) were a
gift from Janssen-Cilag (Sao Paulo, SP, Brazil), a Brazilian division of Johnson & Johnson.

2.3 Hippocampal slice preparation

This procedure was carried out as described previously (Nardin et al., 2009). Briefly, rats
were decapitated, and their hippocampi quickly dissected out. Transverse sections (300 pm)
were rapidly obtained with a Mcllwain tissue chopper. One slice was placed into each well of
a 24-well culture plate. Slices were incubated at room temperature in a HEPES-buffered

saline solution (HBSS) containing (in mM): 120 NaCl; 2 KCI; 1 CaCly; 1 MgSQOy; 1 KH,POy;
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10 glucose and 25 HEPES, pH 7.4. The medium was changed every 15 min with fresh
medium. After a 120-min equilibration period, the slices were incubated for 1 h at 30°C in the
HBSS medium in the absence or presence of apomorphine (1, 10 or 100 uM); Haloperidol,
Risperidone, N-acetylcysteine (NAC), glutathione monoethylester (GSH), and ascorbic acid
were added to the incubation medium at the concentrations indicated in the Results section.
2.4 Astrocyte culture

Primary cortical astrocyte cultures from Wistar rats were prepared as previously described
(Gottfried et al., 2003). All procedures were in accordance with the NIH guidelines for the
care and use of laboratory animals and were approved by the ethical committee from the
University (UFRGS, Porto Alegre). Briefly, cortices of newborn Wistar rats (1-2 days old)
were removed and mechanically dissociated in Ca*" and Mg*" -free balanced salt solution.
The cortex was cleaned of meninges and mechanically dissociated by sequential passage
through a Pasteur pipette. After centrifugation at 1,000 rpm for 5 min, the pellet was
resuspended in DMEM (pH 7.6) supplemented with 8.39 mM HEPES, 23.8 mM NaHCO;3,
0.1% Fungizone®, 0.032% garamicine and 10% FCS. Cultures were maintained in DMEM
containing 10% FCS in 5% C0,/95% air at 37°C and allowed to grow to confluence. The
medium was replaced by DMEM without serum in the absence or presence of apomorphine,
haloperidol, risperidone, N-acetylcysteine (NAC), glutathione monoethylester (GSH), and/or
ascorbic acid (at concentrations indicated in the Results section).

2.5 C6 glioma cells

A rat glioblastoma cell line was obtained from the American Type Culture Collection
(Rockville, Maryland, USA). Late passage cells (i.e., after at least 100 passages) were seeded
in 24-well plates at densities of 10* cells/well and cultured in DMEM (pH 7.4) supplemented
with 5% FCS, 2.5 mg/mL amphotericin B and 100 U/L gentamicin in 5% C0O2/95% air at

37 °C (de Souza et al., 2009). After the cells reached confluence, the culture medium was
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replaced by DMEM without serum in the absence or presence of apomorphine, haloperidol,
risperidone, N-acetylcysteine (NAC), glutathione monoethylester (GSH), and/or ascorbic acid
(at concentrations indicated in the Results section).

2.6 ELISA for S100B

The S100B concentration was measured as described previously (Leite et al., 2008). Briefly,
50 puL of sample plus 50 pL of Tris buffer were incubated for 2 h in a microtiter plate
previously coated with monoclonal anti-S100B. Polyclonal anti-S100 was incubated for 30
min, and then peroxidase-conjugated anti-rabbit antibody was added for a further 30 min. The
color reaction with 0-phenylenediamine was measured at 492 nm. The standard S100B curve
ranged from 0.002 to 1 ng/mL.

2.7 MTT reduction assay

Viability was assayed via the colorimetric MTT method (Hansen et al., 1989). Briefly, the
cells and slices were incubated with 0.5 mg/mL MTT followed by incubation in 5%C0,/95%
air at 37°C and then at 30°C for 30 min. The formazan product generated during the
incubation was solubilized in dimethyl sulfoxide (DMSO). Absorbance values were measured
at 560 and 630 nm. The results are expressed as a percentage of the control.

2.8 Lactate dehydrogenase (LDH) release

LDH activity in the incubation medium was determined by a colorimetric commercial kit
(from Doles, Brazil) according to the manufacturer’s instructions.

2.9 Statistical analysis

Data are reported as the mean + SEM and were analyzed by one-way analysis of variance
(ANOVA) followed by Duncan’s test or by Student's t test when indicated in SPSS-16.0.

Values of p < 0.05 were considered significant.

58



3. Results

A curve of the effect of apomorphine from 1 to 100 uM on S100B release is shown in Fig.
1A. We found that apomorphine at 100 uM was able to decrease S100B release in acute
hippocampal slices. A decreasing trend was observed with apomorphine at 10 uM (p < 0.10).
Two assays were performed in parallel to evaluate cell integrity and viability: LDH release
(data not shown) and MTT reduction (Fig. 1B), respectively; these results allow S100B
release to be referred to more appropriately as S100B secretion.

At 100 uM apomorphine was also able to reduce S100B secretion by primary astrocytes and
C6 glioma cells (Fig. 2). In astrocyte cultures, this effect was observed at 1 h and 24 h after
apomorphine addition (Fig. 2A and 2B, respectively). Unfortunately, in our C6 cell
preparations, we only found measurable extracellular levels of S100B at 24 h (Fig. 2B).

The effects of antipsychotics on S100B secretion were evaluated in acute hippocampal slices
(Fig. 3A). At 10 puM, neither haloperidol nor risperidone were able to alter basal S100B
secretion per se. However, in the presence of apomorphine (at 100 uM), risperidone (but not
haloperidol) increased S100B secretion when compared to risperidone alone, but the level was
not different from basal S100B secretion. The effects of the antipsychotics were also
investigated in astrocyte and C6 cell cultures (Fig. 3B). In primary astrocytes, no effect of
either haloperidol or risperidone was observed on S100B secretion at 24 h. However,
haloperidol (but not risperidone) decreased S100B secretion at 1 h (data not shown; p = 0.02).
Conversely, risperidone (but not haloperidol) was able to induce an increase of S100B
secretion in C6 cell cultures.

To investigate whether the SI00B decrease induced by apomorphine was related to its ability
to counteract oxidative stress, we investigated this effect in acute hippocampal slices treated
with other antioxidant compounds: glutathione (GSH), N-acetyl-cysteine (NAC) and ascorbic

acid (AA) (Fig. 4A). Interestingly, GSH (but not NAC or AA) induced an increase in S100B
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secretion. However, all of the compounds (in the presence of 100 uM apomorphine) were able
to restore basal levels of S100B secretion. Moreover, because some antipsychotics appear to
block certain oxidative stress signals, we performed co-incubations of the antipsychotics with
glutathione (Fig. 4B). Haloperidol switched off GSH-induced S100B secretion, but

Risperidone had no effect.

4. Discussion

Apomorphine is able to activate both D1- and D2-like receptors. These receptors apparently
have opposing effects on signaling molecules such as cAMP (i.e., D1 activation increases
cAMP while D2 decreases cAMP). An electrophysiological study on cortical slices suggested
that D1 and D2 are activated at dopamine concentrations higher than 0.5 pM, and that D2
activation overrides D1 activation (Trantham-Davidson et al., 2004). Moreover, D2 receptors
are strongly expressed in astrocytes (Khan et al., 2001). Therefore, astrocytes could be
important targets of D2 antagonists and typical antipsychotics, and they may be involved in
the pathogenesis of schizophrenia.

Here we found that apomorphine at 100 pM was able to reduce S100B secretion in
hippocampal slices, primary cortical astrocytes and C6 glioma cells. Assuming that D2
receptors in astrocytes of these preparations are negatively coupled to adenyl cyclase, a
decrease in S100B secretion would be an expected result. Other results with forskolin,
fluoxetin and serotonin suggest a connection between cAMP and S100B secretion (Goncalves
et al., 2002, Tramontina et al., 2008).

In schizophrenic patients, dopaminergic hyperactivation has been proposed to underlie the
exacerbation of positive symptoms, which is where typical antipsychotics are most effective.
Therefore, ignoring the effects of other S100B secretagogues on astrocytes, a decrease of
S100B secretion would be expected from these cells in schizophrenic patients. Conversely,

increased serum S100B has been observed in schizophrenic patients in multiple studies (Lara
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et al., 2001, Rothermundt et al., 2004, Schroeter et al., 2009). However, it remains unclear
whether elevated serum S100B specifically reflects astroglial activation. In fact, extra-
cerebral sources can contribute to serum S100B, particularly adipocytes (Goncalves et al.,
2010). Moreover, recent findings strongly suggest that S100B levels in the blood correlate
with adipose tissue in normal individuals (Steiner et al., 2010a) and with insulin resistance in
schizophrenic patients (Steiner et al., 2010c) . Our data therefore suggest that the serum
S100B elevation observed in schizophrenic patients is not necessarily due to astroglial
activation by dopaminergic hyperactivation. Other cell sources of S100B and/or other S100B
secretagogues must be involved in that elevation.

