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Resumo

Metilmercurio (MeHg), a forma organica do merctrio, ¢ um dos poluentes de maior risco ao
ambiente. MeHg ¢ uma potente neurotoxina, principalmente durante o desenvolvimento do sistema
nervoso central. A neurotoxicidade induzida pelo MeHg no periodo pré-natal pode causar
desordens mentais, paralisia cerebral e convulsdes. Nos investigamos o imunocontetdo de S100B
no fluido cerebroespinal (FCE) e no tecido encefalico, uma proteina ligante de calcio produzida e
secretada pelos astrocitos, na qual tem uma atividade tréfica e tdxica, dependendo da sua
concentragdo. Ratas gravidas foram expostas ao MeHg (5 mg/kg/dia) no 12°, 13° e 14° dias de
gestagdo. O fluido cerebroespinal e o tecido encefélico (mais especificamente hipocampo, cortex
cerebral e cerebelo) foram obtidos dos neonatos no 1°, 15° e 30° dia pds-natal. O acumulo de
MeHg foi medido do tecido encefalico apds o nascimento e aos 30 dias de vida. Um aumento da
S100B no FCE foi observado aos 15 dias de vida pos-natal, mas desapareceu aos 30 dias. No
tecido hipocampal mostrou um aumento da S100B (e redugdo da proteina acida fibrilar glial)
imediatamente apds nascimento, mas nao posteriormente. Nenhuma mudanca foi observada no
teste cognitivo (labirinto aquatico) desses ratos em idade adulta. Nossos resultados reforcam o
envolvimento glial na neurotoxicidade induzida pelo MeHg. As mudangas no hipocampo ao
nascimento, poderiam estar relacionadas com as desordens cognitivas e epilépticas atribuidas ao
MeHg. O aumento da S100B no FCE refor¢a a hipdtese de que o aumento da S100B esta
relacionado a danos no sistema nervoso central. Embora, o mecanismo celular envolvido no
aumento do conteudo da S100B no FCE seja desconhecido, os resultados sugerem que a S100B
possa ser usada como um marcador periférico na injaria induzida pelo MeHg.
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1. Introducio

1.1 Neurotoxicidade do MeHg

O sistema nervoso central (SNC) concentra metais para uso metabolico, tendo as células neurais
propriedades fisioldgicas para se proteger da toxicidade dos metais (Tiffany- Castiglioni & Qian.,
2001). Metais como calcio, zinco, ferro, selénio, potassio e sddio, sdo nutrientes requeridos por
muitos organismos vivos, mas estes metais podem apresentar efeitos toxicos quando estiverem
presentes em concentracdes elevadas em um determinado organismo (Kataba-Pendias & Pendias,
1993). Outros metais, como aluminio, prata, ouro, chumbo, cddmio, arsénio € 0 mercurio nao sao
essenciais para os seres vivos, podendo causar efeitos toxicos nos organismos expostos a tais
elementos (Bruins et al., 2000). Mercurio estd presente no meio ambiente em eventos naturais
(erupcao vulcanica), como também por fontes antropogénicas (queima de carvao, processos
quimicos industriais). Na natureza, o mercurio existe na forma inorganica e organica, como por
exemplo, o metilmercurio (MeHg). A conversdao das espécies de merclrio organico para
inorganico, e vice-versa, ocorre no ambiente e in vivo (Allen et al., 2002).

Os riscos a saude pela exposicdo a esse metal passou a chamar atengdo apoOs o tragico acidente
em Minamata e Niigata, no Japdo. Na década de 50, houve um grande derramamento de merctrio
na baia de Minamata expondo a populacao ao metal durante anos. As manifestagdes clinicas em
adultos foram perda da fun¢do sensorial, visual, auditiva, fraqueza muscular, tremores, enquanto
que paralisia cerebral, caracterizada de leve a grave disfun¢do motora e retardo mental, foi o
principal sintoma da exposi¢do pré-natal (Sanfeliu et al., 2001; Kakita et al., 2000; Gressens et al.,
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A populacdo em geral expde-se ao mercurio a partir de inumeras fontes, incluindo o ar, o solo, a
agua e os alimentos (Miller,1998). As amalgamas dentarias, ainda utilizadas, contribuem para a
intoxicagdo, principalmente dos dentistas e seus auxiliares. Entretanto, a maior fonte de
contaminagdo ao MeHg atualmente vem do consumo de peixes de dguas contaminadas, onde o
mercurio inorganico ¢ metilado por bactérias presentes no ecossistema, entrando assim na cadeia
alimentar (Bergdahl et al., 1998; Kakita et al., 2000; Giménez-Llort et al., 2001; Tiffany-
Castiglioni & Qian., 2001). A concentragdo de MeHg nos musculos de peixes predadores pode
chegar a ordem de mg/Kg (WHO, 1990). Nestes peixes, o mercurio ¢ acumulado ¢ pode ser
transferido para aves e mamiferos, incluindo a populagdo humana. O acimulo de metais pesados
no organismo humano representa um risco significativo para a satde, levando a uma variedade
muito grande de sintomas, como anemia, déficits cognitivos, tremores, gengivite, hipertensao,
irritabilidade, cancer, depressdo, perda de memoria, fadiga, cefaléia, hiperuricemia, gota,
insuficiéncia renal cronica, infertilidade masculina, esclerose ¢ doenga de Alzheimer
(Miller,1998).

Assim como em humanos, modelos experimentais em roedores mostram que o MeHg atravessa a
barreira placentdria e tem uma alta afinidade ao sistema nervoso central (SNC) fetal (Haykal-
Coates et al., 1998). No SNC os astrdcitos desempenham um papel importante na toxicidade do
MeHg. O MeHg inibe a captagdo de glutamato na fenda sinaptica, resultando em um aumento do
neurotransmissor no meio extracelular (Aschner et al., 2000). Neste contexto, um recente estudo in
vivo mostrou que o MeHg aumentou os niveis extracelulares de glutamato no cortex frontal de
ratos (Judrez et al., 2002).

In vitro, tem sido demonstrado que MeHg pode afetar a fungdo neuronal e astrocitica de
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diferentes formas. Os principais mecanismos envolvidos na neurotoxicidade do MeHg sdo a

geragdo de stress oxidativo, alteracdo da homeostase do célcio intracelular e interferéncia com o
transporte de membranas, especialmente a inibi¢do da captagdo de glutamato pelos astrocitos. A
excitotoxicidade neuronal seguida da alteragdo da captagcdo de glutamato pelos astrécitos ¢ uma
hipdétese do dano neuronal induzida pelo mercirio baseada em diferentes experimentos, isso
porque ele aumenta a liberagao de calcio das organelas intracelulares e bloqueia o influxo de calcio
através de multiplos subtipos de canais, modificando assim a concentragdo intracelular do célcio e
a liberacdo de neurotransmissores. Além disso, o MeHg tem alta afinidade por grupamentos
sulfidrilas (Trombeta & Kromidas., 1992), o qual resulta na deple¢do intracelular da glutationa
levando a um acimulo das espécies reativas de oxigénio. O proprio stress oxidativo, inibe o
mecanismo de captacdo do glutamato astrocitico através de uma agao direta nos transportadores de
proteina (Shanker et al., 2001; Juarez et al., 2002).

Embora, os mecanismos bioquimicos e moleculares da acdo do MeHg que levam a uma
disfuncdo e degeneracdao neuronal ndo sejam ainda bem compreendidos (Yee & Choi., 1996; Faro
et al., 2002; Shanker et al., 2002 ), os astrocitos apresentam um papel chave na neurotoxicidade
induzida por esse metal. Isso devido a propensdo do MeHg em se acumular nessas células gliais,
um processo que nao esta ainda bem entendido (Aschner et al., 2000). Na tentativa de entender os
mecanismos da toxicidade do MeHg, estudos tém se voltado para as células astrociticas, que
possuem vdrias caracteristicas que lhe permitiriam servir como depositos para metais no SNC.
Primeiro, processos citoplasmaticos da astroglia conhecidos como pés terminais envolvem a
superficie vascular no SNC e da pia mater, formando duas camadas morfologicas permeaveis
conhecidas como membrana glial perivascular e membrana limitante pia-glial, respectivamente.
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Além disso, os corpos celulares da astroglia estdo posicionados entre os corpos celulares neuronal
e o endotélio capilar que formam a barreira hematoencefalica. Portanto, a astroglia esta
citoarquiteturalmente posicionada para ser a primeira célula do parénquima cerebral a ser exposta
aos elementos transportados pelo sangue, incluindo metais. A segunda propriedade é a
metalotioneina — MT (Tiffany-Castiglioni & Qian., 2001), que sdo proteinas caracterizadas em
conter muitas cisteinas (que possuem afinidade a metais divalentes), ¢ agem como potentes
“scavengers” do mercurio cerebral. No tecido dos mamiferos, sdo encontradas duas isoformas MT-
I e MT-II. No SNC, a MT-I e a MT-II s3o quase que ausentes em neurdnios, mas sao abundantes
em astrocitos (Aschner et al., 2000; Tiffany-Castiglioni & Qian., 2001).

Estudos feitos em ratos mostram que exposicao pré-natal ao MeHg leva a disfun¢do motora, no
entanto as informagdes sobre disfungdes cognitivas sdo controversas (Dor¢ et al., 2001; Giménez-

Llort et al., 2001).

1.2 Proteina S100B

S100B ¢ uma proteina ligante de calcio de 21 kDa, do tipo “EF-hand”, produzida e secretada
pelos astrécitos, sendo considerada uma proteina marcadora destas células. Também ¢ expressa
por melanocitos, condrécitos e adipdcitos (Donato, 1999). Esta proteina pode ser encontrada
soluvel no citoplasma, associada a membrana plasmatica, a outras membranas intracelulares e ao
citoesqueleto, o que sugere seu papel em diversos processos celulares (Sorci et al., 1998). A
literatura pouco nos informa sobre sua distribui¢do no SNC durante o desenvolvimento, embora a
ela tenha sido postulada importante fungcdo na maturagdo astrocitica e neuronal (Tiu et al., 2000).

Em ratos, os estudos datam de 1972. Nesse caso, foi possivel medir a proteina logo apds o

nascimento e seu acumulo iniciou a partir dos 14 dias aumentando rapidamente até os 6 meses,
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mostrando que a sua expressao ¢ regulada pelo desenvolvimento (Cicero et al., 1972).