Moreover, the effect of antipsychotics on peripheral S100B in schizophrenic patients is also a
matter of controversy. In fact, clinical studies have shown both increases (Qi et al., 2009,
Schmitt et al., 2005, Schroeter et al., 2003, Wiesmann et al., 1999) and decreases (Gattaz et
al., 2000, Ling et al., 2007, Steiner et al., 2009) of blood S100B that could be related to
antipsychotic medication. Two previous studies addressed this question by investigating the in
vitro effect of antipsychotics on S100B secretion in glial cells. C6 glioma cells treated with
risperidone (10-40 uM) exhibited an increase of SI00B secretion (Quincozes-Santos et al.,
2008), whereas C6 glioma cells and oligodendrocytic OLN-93 cells treated with haloperidol
(1 pg/mL) or clozapine (10 pg/mL) exhibited a decrease in S100B secretion (Steiner et al.,
2010b). This apparent discrepancy could be due to differences in multiple conditions (drugs,
concentrations, serum-containing medium, cell types and metabolic conditions). Under our
conditions, neither haloperidol nor risperidone (both at 10 puM) affected basal S100B
secretion in two investigated preparations, hippocampal slices (1 h) and cortical astrocyte
cultures (24 h), but we observed an increase in SI00B secretion (24 h) in C6 glioma cells
treated with riperidone. Interestingly, a transitory decrease of S100B secretion (1 h) was

observed in astrocyte cultures exposed to haloperidol. Although C6 cells and astrocytes have
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been assumed indistinctly to be astroglial cells, many discrepancies between them have been
observed [e.g., (Nardin et al., 2007)], and these could partially explain our results. For
instance, concerning dopaminergic communication, dopamine stimulation is able to up-
regulate glutathione in astrocytes but not in C6 glioma cells (Han et al., 1996).

It is quite difficult to project our in vitro S100B secretion results with astrocyte preparations
and brain slices onto the changes in peripheral S100B that occur in schizophrenic patients
under long-term medication. However, based on our results in hippocampal slices exposed to
apomorphine, it is possible to speculate that antipsychotics help to normalize S100B secretion
by astrocytes. However, it is not clear whether this is mediated by dopamine or another
neurotransmitter receptor.

Due to the protective effect of antipsychotic medications against oxidative stress, we decided
to investigate the effect of classical antioxidants (NAC, glutathione and ascorbic acid) on the
S100B secretion decrease induced by apomorphine in hippocampal slices. All of the
antioxidants were able to normalize S100B secretion, but glutathione was also able to induce
an increase of S100B secretion. This aspect is very interesting because glutathione is not only
a free radical scavenger but is also exported by astrocytes. This compound has extracellular
activity on some ion channels and G protein-coupled receptors (Wang et al., 2006), and this
could directly or indirectly modulate S1I00B secretion, the mechanism of which remains
unknown (Donato et al., 2009). Note that haloperidol, but not risperidone, somehow affected
this glutathione-induced S100B secretion. This reinforces the idea that typical antipsychotics
such as haloperidol might aggravate the oxidative stress observed in schizophrenic patients
(Ng et al., 2008, Pillai et al., 2007). Nevertheless, our data support the idea that antioxidant
therapy is useful for preventing some neurochemical alterations in schizophrenia, particularly
astroglial S100B secretion, even taking into account all of the limitations of this in vitro study

associated with using apomorphine to induce dopaminergic hyperactivation.
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Conclusions

Our data on astroglial SI00B secretion were analyzed in light of the potential use of S100B as
a marker of astroglial activation in psychiatric disorders, particularly schizophrenia. However,
the serum S100B elevation observed in schizophrenic patients does not fit with the in vitro
decrease of SI00B secretion we observed in hippocampal slices, cortical astrocytes and C6
glioma cells treated with apomorphine, which mimics dopaminergic hyperactivation. This
decrease of S100B secretion can be explained by the stimulation of D2 receptors negatively
coupled to adenyl cyclase. Antipsychotic medication and antioxidant supplementation were
able to prevent the decline in S100B secretion. This reinforces the benefits of antioxidant
therapy in psychiatric disorders. Moreover, our data suggest that more caution should be
exercised when interpreting changes in peripheral S100B levels as a sign of astroglial
activation, particularly considering the extra-cerebral sources of this protein.
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Figure legends

Figure 1. S100B secretion is negatively modulated by apomorphine in acute hippocampal
slices. In A, S100B was released from hippocampal slices incubated with apomorphine (at
indicated concentrations) for 60 min. S100B was measured by ELISA. Each value is the mean
(£ standard error) of six independent experiments performed in triplicate. * Significantly
different from respective basal S100B secretion, taken as 100% (one-way ANOVA followed
by Duncan’s test; p< 0.05). In B, an MTT reduction assay in hippocampal slices incubated
with apomorphine (at the indicated concentrations) for 60 min. Each value is the mean (*
standard error) of six independent experiments performed in triplicate.

Figure 2. Apomorphine decreases S100B secretion in astrocytes and C6 glioma cells.
S100B secretion at 1 h (in panel A) and 24 h (in panel B) in primary astrocyte cultures (open
bars) and in C6 glioma cells (grey bars) incubated in serum-free medium containing 100 uM
apomorphine. SI00B was measured by ELISA. Each value is the mean (£ standard error) of
six independent experiments performed in triplicate. * Significantly different from respective
basal S100B secretion (without apomorphine) (Student's t test; p< 0.05). ND (not detected)
means that neither basal nor apomorphine-modulated S100B secretion was detected at 1 h in
C6 cell preparations.

Figure 3. Antipsychotics prevent the apomorphine-induced decrease of S100B secretion. In
A, S100B secretion at 1 h in acute hippocampal slices in the presence or absence of
apomorphine (at 100 uM) and exposed to antipsychotics (haloperidol or risperidone at 10
uM). S100B was measured by ELISA. Each value is the mean (+ standard error) of six
independent experiments performed in triplicate. * Significant difference between risperidone
groups in the presence and absence of apomorphine (one-way ANOVA followed by Duncan’s
test; p< 0.05). However, none of the antipsychotics differed from basal secretion. In B,

primary astrocyte cultures (open bars) or C6 glioma cells (grey bars) incubated in serum-free
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medium containing haloperidol or risperidone at 10 uM. Each value is the mean (+ standard
error) of six independent experiments performed in triplicate. Extracellular SI00B at 24 h was
measured by ELISA * Significantly different from respective basal S100B secretion
(Student's t test; p< 0.05).

Figure 4 Antioxidants also prevent the apomorphine-induced decrease of S100B secretion.
In A, S100B secretion at 1 h in acute hippocampal slices in the presence or absence of
apomorphine (at 100 puM) and exposed to antioxidants (NAC, N-acetyl-cysteine; GSH,
glutathione monoethylester; or AA, ascorbic acid, all at 100 pM). Extracellular S100B was
measured by ELISA. Each value is the mean (+ standard error) of six independent
experiments performed in triplicate. ~Significantly different from basal S100B secretion (one-
way ANOVA followed by Duncan’s test; p< 0.05). In B, S100B secretion at 1 h in acute
hippocampal slices in the presence of GSH (at 100 uM) and haloperidol or risperidone (at 10
uM). Extracellular S100B was measured by ELISA. Each value is the mean (+ standard error)
of six independent experiments performed in triplicate. ~Significantly different from basal

S100B secretion (Student's t test; p< 0.05).
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Figure 4

>

140
120
100

f——t

S100B Secretion
(% of control)
o ™
S S

N A
S oS
| |

0
Apo 100 uM -+ - % - +

NAC 100 pM GSH 100 uM AA 100 uM

140
120
100 1

S100B Secretion
(% of control)
™ o
S B

[
o O
! !

0 .
GSH 100 uM + %

Haloperidol 10 uM Risperidone 10 uM

69



References

Andreazza AC, Cassini C, Rosa AR, Leite MC, de Almeida LM, Nardin P, et al. Serum
S100B and antioxidant enzymes in bipolar patients. J Psychiatr Res. 2007;41:523-9.

De Keyser J, Mostert JP, Koch MW. Dysfunctional astrocytes as key players in the
pathogenesis of central nervous system disorders. J Neurol Sci. 2008;267:3-16.

de Souza DF, Leite MC, Quincozes-Santos A, Nardin P, Tortorelli LS, Rigo MM, et al.
S100B secretion is stimulated by IL-1beta in glial cultures and hippocampal slices of rats:
Likely involvement of MAPK pathway. J Neuroimmunol. 2009;206:52-7.

Donato R, Sorci G, Riuzzi F, Arcuri C, Bianchi R, Brozzi F, et al. S1I00B's double life:
intracellular regulator and extracellular signal. Biochim Biophys Acta. 2009;1793:1008-22.
Gattaz WF, Lara DR, Elkis H, Portela LV, Goncalves CA, Tort AB, et al. Decreased S100-
beta protein in schizophrenia: preliminary evidence. Schizophr Res. 2000;43:91-5.

Goncalves CA, Leite MC, Guerra MC. Adipocytes as an Important Source of Serum S100B
and Possible Roles of This Protein in Adipose Tissue. Cardiovasc Psychiatry Neurol.
2010:790431.

Goncalves CA, Leite MC, Nardin P. Biological and methodological features of the
measurement of S100B, a putative marker of brain injury. Clin Biochem. 2008;41:755-63.
Goncalves D, Karl J, Leite M, Rotta L, Salbego C, Rocha E, et al. High glutamate decreases
S100B secretion stimulated by serum deprivation in astrocytes. Neuroreport. 2002;13:1533-5.
Gottfried C, Cechin SR, Gonzalez MA, Vaccaro TS, Rodnight R. The influence of the
extracellular matrix on the morphology and intracellular pH of cultured astrocytes exposed to
media lacking bicarbonate. Neuroscience. 2003;121:553-62.

Guillin O, Abi-Dargham A, Laruelle M. Neurobiology of dopamine in schizophrenia. Int Rev

Neurobiol. 2007;78:1-39.

70



Han SK, Mytilineou C, Cohen G. L-DOPA up-regulates glutathione and protects
mesencephalic cultures against oxidative stress. J] Neurochem. 1996;66:501-10.

Hansen MB, Nielsen SE, Berg K. Re-examination and further development of a precise and
rapid dye method for measuring cell growth/cell kill. J Immunol Methods. 1989;119:203-10.
Hara H, Ohta M, Adachi T. Apomorphine protects against 6-hydroxydopamine-induced
neuronal cell death through activation of the Nrf2-ARE pathway. J Neurosci Res.
2006;84:860-6.

Hertz L, Schousboe I, Schousboe A. Receptor expression in primary cultures of neurons or
astrocytes. Prog Neuropsychopharmacol Biol Psychiatry. 1984;8:521-7.

Khan ZU, Koulen P, Rubinstein M, Grandy DK, Goldman-Rakic PS. An astroglia-linked
dopamine D2-receptor action in prefrontal cortex. Proc Natl Acad Sci U S A. 2001;98:1964-9.
Lara DR, Gama CS, Belmonte-de-Abreu P, Portela LV, Goncalves CA, Fonseca M, et al.
Increased serum S100B protein in schizophrenia: a study in medication-free patients. J
Psychiatr Res. 2001;35:11-4.

Leite MC, Galland F, Brolese G, Guerra MC, Bortolotto JW, Freitas R, et al. A simple,
sensitive and widely applicable ELISA for S100B: Methodological features of the
measurement of this glial protein. J Neurosci Methods. 2008;169:93-9.

Leite MC, Galland F, de Souza DF, Guerra MC, Bobermin L, Biasibetti R, et al. Gap junction
inhibitors modulate S100B secretion in astrocyte cultures and acute hippocampal slices. J
Neurosci Res. 2009;87:2439-46.

Ling SH, Tang YL, Jiang F, Wiste A, Guo SS, Weng YZ, et al. Plasma S-100B protein in
Chinese patients with schizophrenia: comparison with healthy controls and effect of

antipsychotics treatment. J Psychiatr Res. 2007;41:36-42.

71



Mitchell ES, Neumaier JF. 5-HT6 receptor antagonist reversal of emotional learning and
prepulse inhibition deficits induced by apomorphine or scopolamine. Pharmacol Biochem
Behav. 2008;88:291-8.

Nardin P, Tortorelli L, Quincozes-Santos A, de Almeida LM, Leite MC, Thomazi AP, et al.
S100B secretion in acute brain slices: modulation by extracellular levels of Ca(2+) and K (+).
Neurochem Res. 2009;34:1603-11.

Nardin P, Tramontina F, Leite MC, Tramontina AC, Quincozes-Santos A, de Almeida LM, et
al. S100B content and secretion decrease in astrocytes cultured in high-glucose medium.
Neurochem Int. 2007;50:774-82.

Ng F, Berk M, Dean O, Bush Al. Oxidative stress in psychiatric disorders: evidence base and
therapeutic implications. Int J Neuropsychopharmacol. 2008;11:851-76.

Pillai A, Parikh V, Terry AV, Jr., Mahadik SP. Long-term antipsychotic treatments and
crossover studies in rats: differential effects of typical and atypical agents on the expression of
antioxidant enzymes and membrane lipid peroxidation in rat brain. J Psychiatr Res.
2007;41:372-86.

Qi LY, Xiu MH, Chen da C, Wang F, Kosten TA, Kosten TR, et al. Increased serum S100B
levels in chronic schizophrenic patients on long-term clozapine or typical antipsychotics.
Neurosci Lett. 2009;462:113-7.

Quincozes-Santos A, Abib RT, Leite MC, Bobermin D, Bambini-Junior V, Goncalves CA, et
al. Effect of the atypical neuroleptic risperidone on morphology and S100B secretion in C6
astroglial lineage cells. Mol Cell Biochem. 2008;314:59-63.

Roh K, Roh S, Yang BH, Lee JS, Chai YG, Choi MR, et al. Effects of haloperidol and
risperidone on the expression of heat shock protein 70 in MK-801-treated rat C6 glioma cells.

Prog Neuropsychopharmacol Biol Psychiatry. 2008;32:1793-7.

72



Rothermundt M, Ponath G, Arolt V. S100B in schizophrenic psychosis. Int Rev Neurobiol.
2004;59:445-70.

Sakatani S, Seto-Ohshima A, Shinohara Y, Yamamoto Y, Yamamoto H, Itohara S, et al.
Neural-activity-dependent release of S100B from astrocytes enhances kainate-induced gamma
oscillations in vivo. J Neurosci. 2008;28:10928-36.

Schmitt A, Bertsch T, Henning U, Tost H, Klimke A, Henn FA, et al. Increased serum S100B
in elderly, chronic schizophrenic patients: negative correlation with deficit symptoms.
Schizophr Res. 2005;80:305-13.

Schroeter ML, Abdul-Khaliq H, Fruhauf S, Hohne R, Schick G, Diefenbacher A, et al. Serum
S100B is increased during early treatment with antipsychotics and in deficit schizophrenia.
Schizophr Res. 2003;62:231-6.

Schroeter ML, Abdul-Khaliq H, Krebs M, Diefenbacher A, Blasig IE. Neuron-specific
enolase is unaltered whereas S100B is elevated in serum of patients with schizophrenia--
original research and meta-analysis. Psychiatry Res. 2009;167:66-72.

Steiner J, Bernstein HG, Bielau H, Berndt A, Brisch R, Mawrin C, et al. Evidence for a wide
extra-astrocytic distribution of S100B in human brain. BMC Neurosci. 2007;8:2.

Steiner J, Schiltz K, Walter M, Wunderlich MT, Keilhoff G, Brisch R, et al. SI00B serum
levels are closely correlated with body mass index: an important caveat in neuropsychiatric
research. Psychoneuroendocrinology. 2010a;35:321-4.

Steiner J, Schroeter ML, Schiltz K, Bernstein HG, Muller UJ, Richter-Landsberg C, et al.
Haloperidol and clozapine decrease S100B release from glial cells. Neuroscience.
2010b;167:1025-31.

Steiner J, Walter M, Guest P, Myint AM, Schiltz K, Panteli B, et al. Elevated S100B levels in

schizophrenia are associated with insulin resistance. Mol Psychiatry. 2010c;15:3-4.

73



Steiner J, Walter M, Wunderlich MT, Bernstein HG, Panteli B, Brauner M, et al. A new
pathophysiological aspect of S100B in schizophrenia: potential regulation of S100B by its
scavenger soluble RAGE. Biol Psychiatry. 2009;65:1107-10.

Swerdlow NR, Braff DL, Taaid N, Geyer MA. Assessing the validity of an animal model of
deficient sensorimotor gating in schizophrenic patients. Arch Gen Psychiatry. 1994;51:139-
54.

Tramontina AC, Tramontina F, Bobermin LD, Zanotto C, Souza DF, Leite MC, et al.
Secretion of S100B, an astrocyte-derived neurotrophic protein, is stimulated by fluoxetine via
a mechanism independent of serotonin. Prog Neuropsychopharmacol Biol Psychiatry.
2008;32:1580-3.

Trantham-Davidson H, Neely LC, Lavin A, Seamans JK. Mechanisms underlying differential
D1 versus D2 dopamine receptor regulation of inhibition in prefrontal cortex. J Neurosci.
2004;24:10652-9.

Wang M, Yao Y, Kuang D, Hampson DR. Activation of family C G-protein-coupled
receptors by the tripeptide glutathione. J Biol Chem. 2006;281:8864-70.

Wiesmann M, Wandinger KP, Missler U, Eckhoff D, Rothermundt M, Arolt V, et al. Elevated

plasma levels of S-100b protein in schizophrenic patients. Biol Psychiatry. 1999;45:1508-11.