Muitos estudos sugerem um papel intra e extracelular para essa proteina. Dentre as suas a¢des
intracelulares, ela atua regulando a fosforilagao de proteinas, de atividade enzimatica, da
homeostase do célcio e da dindmica do citoesqueleto. Com relagdo as suas fungdes extracelulares,
a S100B parece estar envolvida na sobrevivéncia neuronal, extensdo neuritica e proliferagao glial.
Foi observado que culturas primdrias de astrocitos tem a secre¢ao estimulada na auséncia de soro
(Tramontina et al., 2000; Pinto et al., 2000). Entretanto, pouco se conhece sobre o mecanismo pelo
qual a secregdo ocorre. A agdo extracelular dessa proteina em cultura depende da sua
concentragdo, ela pode exercer efeitos troéficos ou toéxicos. Em concentracdo nanomolar ela exerce
efeitos neurotrdficos estimulando a extensdo de neuritos (Kligman & Marshak., 1985), facilitando
a sobrevivéncia dos neuronios durante o desenvolvimento, além de estimular a proliferacao de
astrocitos (Van Eldik et al., 1991; Selinfreud et al., 1991). Em concentragdes micromolares podem
exercer efeitos neurotoxicos. Algumas doengas neurodegenerativas apresentam elevados niveis de
S100B, como a Sindrome de Down e Doenga de Alzheimer (Griffin et al., 1989). Camundongos
transgénicos que expressam elevadas concentragdes de S100B apresentam alteragdes
comportamentais, além de apresentar uma alta densidade de dendritos no hipocampo durante
periodos precoces de desenvolvimento pds-natal e uma significativa perda de dendritos quando
apresentam um ano de idade, sugerindo o efeito deletério da proteina em elevadas concentragdes

(Whitaker-Azmitia et al., 1997).

1.3 Proteina GFAP
Sabe-se que a proteina glial fibrilar 4cida - GFAP ¢ a principal proteina de filamento
intermediario em astrocitos maduros do SNC. A GFAP ¢ uma importante moduladora da
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estabilidade estrutural dos processos astrociticos (Eng et al., 2000). Essa ¢ uma proteina marcadora
de astrocitos presente em filamentos intermedidrios do grupo III. Exibe uma atividade dindmica
modulada por fosforilagdo e desfosforilagdo, efetuando um papel fundamental na plasticidade
astrocitica (Rodnight et al., 1997). O seu estado de fosforilagdo é regulado, dentre outros fatores,
pela proteina S100B (Ziegler et al., 1998). No SNC de vertebrados superiores, seguidos de injuria
por trauma, disturbios genéticos, desordens, ou insultos quimicos , astrocitos tornam- se reativos e
respondem de uma maneira tipica, chamado de astrogliose ou gliose reativa (Eng et al., 2000), a
qual ¢ caracterizada pela prolifera¢do e/ou hipertrofia glial (Wishcamper et al., 2003).

As proteinas marcadoras astrociticas GFAP e S100B podem ser usadas como marcadores de
comprometimento glial frente & exposi¢do a metais pesados (Huang et al., 1993; Noack et al.,
1996). Além disso, o conteudo de S100B no FCE poderia dar uma idéia de extensdo de dano
neural. Dessa forma, o presente estudo pretende avaliar o imunoconteudo da S100B no tecido
nervoso, particularmente hipocampo, cerebelo e cortex cerebral e no FCE frente a exposi¢do ao
MeHg.

A exposicao ao metal foi feita no 12°, 13° e 14° dia de gestagdo (5 mg/kg/dia) (Watanabe et al.,
1999). Esta escolha deve-se ao fato de que a partir do 12° dia de gestagcdo até o nascimento, a
proliferacdo celular ¢ marcada por uma explosdo da atividade no cerebelo, tdlamo, estriado,
estruturas limbicas e cortex cerebral. Antes desse periodo, a interferéncia do MeHg com a
proliferacdo celular resulta frequentemente em malformacdes e aborto. Além disso, um estudo
feito em neonatos de camundongos expostas ao MeHg nesses periodos de gestacdo com uma dose

similar, mostrou alteragdes neuroquimicas (Watanabe et al., 1999) e motoras (Dor¢ et al., 2001).



2. Objetivos

2.1 Objetivo Geral:
O presente estudo pretende avaliar os possiveis efeitos do metilmercurio no conteudo de

S100B e o comportamento cognitivo em ratos expostos ao MeHg durante o periodo pré-

natal.

2.2 Objetivos Especificos:

1- Quantificar o imunoconteudo de SI00B presente no tecido nervoso (cerebelo,

hipocampo, e cortex cerebral );

2- Quantificar o imunocontetido de S100B no liquido cerebroespinal dos neonatos de

ratas intoxicadas por MeHg;

3- Avaliar o comportamento cognitivo nos ratos de 60 dias intoxicados durante a

gestacao.
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Abstract

Methylmercury (MeHg), an organic methylated form of mercury, is one of the most hazardous
environmental pollutants. MeHg is a potent neurotoxin, particularly during brain development.
Neurotoxicity-induced by MeHg in prenatal age can cause mental disorders, cerebral palsy and
seizures. We investigated cerebrospinal fluid (CSF) and brain tissue contents of S100B, a calcium
binding protein produced and secreted by astrocytes, which has trophic and toxic activity on neurons
depending on concentration. Pregnant rats were exposed to MeHg (5mg/kg/day, on the 12", 13" and
14™ days of pregnancy). CSF and brain tissue (hippocampus, cerebral cortex and cerebellum) were
obtained from neonate rats on 1, 15 and 30 days postnatal. MeHg accumulation was measured in brain
tissue after birth and on the 30" postnatal day. An increase of CSF S100B was observed on the 15", but
not on the 30" postnatal day. Hippocampal tissue demonstrated increased S100B (and reduction in glial
fibrillary acidic protein) immediately after birth, but not later. No changes in the S100B content were
observed in cerebellum and cerebral cortex. No changes were observed in the spatial learning of these
rats at adult age. These specific and reversible changes in the hippocampus could be related to the
cognitive and epileptic disorders attributed to MeHg. Our results further indicate the glial involvement
in the MeHg-induced neurotoxicity. The increment of CSF S100B in neonates exposed to MeHg
reinforces the view that increased S100B is related to damage in the nervous system and that S100B
could be a marker for MeHg-neurotoxicity. Although the cellular mechanism related to MeHg-induced
increase in S100B content in CSF remains unknown, our results suggest the use of S100B as a

peripheral marker of brain damage induced by MeHg.

Key words: S100B, astrocyte, methylmercury, GFAP, brain development
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Introduction

Methylmercury (MeHg) is a potent neurotoxin, particularly during fetal nervous system
development, and high exposure to this compound can cause mental disorders, cerebral palsy and
seizures (Myers and Davidson, 2000). Astrocytes accumulate MeHg, thus constituting brain depots for
this well-known toxicant (Tiffany-Castiglioni and Qian, 2001). Whilst the neurotoxic effects of MeHg
are well reported, the mechanisms underlying its toxicity are not fully understood.

MeHg toxicity impairs astrocytic glutamate uptake (Aschner, 2000), thus affecting the major
excitatory mechanism of neurotransmission. Either death or proliferation of astrocytes have been
reported after Hg accumulation in these cells, in turn influencing neuronal survival (Tiffany-Castiglioni
and Qian, 2001). Distinct regional patterns of neuronal degeneration were found in neonate rats after
MeHg administration during pregnancy, revealing degenerative neurons in the brain stem and the
limbic system, including the hippocampus (Kakita et al., 2000).

Neurobehavioral parameters have been studied in intrauterine MeHg intoxication, including
epileptogenesis (Szasz et al., 1999) and cognitive disorders (Kakita et al., 2000). MeHg-induced
decrease of glutathione peroxidase was reported in fetal mouse brain (Watanabe et al., 1999),
reinforcing the theory of the involvement of astrocytes in the neurotoxicity of this metal (Allen et al.,
2002).

Two astrocytic markers, glial fibrillary acidic protein (GFAP) and S100B, have been used as
indicators of glial response in brain injury, including metal-induced neurotoxicity (O'Callaghan, 1991;
Huang et al., 1993). S100B is a 21 kDa calcium binding protein, involved in cytoskeletal modulation
and extracellular activity, which is trophic or toxic depending on its concentration. Studies in cell

cultures indicate that at nanomolar levels S100B stimulate neuronal survival and glial proliferation.
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By contrast, micromolar levels of extracellular S100B can induce apoptosis (Donato, 2001). Increased
cerebrospinal fluid (CSF) has been reported in several acute and chronic injuries, including traumatic
brain injury, stroke and Alzheimer disease (Rothermundt et al., 2003).

In this study, we investigated S100B levels in CSF and in different brain regions (hippocampus,
cerebral cortex and cerebellum) of neonates from pregnant rats exposed to methylmercury. Neonate rats
were studied immediately after birth, on the 15" and 30" postnatal days. GFAP content was
investigated in hippocampus. Spatial learning of these rats was evaluated later, on the 60™ postnatal
day.

Material and methods
Material. Primary antibodies against S100B (SH-B1) and GFAP were obtained from Sigma and
DAKO, respectively. Chemicals for electrophoresis were purchased from Sigma and immunoblotting
reagents were from Amersham Biosciences. Methylmercury (II) chloride was obtained from Sigma. All
other chemicals were of analytical reagent grade and purchased from Merck.

Animals and MeHg exposure. Adult female Wistar rats, from the department of Biochemistry of the
Universidade Federal do Rio Grande do Sul, were housed with food and water ad libitum under a 12-h
light/dark cycle at a temperature of 25°C. These rats were mated for 24 h. The day when sperm were
observed in the vaginal smear was taken as the first day of pregnancy. The pregnant females were
divided into two groups, namely MeHg group and control group. On the 12", 13™ and 14™ days of
pregnancy, the MeHg group was injected s.c. with MeHg, at a dose of 5 mg MeHg/Kg/day (Watanabe

et al.,1999), while the control group was injected with 25 mM sodium bicarbonate.
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CSF and brain tissue samples. Offspring (on postnatal days 1, 15 and 30) were anaesthetized by
intraperitonial injection of pentobarbital sodium (50mg/Kg-body weight) and positioned in a
stereotactic holder. Cerebrospinal fluid was obtained by cisterna magna puncture using an insulin
syringe (27 gauge x 1/2" length). A maximum volume of 30 pl was collected in a 3 min period to
minimize risk of brainstem damage. CSF samples were frozen (-20 °C) until further analysis. After
decapitation, brain microslices (0.4 x 1.0 mm) from hippocampus, cerebral cortex and cerebellum were
obtained in a McIlwain chopper, homogenized in phosphate buffer saline (PBS) and stored at —20 °C
(Tramontina et al., 2002). Slices for GFAP immunoblotting were dissolved in electrophoresis sample
buffer (Pereira et al., 1994).