74



4. DISCUSSAO

Um numero crescente de pesquisas tem buscado o desenvolvimento e a otimizagdo de
modelos experimentais adequados que levam a implementagdo de protocolos validos para o
estudo de atividades cerebrais normais e/ ou patoldgicas.

Muitas pesquisas fazem uso de modelos in vitro (cultura ou linhagem de neurdénios ou
células gliais isoladas) para avaliar fungdes especificas destas células. Muitos trabalhos
recentes do nosso grupo demonstraram o estudo da expressao e/ou da secre¢do da proteina
S100B em modelos in vitro (Quincozes-Santos et al. 2010, Leite et al. 2009, de Souza et al.
2009, Abib et al. 2008). Entretanto, as preparagdes In Vvitro com células isoladas tornam-se
inviaveis para a avaliagao da secrecao de S100B quando se visa avaliar as interagdes celulares
como ocorre in Vivo, entretanto, oferecem outras vantagens como, por exemplo, o preciso
controle do ambiente extracelular.

Neste trabalho, a nossa hipdtese € que a secregao de S100B também pode ser avaliada
em um modelo ex vivo de fatias hipocampais frescas complementando ou, muitas vezes,
sobrepondo-se a outros modelos.

Fatias frescas, particularmente, fatias hipocampais t€ém sido amplamente utilizadas
para estudos farmacoldgicos e para investigar parametros bioquimicos e eletrofisiologicos
(Gong et al. 2001) devido a: (1) circuitaria neuronal parcialmente preservada (Lipton, 1985),
(2) interacdo neurOnio-glia que permite a investigacdo de mecanismos de sinalizagao
especificos (Nagy & Li 2000); e (3) um adequado controle do meio extracelular (Li & Mc
1957, Sajikumar et al. 2005).

Além disso, estas preparacdes também estdo sendo utilizadas para estudar alguns
parametros de atividade astrocitica como, fosforilagao de proteinas (Leal et al. 1997, Gong et

al. 2001), captagao de glutamato (Thomazi et al. 2004) ¢ secrecdo da proteina S100B
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(Buyukuysal 2005). Alguns estudos morfoldgicos confirmam a integridade de um grande
nimero de terminais sinapticos em fatias hipocampais frescas (Lipton, 1985) acompanhados
por um “inchago” dos processos gliais (Aitken et al. 1995) como também, sugerem a presenca
de jun¢des gap (Nagy & Li 2000).

O periodo de estabilizacdo ou equilibragdo, que corresponde a recuperagio
metabolica das fatias frescas, comumente varia de 15 a 120 minutos, dependendo da técnica
experimental utilizada. No nosso caso, foi utilizado um protocolo para estabilizacdo com
multiplas trocas de meio para eliminar a liberacdo de S100B extracelular resultante da
permeabilidade alterada da membrana. A troca do meio foi realizada a cada 15 minutos
durante 2 horas a temperatura de 25°C. Além disso, nds utilizamos um meio tamponado com
HEPES previamente aerado com O; e a incubacdo das fatias para a secre¢ao de S100B foi
realizada a 30°C.

Sob estas condicdes de equilibragdo, a SI00B extracelular diminuiu significativamente
durante a primeira hora e atingiu um platd a partir dos 75 minutos em diante (quinta troca de
meio) (Capitulo I, Figura 1A, p. 23) Entretanto, foi padronizado, em virtude de outros
parametros analisados (integridade e viabilidade metabdlica das fatias hipocampais) que a
secrecao de S100B seria analisada apds 120 minutos de equilibracao.

Analisando a viabilidade das fatias hipocampais através da atividade da lactato
desidrogenase (LDH) (Capitulo I, Figura 1B e 4A, p. 23 e 24) e do conteudo da enolase
neurdnio-especifica (NSE) (Capitulo I, Figura 4B, p. 24) had indicacdo de uma perda
significante da integridade celular durante as duas primeiras horas, mas nenhuma perda
adicional ocorreu durante as proximas trés horas. Além disso, nenhuma alteracdo foi
observada no conteido de proteina fibrilar glial acida (GFAP) (dados ndao mostrados),
possivelmente devido ao carater insolivel desta proteina e/ou da insensibilidade metodolégica

para detectar pequenas variagdes. O ensaio de exclusdo do azul de Trypan também indicou
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uma diminui¢do na integridade celular em 5 horas de incubagdo (Capitulo I, Figura 4C, p.
24). E importante mencionar que o ensaio do azul de Trypan foi realizado com células
dissociadas de fatias hipocampais frescas indicando uma susceptibilidade a injuria mecanica
causada pela dissociacdo celular, diferente, portanto, de células aderentes no tecido. Entdo,
em 5 horas de incubagdo, as células das fatias hipocampais ndo sao mais permeaveis ao azul
de Trypan, mas, provavelmente, sdo mais susceptiveis a injuria mecanica.

Em relagdo a integridade metabdlica de fatias cerebrais, os niveis de fosfocreatina e
ATP sdo aproximadamente 50% daqueles do cérebro intacto (Lipton,1985, Aitken et al.
1995). A diminui¢do dos niveis de fosfatos de alta energia, assim como o aumento nos niveis
de lactato, podem ser atenuados pela baixa temperatura durante a preparagdo das fatias
agudas. Além disso, o consumo de O, diminui a 30%, indicando uma adaptacdo ao
metabolismo anaerdbico. Curiosamente, o conteido de ATP em fatias frescas ¢é
aparentemente o mesmo, tanto em meio com HEPES como em meio tamponado com
bicarbonato (Whittingham et al. 1984, Robertson et al. 2005).

No conceito atual sobre metabolismo energético cerebral, os astrocitos metabolizam a
glicose a lactato e, entdo, o lactato ¢ transportado aos neurdnios e oxidado aerobicamente para
manuten¢do da atividade neuronal (Tsacopoulos & Magistretti 1996, Pellerin & Magistretti
2004). Baseado no ensaio do lactato extracelular (Capitulo I, Figura 5A, p. 25) é possivel
observar uma variagdo energética significante durante as primeiras horas e uma recuperagdo
de 1 hora em diante. O significado exato destas mudangas € incerto, pois envolve a produgao,
liberagdo, captagdo e consumo do lactato em diferentes tipos celulares. Entretanto, sabe-se da
importancia do lactato glial como o principal substrato energético para os neuronios durante o
periodo de estabilizacdo para a recuperacdo metabolica das fatias cerebrais (Schurr et al.

1997).
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Nas medidas de captagdo de glutamato (Capitulo I, Figura 6A, p. 25) e contetido de
glutationa (GSH) (Capitulo I, Figura 6B, p. 25) € possivel especular que astrocitos funcionam
ativamente nestas preparacdes e, que, de acordo com as medidas de lactato extracelular, tem-
se uma menor atividade metabolica durante a primeira hora ex vivo.

Virias substancias envolvidas na secre¢do da proteina SI00B em culturas astrogliais
jé foram descritas, entretanto, o mecanismo de secre¢do ainda permanece desconhecido.

Além de caracterizar e padronizar a secre¢do de S100B em fatias frescas hipocampais,
nosso objetivo foi investigar como a composi¢do idnica do meio extracelular afeta a secrecao
de S100B nestas fatias.

O bloqueio de canais de Ca*" com cobalto (Co”") — bloqueador inespecifico dos canais
de Ca*" dependentes de voltagem (Agrawal et al. 2000) ou verapamil — bloqueador dos canais
de Ca® dependentes de alta voltagem (tipos L, P/Q ¢ N) (Oka et al. 2003) causou uma
diminui¢ao de 50% e 15%, respectivamente, na secre¢do basal de S100B em 1 hora (Capitulo
I, Figura 2B, p. 23). Adicionalmente, poucos estudos demonstraram que a ativacdo de
receptor e a despolarizacdo poderiam induzir a captagdo de Ca®" em neurdnios (Williams et
al. 1992) e em células gliais (Gottfried et al. 1999).

Em células gliais, o Ca*" que entra através da membrana plasmatica por meio de
canais de Ca®" ¢ destinado principalmente para o reabastecimento de estoques internos como,
o reticulo endoplasmatico (RE). Entdo, o reabastecimento do RE com Ca*" requer Ca*"
extracelular. Esse reabastecimento ¢ bastante lento e pode ser necessario de 1 a 2 minutos.
Além disso, canais de Ca®" dependentes de voltagem em células gliais, em contraste a
neurdnios, tendem a diminuir durante o desenvolvimento (Verkhratsky et al, 2002). Portanto,
alvos moleculares diferentes destes bloqueadores poderiam ajudar a explicar suas diferencas

de atividade na secrecao de S100B basal.
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Observagdes prévias de fatias frescas na auséncia de Ca®" ou na exposicdo a 1 mM de
EGTA (dados ndo demonstrados) causou um significante aumento na secre¢do de S100B
corroborando com observagdes prévias em fatias cerebrais (Shashoua et al. 1984, Buyukuysal
2005). Estes dados sugerem uma modulagdo complexa da secre¢do de S100B envolvendo
mobilizagio do Ca®’ intracelular bem como, a entrada de Ca’" extracelular para
reabastecimento dos estoques internos.