ELISA for S100B. CSF (diluted 4x in PBS) or brain slice homogenate (diluted 100x in PBS) were used
in an ELISA for S100B, as described previously (Tramontina et al., 2000). Briefly, 50 microliters of
sample plus 50 microliters of barbital buffer (pH 8.6) were applied to microtiter plates previously
coated with monoclonal anti-S100B in carbonate buffer and blocked with 1% bovine serum albumin.
The plate was incubated for 3 h at 37° C. After washing, peroxidase-conjugated anti-S100 diluted

1:1000 was added, and incubation continued for 1 h. The absorbance of the oxidized substrate (OPD)
was measured at 492 nm. Total protein was measured by Lowry’s method using bovine serum albumin

as a standard.
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Immunoblotting for GFAP. Proteins were separated by SDS-PAGE and transferred to nitrocellulose
membrane by semi-dry blotting (Pereira et al, 1994). Immunodetection of GFAP was carried out using
a polyclonal anti-GFAP and a peroxidase-conjugated anti-rabbit antibody. The blots were developed by
ECL luminol method.

Spatial learning. To access spatial learning, a Morris-type water maze task was performed (Morris,
1984; Vasconcellos et al., 2003) using a circular pool (180 cm diameter, 60 cm high), filled with water
(depth 30 cm; 24 + 1 °C), placed in a room that was rich in consistently located spatial cues (including a
large wood door, two prominent posters on one wall, and the experimenter). An escape platform (10 cm
diameter) was placed in the middle of one of the quadrants, 1.5 cm below the water surface, equidistant
from the sidewall and the middle of the pool. The platform provided the only escape from the water and
was located in the same quadrant on every trial. The position of the animal in the pool was recorded
during the entire experiment. Four different starting positions were equally spaced around the perimeter
of the pool. On each of the training days, all four start positions were used once in a random sequence,
i.e., four training trials per day. A trial began by placing the animal in the water facing the wall of the
pool at one of the starting points. If the animal failed to escape within 60 s it was gently conducted to
the platform by the experimenter. The rat was allowed to stay there for 20 s. The inter-trial interval was
10 min. After each trial the rats were dried, and returned to their cages at the end of the session.
Animals were trained for 5 days. Twenty-four h after the last training session, the rats were submitted
to a test session. Before this session, the submerged platform was removed. The retention test consisted
of placing the animals in the water for 1 min. The latency in reaching the original position of the
platform, the number of crossings in that place and the time spent in the target quadrant compared to

the opposite quadrant were measured.
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Statistical analysis. Parametric data are reported as mean + SEM and were analyzed by Student's t test
(when two groups were considered), two-way ANOVA, or by repeated measures ANOVA.
Determination of mercury. Total mercury was determined in brain tissue by cold vapor atomic
absorption spectrometry, according to Bergdahl et al., 1998.

Results

Table 1 shows the levels of mercury in the brain regions of the neonate rats. High mercury contents
(expressed in pg/ug of protein) were found immediately after birth. Hippocampus and cerebral cortex
demonstrated lower contents compared to whole brain. A strong decrease was found on the 30™
postnatal day. No mercury was detected in the hippocampus at this time. It is important to mention that
no differences were observed in body or brain weights at birth.

A significant increase in CSF S100B was observed in 15 day-old rats born from mercury-intoxicated
pregnant rats (Fig 1), which was not found in 30 day-old rats. Unfortunately, we were unable to obtain
a sufficient quantity of CSF S100B without inflicting brain damage in rats before 15 days of age. A
developmental decrease in CSF S100B between postnatal days 15 and 30 confirmed previous studies
(Tramontina et al, 2002).

Fig 2 shows developmental levels of S100B in different brain regions: hippocampus (A), cerebellum
(B) and cerebral cortex (C). S100B was increased in the hippocampus of mercury-exposed rats on the
first postnatal day. This difference disappeared on postnatal days 15 and 30. No changes in the S100B
immunocontent were observed in cerebral cortex and cerebellum. A strong positive correlation (r >

0.98) was observed between age and S100B content in all examined brain regions.
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Interestingly, the effect on GFAP contrasted with that observed on S100B content. Immunoblotting
for GFAP in hippocampus showed a decrease in mercury-exposed rats on the first postnatal day (Fig
3A). Similar to the results with S100B, no significant changes in GFAP content were observed in 30
day-old rats (Fig 3B).

In order to investigate a possible cognitive damage associated with hippocampal changes observed on
the first postnatal day, 60- day-old rats were submitted to a water maze task (Fig 4). In the retention
test, no effect of MeHg on memory was found. A two-way ANOV A showed that MeHg-treated and
control rats presented the same latency in reaching the original position of the platform (Figure 4A),
with no significant differences between sexes (p > 0.05 in both cases). No significant interaction was
observed between these two variables (p > 0.05). The number of times that the animals crossed the
platform location was also analyzed (Figure 4B). Two-way ANOVA showed that MeHg-treated and
control rats presented similar performances in this parameter (p > 0.05 for both cases). Again, no
significant interaction was observed between these two treatments. When analyzing the time spent in
the target quadrant and the time spent in the opposite quadrant (Figure 2C), a repeated measure
ANOVA showed no effect of methyl mercury treatment. There were no interactions between treatment
and sex. The animals spent more time in the target quadrant, compared to the opposite quadrant (p <
0.001), and no interactions were observed between the time spent in both quadrants and methylmercury

treatment, sex, or time in both quadrants versus sex versus treatment.
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Discussion

MeHg-intoxicated adult rats show focal cell degeneration in selected brain regions (Kakita et al.,
2000). MeHg can be transferred to the fetus through the placenta and to the neonate through breast
milk. It remains unclear as to why the fetus displays a higher sensitivity to MeHg in comparison with
the adult and there is no sensitive biochemical marker available to demonstrate the exact degree of
neurological injury caused by this environmental toxicant (Castoldi et al., 2003). We found lower levels
of brain tissue mercury in 30-old-day rats than immediately after birth, in agreement with Sakamoto
and co-workers (2002). These authors demonstrated that Hg transference through milk is fairly limited
compared to that through the placenta. This limited transference together with intense postnatal changes
in brain volume may explain the decrease in brain Hg after birth.

Measurements of the mercury levels in body fluids, such as blood, which have been used as
biological indicators for MeHg contamination, do not always relate directly to the brain levels of this
compound and do not allow a reliable evaluation of the extent of neurological damage (Apostoli et al.,
2003). In this regard, several studies have demonstrated the existence of a positive relationship between
injury to the CNS and S100B levels in CSF (Rothermundt et al., 2003). In agreement with these
findings, we have recently observed a correlation between peripheral S100B levels and MeHg-induced
neurotoxicity in adult rats (M Farina, unpublished results). Here, we demonstrated a reversible increase
in CSF S100B content after prenatal exposure to MeHg. Elevation in CSF S100B is possibly secondary
to the increment of this protein in determined brain regions, such as the hippocampus. However, a
direct effect of MeHg on S100B secretion cannot be ruled out. In fact, in 15-day-old rats, changes in

CSF S100B were observed, but at this time hippocampal alterations were not more observed.
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Moreover, distinct intra and extracellular changes in S100B levels have been reported during postnatal
development (Tramontina et al., 2002), suggesting that the extracellular level does not necessarily
reflect the intracellular content.

Hippocampal S100B and GFAP contents were altered immediately after birth in MeHg-exposed rats.
An increase of 200% was observed in S100B content, suggesting a strong glial activation in this region,
in contrast to the cerebral cortex and cerebellum. A significant decrease of 15% was also observed in
GFAP in the hippocampus. Although an increase of GFAP is expected in a reactive gliose
(O'Callaghan. 1991), a reduction of GFAP content in astrocyte injury is not uncommon (Pereira et al.,
1994; Guo-Ross et al., 1999). However, a reduction of the GFAP content during development could
suggest a delay in astroglial maturation, considering that GFAP is a characteristic intermediate filament
protein of mature astrocytes (Laping et al, 1994). In contrast to our results, an increase of GFAP was
found in hippocampus of Evan-Long rats exposed prenatally to MeHg for a longer time (from 6 to 15
days of pregnancy; Goldey et al, 1994). In addition, we did not observe a decrease in body weight at
birth in MeHg-exposed rats, as these authors found.

Based on different profiles of changes that we found in the hippocampus in S100B and GFAP
contents of MeHg-exposed rats at birth, it would be possible to speculate that this could be due to
differences in the manner in which MeHg acts in different populations of astrocytes and molecular
targets. In fact, although GFAP and S100B are astrocyte markers they have different brain distributions
and distinct putative roles. One of the putative roles for SI00B is the modulation of glial intermediate
filaments. However, S100B has many other intracellular targets and it also plays an extracellular role as

a cytokine (Donato, 2001; Rothermundt et al, 2003).
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The cerebellum is one of the areas characteristically altered by methylmercury intoxication, both in
the adult and during development. However, rat cerebellar neurons exposed in culture to MeHg showed
specific changes in protein 440-kDa ankyrinB, whereas other the neuronal proteins, MAP-2 and GFAP,
coexisting in the culture, remained unchanged (Sakaue et al., 2003). Our results reinforce the theory of
the distinct sensitivities of molecular targets, cells and brain regions to MeHg.

Since specific and reversible changes were observed in the hippocampus, we decided to evaluate
spatial learning behavior in these animals later on, using the Morris water maze. Performance in this
task is strongly linked to hippocampal function. No alterations were observed in the water maze task in
60-day-old rats exposed to MeHg during development. These results are in agreement with those of
other reports conducted in models of prenatal MeHg intoxication (Sakamoto et al, 2002; Fredriksson et
al., 1996), suggesting that the alterations observed in hippocampus during development of these
animals after MeHg treatment are not enough to alter spatial memory.