A remogdo do Mg®" do meio tem sido utilizada para remover o bloqueio do Mg”>" dos
receptores de glutamato NMDA (N-metil-D-aspartato) induzindo modelo de convulsdo em
fatias cerebrais (Anderson et al. 1986, Tancredi et al. 1990). A secre¢do de S100B nao foi
alterada no meio sem Mg®" (Capitulo I, Figura 2C, p. 23) sugerindo que a entrada de Ca*"
através de receptores NMDA nio estd envolvida no mecanismo de secre¢cdo da S100B. De
acordo com isto, NMDA (ou outro agonista de receptor ionotropico de glutamato) ndo afeta a
secrecao de S100B em cultura de astrocitos (Tramontina et al. 2006a). Em adigdo,
aparentemente, receptores NMDA astrociticos ndo sdo afetados por Mg”" extracelular.
Astrocitos, sendo células excitdveis ndo-eletricamente, ndo tém a obrigatoriedade de
despolarizagdes substanciais que sdo necessarias para liberar o bloqueio do Mg>" nos
receptores NMDA como em neurénios (Lalo et al. 2006).

Houve um aumento na secrecao de S100B em fatias hipocampais expostas a 0,2 mM
de cloreto de potassio (KCI) (Capitulo I, Figura 3A, p. 24). Uma diminuigdo de K"
extracelular (<1 mM) poderia causar um influxo de Ca>" em cultura de astrocitos (Dallwig et
al. 2000). Resultados recentes mostram que o influxo de Ca®" pode ser através de canais de
K" do tipo Kir4.1 e parecem mediar oscilagdes de Ca®" em astrocitos em condigdes de baixo
K" extracelular in vitro e in situ (Hartel et al. 2007). A perda da seletividade ionica é uma
propriedade conhecida de canais de K quando o ion nativo ¢ bastante reduzido ou removido

do meio extracelular (Yellen 2002).
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Além disso, em fatias hipocampais, a maioria das células positivas para S100B, ao
contrario de neurdnios, respondem com elevagdes no Ca®' citosolico quando expostas a
baixas concentragdes de K™ (Dallwig & Deitmer 2002). Estes dados, novamente reforcam a
idéia que a liberagdo da S100B ¢ conseqiiente a um aumento de Ca®” intracelular.

Quando fatias foram expostas a altas concentragdes de K, entretanto, foi observada
uma diminui¢do na secregdo de S100B (Capitulo I, Figura 3A, p. 24). E notavel que enquanto
astrocitos sdo despolarizados por aumento do K externo, este tipo de estimulagdo ndo induz
um aumento no Ca”" intracelular ou liberagdo de glutamato destas células (Verkhratsky et al.,
2002, Carmignoto et al. 1998). O mecanismo responsavel por esta diminuigdo da secregdo de
S100B poderia ser mediado por um fator neuronal ndo-determinado liberado durante
despolarizagio com alto K tais como, um neurotransmissor. Sabe-se que a elevagio de
glutamato extracelular, em cultura de astrocitos (Goncalves et al. 2002) e fatias hipocampais
(Buyukuysal 2005), diminui a secrecdo de S100B. Entretanto, o envolvimento da
despolarizagdo neuronal esta excluido baseado no fato que a auséncia de Ca®" (Capitulo I,
Figura 3B, p. 24), necessario para a despolarizagdo neuronal, ndo impede a diminui¢do da
secre¢ao de S100B quando comparado a secre¢do basal.

Independente do mediador envolvido neste efeito, estes perfis contrastantes de
secregdo de S100B em resposta ao K sugerem dois tipos diferentes de regulagdo da secregio
de S100B, um positivo por baixo K™ possivelmente envolvendo ou a mobilizagio de estoques
internos de Ca®" em astrocitos (Verkhratsky et al, 2002) ou um influxo de Ca®" em astrocitos
através de canais de K' que, neste caso, alteram a seletividade idnica (Hartel et al. 2007) e
outro negativo, por alto K possivelmente secundario ao influxo de K em astrécitos, que sdo
responsaveis pela captacdo e tamponamento sob estas condi¢des (Wang & Bordey 2008).

Nossos dados sugerem que, sob as condi¢des anteriormente descritas, a secrecao de

S100B (e outros parametros de atividade astroglial) podem ser avaliados em fatias
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hipocampais frescas. Esta técnica, assim como outras ja descritas (Shashoua et al. 1984,
Buyukuysal 2005) permitem que dados sobre a secrecdo de S100B sejam obtidos do tecido
cerebral ex-vivo, o que pode ser extremamente 1til para o estudo da atividade astroglial, em
adi¢do a outros parametros bioquimicos atualmente investigados nestas preparagdes tais
como, fosforilagdo da GFAP (Leal et al. 1997), captagdo de glutamato (Thomazi et al. 2004) e
atividade da glutamina sintetase (Feoli et al. 2006).

Fatias hipocampais frescas exibem uma circuitaria neuronal parcialmente preservada e
uma rede funcional de astrdcitos (Nagy & Li 2000). A secre¢ao de S100B nestas preparagdes
aparentemente preserva algumas caracteristicas observadas em astrécitos cultivados
(Shashoua et al. 1984, Buyukuysal 2005, Goncalves et al. 2002, Pinto et al. 2000). Portanto,
estas fatias podem ser usadas para estudos complementares de secre¢do de SI00B em cultura
e, algumas vezes, sobrepor-se as limitagdes encontradas em culturas gliais isoladas. Além
disso, este estudo sugere que a exposigdo de fatias hipocampais a alto ou baixo K* poderia ser
usada como um ensaio para avaliar a atividade astrocitica pela secrecdo de S100B:
positivamente regulada por baixo K" e negativamente regulada por alto K.

Considerando que: 1) a presenca de baixo K™ extracelular (< 1 mM) leva a um
aumento na secre¢io de S100B em conseqiiéncia a um aumento na concentragio de Ca®’
intracelular em astrocitos de fatias hipocampais (Verkhratsky et al, 2002), 2) dados da
literatura mostram que esta resposta de aumento de Ca”" intracelular pode ser bloqueada por
cations divalentes como, Ba*", Ni*" ou Zn*" (Zanotti & Charles 1997) e 3) sabendo-se que o
fon zinco (Zn*") modula a atividade de canais iénicos como os canais de Ca®" modulados
pelas reservas de Ca®* (SOCC), nos perguntamos como o Zn’' modularia a secregdo de
S100B inclusive sob duas condi¢des especificas associadas com o aumento do Ca*"

intracelular em astrocitos.
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O Zn”™" liberado nas sinapses juntamente com o glutamato interage com varias
proteinas alvo modulando a plasticidade sinaptica. Neste caso, o Zn”" pode agir como um
modulador da neurotransmissdo inibitéria e excitatoria por inibir receptores GABAa,
receptores NMDA poés-sindpticos, bem como, transportadores de glutamato e GABA (Smart
et al. 2004, Cohen-Kfir et al. 2005, Kay 2006). Além disso, o Zn>* seria capaz de interferir na
secrecdo e/ou atividade de citocinas inflamatérias como, a I1-1B. Em condigdes patologicas
tais como, isquemia, convulsdes e lesdes traumaticas cerebrais, a quantidade de Zn*" liberado
¢ capaz de prejudicar a atividade cerebral (Bitanihirwe & Cunningham 2009). Sob estas
condicdes, a S100B extracelular é considerada um marcador de injiria e ativagdo astroglial
(Goncalves et al. 2008). Neste aspecto, o Zn”" foi o fon escolhido para dar continuidade a
investigagdo de como a composi¢do idnica do meio extracelular afeta a secre¢do de S100B
em fatias hipocampais frescas ja que ha pouca informagdo sobre o Zn>" afetando a secre¢io
desta proteina.

Estudos prévios mencionaram que a concentragdo do Zn”" na fenda sinaptica pode
atingir 0,3 mM (Frederickson et al. 2005). Entretanto, estes niveis elevados poderiam estar
superestimados (Kay 2006), apesar de que niveis elevados de Zn*" foram caracterizados em
varias condi¢des patologicas incluindo acidente vascular cerebral (AVC), epilepsia e doengas
degenerativas como, doenca de Alzheimer (Bitanihirwe & Cunningham 2009). De fato, niveis
elevados de Zn*" como 0,1 mM séo capazes de inibir a captagio de glutamato dependente de
ATP em astrocitos corticais de camundongos através de um mecanismo envolvendo a
poli(ADP-ribose) polimerase 1 (PARP-1) levando a subseqiiente deplecio de ATP
comprometendo, desta forma, a captagdo de glutamato e a sobrevivéncia neuronal (Suh et al.
2007).