In summary, our results reinforce the glial involvement in MeHg-induced neurotoxicity. We observed
specific and reversible changes in the hippocampus, which could be related to some disorders attributed
to MeHg. The increase of CSF S100B in neonates exposed to MeHg during pregnancy reinforces the
view that increased S100B is related to damage in the nervous system and further suggests that S100B
could be a useful marker in MeHg-neurotoxicity. Although the cellular mechanism related to MeHg-
induced increase in S100B content in CSF remains unknown, our results suggest the use of S100B as a

peripheral marker of brain damage induced by MeHg.
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Table 1. Hg levels in brain tissue of neonates from MeHg-intoxicated pregnant rats

Day 1 Day 30
Whole brain 32.46 0.27
Hippocampus 17.72 ND
Cerebral cortex 6.41 0.11

Hg content in brain tissue from offspring was measured by atomic absorption spectrometry. Values are
means of 4 independent experiments and they are expressed in pg of Hg/ ug of protein. ND means not

detected (less than 0.10). Values from control rats were not detected.
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Figure legends
Figure 1. Cerebrospinal fluid S100B in neonates from MeHg-intoxicated rats during pregnancy.
Neonates were anaesthetized and CSF was collected by cisterna magna puncture. S100B was measured
by ELISA. Each value is a mean of 10-12 animals from different experiments = SEM. a, b and ¢
indicate different groups by statistical analysis (ANOVA, followed by Tukey’s test, p <0.05).
Figure 2. Immunocontent of S100B in different brain regions in MeHg-intoxicated offspring. Brain
S100B content was measured in 1, 15 and 30-day-old rats intoxicated with MeHg during pregnancy.
Three regions were analysed: hippocampus (A), cerebellum (B) and cerebral cortex (C). Each value is a
mean of 8-10 animals from different experiments + SEM. a, b and ¢ indicate different groups by
statistical analysis (ANOVA, followed by Tukey’s test, p <0.05).
Figure 3. Hippocampal GFAP content in the offspring from MeHg-intoxicated rats during pregnancy.
Hippocampal content of GFAP was measured by immunoblotting in 1 and 30- day-old rats. Values of
the MeHg group were expressed in percentage assuming control samples as being 100% in each
experiment. Each value is a mean of 6 animals from different experiments = SEM. A representative
immunoblot from 1-day-old rats is shown.

* Statistically significant (Student t test, p< 0.05).

Figure 4. Cognitive behaviour in water maze task of rats prenatally intoxicated with MeHg. Spatial
learning of 60-day-old control and MeHg prenatally exposed rats were evaluated by measurement of
the latency to find the platform (A), crossings (B) and time spent in target (indicate by T) and opposite
(indicated by O) quadrants (C). Each group contained 10-12 animals. No statistical differences were

found (Two-way ANOVA).
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4. Discussao

Os efeitos da exposicdo pré-natal ao MeHg tanto em humanos como em animais tém sido bem
documentado por décadas (Dor¢ et al., 2001). O MeHg pode ser transferido ao feto atravessando a
barreira placentdria e ao neonato através do leite, atingindo diversos tecidos incluindo o SNC.
Contudo, a maior afinidade do MeHg ao SNC em desenvolvimento com relagdo ao adulto ainda ¢
desconhecida (Castoldi et al., 2003). Tem sido proposto que o MeHg causa alteragdo no
desenvolvimento cerebral normal através de diversos mecanismos patogénicos incluindo interferéncia
mitotica, defeito cromossomal e inibicdo de enzimas. Uma vez que esse metal tem sido envolvido na
interrupcdo de um grande numero de fungdes biologicas, ¢ provavel que os mesmos mecanismos
patogénicos nao ocorram nos mesmos estagios do desenvolvimento (Haykal-Coates et al., 1998). Em
nosso estudo encontramos baixas concentragdes de mercurio aos 30 dias de vida o que difere dos
niveis encontrados ao nascimento de acordo com Sakamoto e colaboradores (2002). Eles
demonstraram que a transferéncia do mercurio através do leite ¢ muito menor se comparada com a
placentaria. Essa menor transferéncia junto com a intensa mudanga pos-natal no volume cerebral pode
explicar o decréscimo do Hg no cérebro apds o nascimento.

As medidas do mercurio no fluido corporal, assim como o sangue, no qual tem sido usado como um
indicador biologico na contaminagdo ao MeHg, nem sempre reproduz os niveis cerebrais desse metal
e ndo mostra a extensao do dano neurologico (Apostoli et al., 2003). Muitos estudos tem demonstrado
a existéncia de uma relagdo positiva entre danos no SNC e niveis de S100B no FCE (Rothermundt et
al., 2003). Recentemente tem sido mostrada uma correlagdo entre niveis de S100B periférica e a
neurotoxicidade induzida ao MeHg em ratos adultos (M Farina, dados ndo publicados).
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No presente estudo mostramos um aumento reversivel do contetido de S100B no FCE. Esse
aumento ¢ possivelmente secundario ao acréscimo da proteina S100B em determinadas regides
cerebrais, assim como no hipocampo. Entretanto, um efeito direto do MeHg sobre a secrecdo de
S100B nao pode ser excluida. De fato, os ratos aos 15 dias de vida apresentaram mudangas no
conteido de S100B no FCE, mas nesse periodo no hipocampo nenhuma alteracdo foi observada.
Além disso, distintas mudangas dos niveis intra e extra de S100B foram observadas durante o
desenvolvimento pos-natal (Tramontina et al., 2002), sugerindo que os niveis extracelulares de S100B
necessariamente nao refletem o contetido intracelular.