No6s demonstramos que Zn”>" de 1 a 300 uM inibiu a secregdo de S100B (Capitulo I,

Figura 1A, p. 43). mas 100 e 300 uM de Zn*" prejudicou a viabilidade celular em fatias
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hipocampais conforme o ensaio de redugdo do MTT (Capitulo II, Figura 1B, p. 43). Além
disso, 0 Zn*" em concentragdes de 1 a 10 pM seria capaz de modular a permeabilidade i6nica
e alterar a resposta astrocitica (Kresse et al. 2005) ¢ niveis elevados (> 100 uM) poderiam
induzir a resposta oposta em hemicanais (Chappell et al. 2003). Ao observar que o Zn”~ foi
capaz de inibir a secre¢do basal de S100B, nos investigamos se TPEN ou DTT foram capazes
de prevenir este efeito. TPEN é um quelante com alta afinidade por Zn>* e foi capaz, per se,
de estimular a secrecdo basal de S100B talvez quelando algum Zn>" endégeno envolvido na
inibi¢do da secre¢cdo de S100B. Além disso, o DTT também foi capaz de estimular a secre¢io
de S100B sugerindo um envolvimento de residuos de cisteina na inibicdo da secre¢do de
S100B mediada por Zn**. Entretanto, o efeito per se sobre a secre¢do de S100B destes
compostos, torna dificil a interpretagdo se o TPEN e o DTT realmente preveniram o efeito
inibitério do Zn*" (Capitulo II, Figura 2, p. 44).

Alguns secretagogos de S100B foram identificados, incluindo forskolina (Pinto et al.
2000), cainato (Sakatani et al. 2008) e carbenoxolona (Leite et al. 2009). Entretanto, o
mecanismo de secre¢do ainda permanece desconhecido e envolve uma via vesicular nao-
classica de secregio, onde o Ca®" é um possivel mediador (Davey et al. 2001, Goncalves et al.
2008). Para investigar o efeito do Zn*" sobre a secre¢do de S100B, incubamos as fatias
hipocampais sob duas condigdes especificas associadas com o aumento do Ca*" intracelular
em astrocitos: baixos niveis extracelulares de K (Dallwig & Deitmer 2002) ou auséncia de
Ca’" (Zanotti & Charles 1997), que sdo acompanhadas por um aumento na secregdo de S100B
(Nardin et al. 2009).

Em células astrogliais, a auséncia de Ca®" extracelular induz um aumento de Ca**
intracelular, possivelmente envolvendo a mobilizagdo do Ca®" estocado no RE. Este efeito é
bloqueado por tapsigargina e pela substituigio do Ca®" por algum outro cation divalente,

incluindo o Zn*" (Zanotti & Charles 1997). O mecanismo possivelmente envolve um receptor
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sensivel a Ca®" em astrocitos que ¢ expresso em numerosas regides do SNC inclusive no
hipocampo (Yano et al. 2004).

Em nosso estudo, o Zn>" em niveis micromolares bloqueou a secre¢ido de S100B
induzida pela auséncia de Ca®" (Capitulo II, Figura 4, p. 46). Seria possivel especular que este
receptor sensivel a Ca’" em astrocitos ¢ tio sensivel a Zn*" quanto os canais de Ca*"
modulados por reservas (SOCC), envolvidos no reabastecimento dos estoques internos de
Ca”". Estudos demostram que o Zn”" interage com um sitio extracelular dos SOCC e age
como um inibidor competitivo do Ca®>" bloqueando os SOCC (Gore et al. 2004, Kresse et al.
2005). Portanto, 1-10 uM de Zn®" poderia bloquear a liberagdo de Ca®" do RE e reduzir a
secrecao de S100B. Entretanto, neste momento, ndo podemos excluir outros alvos do Zn*"
downstream ao receptor sensivel ao Ca®" envolvido na liberagio do Ca®" interno ou no
maquinario da secrecdo de S100B. Como esperado, TPEN per se ndo modificou a secrecao de
S100B induzida em um meio sem Ca®’, mas preveniu o efeito inibitério do Zn*.

Quando o K" foi reduzido no meio externo, a secre¢io de S100B aumentou cerca de
60% (Capitulo II, Figura 3, p. 45), de acordo com nossos resultados prévios (Nardin et al.
2009). Este aumento de S100B pode estar associado com uma elevagdo de Ca*" intracelular,
talvez por influxo do meio externo através de canais de K', que sdo permedveis ao Ca’" em
baixos niveis de K" (Dallwig et al. 2000). De fato, os canais de K, Kir4.1, sdo essenciais para
os sinais de Ca*" induzidos por baixos niveis de K em astrocitos (Hartel et al. 2007). A
adigdo de Zn*" diminuiu a secrecio de S100B para valores abaixo da secre¢io basal. TPEN
per se nio modificou a secregdo de S100B estimulada por baixo K', mas TPEN preveniu a
inibigdo causada pelo Zn®". De fato, TPEN com Zn*" aumentou a secregdo de S100B, mas a
razao para isto ¢ incerta até o momento.

Concentracdes elevadas de glutamato, como as observadas em condi¢des patoldgicas,

induziram uma diminui¢do na secrecdo de S100B em cultura de astrdcitos primarios e em
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fatias cerebrais frescas (Goncalves et al. 2002, Buyukuysal 2005). N6s confirmamos o efeito
na concentracdo de 1 mM de glutamato. O mecanismo ¢ incerto, mas parece envolver
transportadores de glutamato (Tramontina et al. 2006a). Entretanto, diferente de culturas de
astrocitos primarios, 0.1 mM de glutamato foi suficiente para diminuir a secrecdo de S100B
em fatias hipocampais. Note que o efeito do Zn*" nio foi aditivo ao efeito do glutamato sobre
a secrecao de S100B (Capitulo II, Figura 5, p. 47). Niveis elevados de ATP, também
observados em condigdes patologicas, diminuiram a secre¢do de S100B como observado com
o glutamato. Os receptores purinérgicos ou outros alvos do ATP envolvidos neste efeito
merecem uma maior caracterizacdo. O Zn®>" novamente ndo foi aditivo a diminuicdo da
secrecao de S100B induzida por ATP (Capitulo II, Figura 6, p. 47).

A S100B extracelular, na ordem de nanomolar, ¢ considerada um fator neurotrofico,
mas elevagdes persistentes poderiam causar dano a neurdnios e outras células (Donato et al.
2009, Van Eldik & Wainwright 2003). Em adicdo, outras proteinas S100 como a S100B,
foram consideradas um padrao molecular associado a dano (DAMP) ou alarminas - proteinas
intracelulares que sinalizam dano celular ou tecidual (Bianchi 2007). Portanto, Zn** em niveis
fisiologicos trabalharia reprimindo a secrecdo de S100B. Esta diminui¢do ndo prejudicaria
atividades troficas tais como, estimulacdo da captagdo de glutamato (Tramontina et al.
2006b). Por outro lado, uma falha na repressao da liberacdo de S100B resultaria em uma
elevacao persistente e dispararia a morte neuronal. Estes resultados em fatias hipocampais
confirmam um papel regulatorio do Zn®" sobre a secregdo de S100B conforme previamente
sugerido para células de glioblastoma ja que a S100B liga Ca** ¢ Zn*" (Davey et al. 2001).

Resumindo, estes resultados demonstraram que baixos niveis de Zn*", equivalentes a
aqueles encontrados em niveis fisiologicos, sdo capazes de modular negativamente a secre¢ao
de S100B em fatias hipocampais. Em duas condi¢des extremas, na auséncia de Ca** ou em

. , . + . ~ . . +
baixos niveis de K no meio extracelular que sdo capazes de induzir um aumento de Ca®
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intracelular, o Zn>" ainda demonstrou a capacidade de bloquear a secre¢do de S100B. Em
adicdo, TPEN preveniu os efeitos do Zn>" e per se induziu um aumento na secrecio de
S100B. Além disso, nossos dados confirmam que altos niveis de glutamato (0.1-1 mM)
inibiram a secrecdo de S100B, bem como, foi demonstrado pela primeira vez pelo nosso
conhecimento, que o ATP 1 mM também inibiu a secrecdo desta proteina. Estes dados
contribuem para a compreensdo do papel do Zn*" no hipocampo, particularmente sobre a
secrecao da S100B, uma proteina amplamente utilizada como um marcador de ativagao
astroglial em varias condi¢des de injuria cerebral.

Em condig¢des patologicas que envolvem despolariza¢ao neuronal prolongada como, AVC
isquémico, epilepsia e injuria traumatica cerebral, niveis elevados de Zn>" extracelular podem
contribuir para o dano ao SNC. A toxicidade do Zn>" em astrécitos parece envolver um
aumento do estresse oxidativo e/ou uma diminui¢do na defesa antioxidante particularmente,
uma diminui¢do nos niveis de GSH (Bishop et al. 2007). Estudos demonstraram que a
secrecao de S100B ¢ afetada por compostos antioxidantes (Donato et al. 2009) e apomorfina,
um agonista dopaminérgico que tem efeitos protetores sobre a morte celular induzida por
estresse oxidativo (Hara et al. 2006). Nesta linha, investigamos o efeito da apomorfina

juntamente com outros compostos antioxidantes sobre a secre¢do de S100B.

Apomorfina, um composto nao opiodide derivado da morfina, é capaz de ativar receptores
tipo D; e D,. Aparentemente estes receptores exercem sinalizagdes opostas com moléculas
tais como, o AMPc onde, a ativagdo de D; aumenta o AMPc enquanto que a ativagdo D,
diminui o nivel de AMPc. Um estudo eletrofisioldgico em fatias corticais sugeriu que os
efeitos da DA s3o concentragdes dependentes. Baixas concentracdes de DA
preferencialmente ativam receptores D;, enquanto que, D; e D, sdo ativados em
concentragdes maiores que 0,5 uM de DA e a ativacdo de D, sobrepde a ativagdo de D,

(Trantham-Davidson et al. 2004). Além disso, receptores D, sdo altamente expressos em
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astrocitos (Khan et al. 2001). Portanto, astrocitos poderiam ser importantes alvos de

antagonistas D,, antipsicéticos tipicos e talvez, na patogénese da esquizofrenia.

Nos encontramos que 100 uM de apomorfina foi capaz de causar uma diminui¢do na
secrecdao de S100B, em fatias hipocampais, em astrocitos corticais primarios ¢ em células de
glioma C6 (Capitulo III, Figura 1A, 2A e 2B p. 67 e 68). Assumindo que os receptores D,
astrociticos destas preparacdes sdo negativamente acoplados a adenilato ciclase, uma
diminui¢do na secre¢do de S100B seria um resultado esperado. Outros resultados com
forskolina, fluoxetina e serotonina sugerem uma conexdo entre AMPc e a secre¢do de
S100B(Goncalves et al. 2002, Tramontina et al. 2008).

A esquizofrenia afeta aproximadamente 1% da populacdo e ¢ caracterizada por
sintomas positivos (alucinagdes, delirios, pensamento e discurso desorganizados), negativos
(apatia, isolamento social, indiferenca emocional) e cognitivos resultantes de um
desequilibrio do sistema dopaminérgico no SNC (Abi-Dargham 2004, Stone et al. 2010). Em
pacientes esquizofrénicos, uma hiperativagdo dopaminérgica foi proposta como a base da
exacerbagdo de sintomas positivos, onde antipsicoOticos tipicos sdo mais efetivos (Abi-
Dargham 2004). Portanto, ignorando o efeito de outros secretagogos de S100B em astrocitos,
seria esperado encontrar uma diminuicdo da secre¢do de S100B destas células em pacientes
esquizofrénicos. E, ao contrario, um aumento da S100B sérica foi observado nestes pacientes
em diferentes estudos (Lara et al. 2001, Rothermundt et al. 2004, Schroeter et al. 2009).

Entretanto, permanece incerto, se niveis séricos elevados de S100B refletem
especificamente uma ativagdo astroglial. De fato, fontes extracelulares poderiam contribuir
para a S100B sérica, particularmente adipocitos em situagdes relacionadas ou ndo a injuria
cerebral (Goncalves et al. 2010) e achados recentes sugerem que a S100B no sangue esta
correlacionada com o tecido adiposo em individuos normais e com a resisténcia a insulina em

pacientes esquizofrénicos. Niveis elevados de S100B sdo mais prevalentes em pacientes
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esquizofrénicos obesos ou com diabetes tipo 2 do que em individuos saudaveis (Steiner et al.
2010b). Nossos dados sugerem, portanto, que a elevagdo da S100B sérica, observada em
pacientes esquizofrénicos, ndo ¢ necessariamente devido a ativagdo astroglial por
hiperativacdo dopaminérgica. Outras fontes celulares de S100B e/ou secretagogos de S100B
podem estar envolvidos nesta elevagao.

Além disso, o efeito de antipsicoticos sobre a SI00B periférica em pacientes esquizofrénicos
¢ também assunto de controvérsia. De fato, estudos clinicos demonstraram ambos, um
aumento (Wiesmann et al. 1999, Schroeter et al. 2003, Schmitt et al. 2005, Qi et al. 2009) ¢
uma diminui¢do (Gattaz et al. 2000, Ling et al. 2007, Steiner et al. 2009) da S100B sérica que
poderia estar relacionado & medicagdo antipsicotica. Dois estudos anteriores responderam esta
questdo investigando o efeito in vitro de antipsicoticos sobre a secre¢ao de S100B em células
gliais. Células de glioma C6 tratadas com risperidona (10-40 uM) exibiram uma aumento na
secrecao de S100B (Quincozes-Santos et al. 2008), enquanto que células de glioma C6 e
oligodendrocitos OLN-93 tratados com haloperidol (1 pg/mL ou 2.5 uM) ou clozapina (10
ug/mL ou 30 uM) exibiram uma diminui¢do na secrecdo de S100B (Steiner et al. 2010a).
Esta aparente discrepancia poderia ser devido a diferentes condigdes (drogas, concentragdes,
meio contendo soro, tipo celular e condicdes metabodlicas). Em nossas condi¢des, nem
haloperidol nem risperidona (ambos em 10 uM) afetaram a secrecdo basal de S100B em duas
preparacdes investigadas, fatias hipocampais (1 h) e culturas de astrdcitos corticais (24 h),
mas nos observamos um aumento na secre¢cao de S100B em células de glioma C6 (24 h)
tratadas com risperidona (Capitulo III, Figura 3, p. 69). Curiosamente, uma diminui¢do
transitoria da secrecdo de S100B (1 h) foi observada em culturas de astrocitos expostas ao
haloperidol. Embora células de glioma C6 e astrocitos serem considerados indistintamente
como c¢lulas astrogliais, muitas discrepancias entre elas t€ém sido observadas [p.ex. (Nardin et

al. 2007)] e isto poderia explicar, em parte, nossos resultados. Em relagdo a comunicacio
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dopaminérgica, por exemplo, a estimulacdo da dopamina ¢ capaz de superexpressar a
glutationa em astrocitos, mas ndo em células de glioma C6 o que confere um papel protetor a
c¢lula (Han et al. 1996).

E bastante dificil usar nossos resultados de secre¢do de S100B in vitro comparados
com preparagdes de astrocitos e fatias cerebrais para interpretar mudangas na S100B
periférica em pacientes esquizofrénicos sob uso de medicacdo por um longo periodo de
tempo. Entretanto, baseado em nossos resultados em fatias hipocampais expostas a
apomorfina, seria possivel especular que antipsicéticos contribuem para normalizar a
secrecdo de S100B em astrocitos. Entretanto, ndo esta claro se isto ¢ mediado pela dopamina
ou outro receptor de neurotransmissor.

Baseado no efeito protetor da risperidona sobre o estresse oxidativo (Quincozes-
Santos et al., 2010) decidimos investigar o efeito de antioxidantes classicos: N-acetilcisteina
(NAC), GSH e acido ascorbico sobre a diminui¢do da secrecdo de S100B induzida por
apomorfina em fatias hipocampais. Todos os antioxidantes foram efetivos para normalizar a
secrecao de S100B, mas a GSH foi capaz de induzir um aumento na secre¢do de S100B per
se (Capitulo II1, Figura 4, p. 70).

Este aspecto ¢ muito interessante, pois a GSH nao ¢ somente um scavenger de radicais
livres quando ¢ exportada por astrécitos. Este composto tem atividade extracelular sobre
alguns canais i0nicos e receptores acoplados a proteina G (Wang et al. 2006). Isto poderia
estar modulando diretamente ou indiretamente a secre¢do de S100B cujo mecanismo
permanece desconhecido até agora (Donato et al. 2009). Note que o haloperidol, mas ndo a
risperidona, de alguma maneira afetou esta secrecdo de S100B induzida por GSH (Capitulo
III, Figura 4, p. 70). Isto refor¢a a idéia que antipsicoticos mais antigos conhecidos como
antipsicoticos tipicos, o haloperidol, por exemplo, poderiam agravar o estresse oxidativo de

pacientes esquizofrénicos por alterar os niveis de enzimas antioxidantes e causar injuria
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oxidativa no SNC. Neste sentido, estudos demonstram uma deficiéncia de GSH no sangue de
pacientes esquizofrénicos (Pillai et al. 2007, Ng et al. 2008).

Independentemente disto, nossos dados contribuem com a idéia que a terapia
antioxidante ¢é util para prevenir algumas alteragdes neuroquimicas na esquizofrenia,
particularmente, a secre¢do de S100B astroglial, mesmo levando em consideragdo todas as
limitagoes deste estudo ex vivo usando apomorfina para induzir hiperativa¢ao dopaminérgica.

Resumindo, nossos dados sobre a secregdo de S100B astroglial foram analisados com
foco para a S100B, um marcador de ativagdo astroglial em desordens psiquiatricas,
particularmente esquizofrenia. Entretanto, a elevagdo da S100B sérica observada em
pacientes esquizofrénicos se contradiz com as diminui¢des de secregdes de S100B em fatias
hipocampais, astrocitos corticais e células de glioma C6 tratados com apomorfina objetivando
mimetizar uma hiperativagdo dopaminérgica. Esta diminui¢do na secrecdo de S100B pode ser
explicada por uma estimulacdo de receptores D, negativamente acoplados a adenilato ciclase.
A medicacdo antipsicotica e a suplementacdo com antioxidantes foram capazes de prevenir a
diminui¢do da secrecdo de S100B. Isto refor¢a o uso benéfico da terapia antioxidante em
desordens psiquiatricas. Além disso, nossos dados sugerem mais cautela para interpreter
mudancas no conteido de S100B periférica quando refletido como ativagdo astroglial,
particularmente levando em consideracao fontes extracelulares desta proteina.

Por fim, a secrecdo de S100B assim como alguns outros parametros de atividade
astroglial podem ser avaliados no modelo de fatias hipocampais frescas. As fatias
hipocampais frescas exibem uma circuitaria neuronal parcialmente preservada e uma rede
funcional de astrdcitos (Lipton, 1985). Portanto, estas fatias podem ser utilizadas para avaliar
a secrecdo da proteina S100B (Capitulo I, Figura 1A e 1B, p. 23) e, algumas vezes,
sobrepdem-se as culturas de astrocitos isoladas por evidenciar a secrecdo desta proteina em

fun¢do da interagdo neurdnio-glia.
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Nossos resultados demonstraram que a presenca de baixo K extracelular (0,2 mM)
poderia levar a um aumento na secre¢do de S100B (Capitulo I, Figura 3A, p. 24) em
conseqiiéncia a um aumento na concentragio de Ca®" intracelular em astrocitos de fatias
hipocampais. J4, a presenca de alto K' extracelular (30mM) leva a uma diminui¢io na
secrecio de S100B possivelmente secundaria ao influxo de K™ em astrécitos (Capitulo I,
Figura 3A, p. 24). O aumento de Ca®" intracelular pode ser bloqueado por cations divalentes
como, o Zn*" (Zanotti & Charles 1997). De acordo com isto, demonstramos que baixos niveis
de Zn®*" equivalentes a aqueles encontrados em niveis fisiologicos bloqueiam a liberagdo de
Ca”" do RE reduzindo, desta forma, a secre¢io de S100B em fatias hipocampais frescas ja
que, o Zn’" modula a atividade de canais idnicos como os canais de Ca®" que modulam
reservas (SOCC) (Gore et al. 2004, Kresse et al. 2005) e/ou, de receptores sensiveis ao Ca”"
(Yano et al. 2004) (Capitulo II, Figura 1A, p. 43). Em duas condi¢des extremas, a auséncia
de Ca”" ou baixos niveis de K" no meio extracelular que sdo capazes de induzir um aumento
de Ca®" intracelular, o Zn>" ainda demonstrou a capacidade de bloquear a secregdo da S100B
Capitulo II, Figuras 3 e 4, p. 45 e 46, respectivamente). O mecanismo de secrecdo da S100B
ainda permanece desconhecido (Donato et al. 2009) . Sabe-se que este mecanismo envolve
uma via vesicular ndo-classica de secregdo, onde o Ca®" ¢ um possivel mediador. Os
resultados acima demonstrados corroboram esta hipdtese.

Além disso, em condi¢des patologicas que envolvem despolarizagdo neuronal
prolongada (AVC, epilepsia, injuria traumatica cerebral) niveis elevados de Zn”" extracelular
podem contribuir para o dano ao SNC (Bitanihirwe & Cunningham 2009). A toxicidade do
Zn*" em astrécitos parece envolver um aumento do estresse oxidativo e/ou uma diminuigo na
defesa antioxidante particularmente, uma diminuigdo nos niveis de GSH (Ralph et al. 2010).
Estudos demonstram que a apomorfina tem efeitos protetores sobre a morte celular induzida

por estresse oxidativo talvez por aumentar a expressdo de GSH em cultura de células gliais
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(Han et al. 1996). Estudos clinicos demonstraram ambos, um aumento (Wiesmann et al.
1999) e uma diminuicdo (Gattaz et al. 2000) da S100B sérica que poderia estar relacionado a
medicagdo antipsicotica. Nos demonstramos que a apomorfina 100 uM foi capaz de causar
uma diminui¢do na secrecdo de S100B, em fatias hipocampais, em astrocitos corticais
primarios e em células de glioma C6 (Capitulo III, Figuras 1 e 2, p. 67 e 68, respectivamente).
Assumindo que os receptores D, astrociticos destas preparagdes sdo negativamente acoplados
a adenilato ciclase (Trantham-Davidson et al. 2004), uma diminui¢do na secre¢do de S100B
seria um resultado esperado. Os antipsicoticos reverteram esta redugdo (Capitulo III, Figura 3,
p. 69). Em nossos resultados também observamos que antioxidantes foram efetivos para
normalizar a secre¢do de S100B (Capitulo III, Figura 4, p. 70), mas a GSH foi capaz de
induzir um aumento na secre¢do de S100B per se (Capitulo III, Figura 4, p. 70). A GSH tem
atividade extracelular sobre alguns canais i0nicos e receptores acoplados a proteina G (Wang
et al. 2006). Isto poderia estar modulando diretamente ou indiretamente a secrecdo de S100B

cujo mecanismo permanece desconhecido até agora.
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5. CONCLUSOES

5.1. Conclusao Geral

Os resultados deste trabalho confirmam a viabilidade do estudo da secre¢ao da S100B em
fatias hipocampais frescas de ratos Wistar. Além disso, os resultados demonstraram uma
modulagdo positiva da secrecio de SI00B por Ca’* e uma modulagdo negativa da secrecio
desta proteina por Zn>" e por dopamina, a tultima possivelmente agindo em receptores

dopaminérgicos do tipo D,.

5.2. Conclus6es Especificas

a) O modelo ex vivo de fatias hipocampais frescas ¢ adequado tanto em parametros
metabolicos quanto em parametros de viabilidade celular para o estudo da secrecdo da

proteina S100B e outros parametros astrociticos, além de ser uma metodologia simples.

b) A secrecdo de SI00B em fatias hipocampais ¢ positivamente modulada pelo baixo K"
possivelmente envolvendo a mobilizagio de Ca®* e negativamente modulada por alto K
provavelmente devido a um influxo de K. Estes dados confirmam a hipétese que um

aumento de Ca®" intracelular leva a um aumento na secrecdo de S100B.
¢) Os dados confirmam um papel regulatério do Zn*" sobre a secre¢do de S100B em fatias

hipocampais frescas. A secre¢io de S100B é negativamente modulada por Zn*" em niveis

. . , 2+ L ~
micromolares supostamente devido ao fato do receptor sensivel a Ca™ em astrocitos ser tao
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, 2+ . 2+ . 2+
sensivel a Zn” quanto os canais de Ca”" que operam as reservas intracelulares de Ca

(SOCC).

d) Os resultados demonstram uma modulagdo da secre¢do de S100B por apomorfina 100 pM
que foi capaz de causar uma diminui¢ao na secrecdo de S100B em fatias hipocampais, em
astrocitos corticais primarios e em células de glioma C6. Além disso, os antipsicoticos,
haloperidol e risperidona bem como, os antioxidantes utilizados (NAC, GSH e vitamina C)

foram efetivos para normalizar a secre¢dao de S100B reduzida pela apomorfina.

e) A GSH foi capaz de induzir um aumento na secrecdo de S100B per se entdo, a GSH

poderia estar modulando, direta ou indiretamente, a secrecdo de S100B.
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1.

6. PERSPECTIVAS

A literatura mostra que canais de Ca>" dependentes de voltagem sdo encontrados
principalmente em células gliais imaturas e tendem a desaparecer durante o
desenvolvimento (Verkhratsky et al, 2002) e que a maturagdo dos tecidos hipocampais
em ratos ¢ atingida somente apos 3 ou 4 semanas de idade (Cho et al. 2007). Com
base nisto, pretendemos determinar a modulagio do alto e baixo K sobre a secrecio
de S100B em fatias hipocampais agudas de ratos Wistar em diferentes idades pos-

natal.

/4 . . . . r +
Confirmar se apds tratamento das fatias hipocampais com baixo nivel de K™ ocorre um
2+ - ~ r
aumento do Ca™ intracelular que leva a um aumento na secrecdo da S100B através da
. . . ~ 2+ . . .
medida da sinalizacdo de Ca™ nestas fatias por microscopia confocal em tempo real

utilizando fluoréforos como Fura-2 AM ou Fluo -3AM para as medidas do Ca®".
Confirmar se o aumento de Ca" intracelular apés tratamento com baixo KCI ocorre
através dos canais de K que alteram sua seletividade utilizando um inibidor destes

canais.

Verificar se a glutationa poderia modular a secre¢do de S100B determinando um

possivel novo mecanismo para a secre¢ao desta proteina.
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