O conteudo de S100B e GFAP em hipocampo estavam alterados nos ratos expostos ao MeHg
imediatamente p6s o nascimento. Um aumento de 200% foi observado no conteido de S100B
sugerindo uma forte ativagao glial nesta regido em contraste com o cortex cerebral e cerebelo. Sabe-se
que o MeHg causa danos ao citoesqueleto (Trombeta & Kromidas., 1992; Szész et al., 1999), em
nossos estudos houve um significativo decréscimo de 15% na proteina de filamento intermediario, a
GFAP, no hipocampo. Embora, o aumento da GFAP fosse esperado na gliose reativa (O’Callaghan.,
1991), ndo ¢ incomum uma reducdo do conteido de GFAP nas injarias astrociticas (Pereira et al.,
1994; Guo-Ross et al., 1999). Baseado nas diferentes mudancas no conteudo de S100B ¢ GFAP
poderia ser possivel especular que o MeHg age em diferentes populacdes de astrdcitos.

Cerebelo ¢ uma das areas caracteristicamente alteradas pela intoxicacdo ao MeHg tanto em adultos
como durante o desenvolvimento. Contudo, neurdnios cerebelares de ratos expostos ao MeHg em
cultura mostraram mudangas especificas na proteina 440-kDa ankirina B, enquanto que outras
proteinas neuronais MAP-2 e GFAP, coexistentes na cultura permaneceram sem alteragcdes (Sakaue et
al., 2003). Nossos resultados reforgam a idéia sobre a distinta afinidade de alvos moleculares, células
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e regioes cerebrais ao MeHg.

Considerando a alteragdo hipocampal observada ao nascimento poderia haver um dano cognitivo,
particularmente no aprendizado espacial. Entretanto, nenhuma alteracdo foi observada no labirinto
aquatico nos ratos, expostos ao MeHg durante a gestacdo, aos 60 dias de vida. Estes resultados estdo
de acordo com outros modelos de intoxicacdo pré-natal (Sakamoto et al., 2002; Fredriksson et al.,
1996; Kakita et al., 2000).

Concluindo, nossos resultados reforcam o envolvimento glial na neurotoxicidade induzida pelo
MeHg. Observamos especificas e reversiveis mudancas em hipocampo, na qual poderia estar
relacionada a desordens cognitivas e epilépticas atribuidas ao MeHg. O aumento do contetido de
S100B no FCE em neonatos expostos ao MeHg reforcam a idéia de que a S100B esta relacionada ao
dano no sistema nervoso e de que a S1I00B poderia ser um util marcador da neurotoxicidade a esse
metal. Embora, o mecanismo celular envolvido no aumento da S100B no FCE induzido pelo MeHg
permaneca desconhecido nossos resultados sugerem a possibilidade de usar a SI00B como um

marcador periférico de dano cerebral induzido pelo MeHg.

31



5. Referéncias Bibliogréﬁcas (relativas a Introdugao e Discussdo)

Allen JW, Shanker G, Tan KH, Aschner M. The consequences of methylmercury exposure on
interactive functions between astrocytes and neurons. Neurotoxicology 2002; 23:755-759.

Apostoli P, Mangili A, Alessio L. Significance of biological indicators of mercury exposure.
Med Lav 2003; 94:231-2 41.

Aschner M, Yao CP, Allen JW, Tan KH. Methylmercury alters glutamate transport in
astrocytes. Neurochem Int 20003 37:199-206.

Bergdahl IA, Schiitz A, Ahlqwist M, Bengtsson C, Lapidus L, Lissner L, Hultén B.
Methylmercury and Inorganic Mercury in Serum - Correlation to Fish Consumption and
Dental Amalgam in a Cohort of Women Born in 1922. Environ Res 1998; 77:20-24.

Bruins, M.R., Kapil, S., Ochme, F.W. Microbial resistance to metals in the environment.
Ecotoxicol. Environ. Saf 2000; 45: 198-207.

Castoldi AF, Coccini T, Manzo L. Neurotoxic and molecular effects of methylmercury in
humans. Rev Environ Health 2003; 18:19-31.

Cicero TJ, Ferrendelli JA, Suntzeff V, Moore BW. Regional changes in CNS levels of the S100B
and 14-3-2 proteins during development and aging of the mouse. J Neurochem 1972; 19:
2191-2125.

Donato R. Functional roles of S100B proteins, calcium-binding proteins of the EF-hand type.
Biochem et Biophys Acta 1999; 1450: 191-231. Review article.

Dor¢ FY, Goulet S, Gallagher A, Harvey PO, Cantin JF, D’Aigle T, Mirault ME.
Neurobehavioral changes in mice treated with methylmercury at two different stages of
development. Neurotoxicology and Teratology 2001; 23: 463-472.

Eng LF, Ghirnikar RS, Lee YL. Glial fibrillary acidic protein: GFAP-thirty-one years (1969-
2000). Neurochemical Research 2000; 25: 1439-1451.

Faro LRF, Nascimento JLM, Alfonso M, Duran R. Mechanism of action of methylmercury on
in vivo striatal dopamine release possible involviment of dopamine transporter.
Neurochemistry International 2002; 40: 455-465.

Fredriksson A, Dencker L, Archer T, Danielsson BR. Prenatal coexposure to metallic mercury

vapour and methylmercury produce interactive behavioural changes in adult rats.
Neurotoxicol Teratol 1996 ;18:129-34.

32



Giménez-Llort L, Ahlbom E, Daré E, Vahter M, Ogren SO, Ceccatelli S. Prenatal exposure to
methylmercury changes dopamine-modulated motor activity during early ontogeny:
age and gender-dependent effects. Environmental Toxicology and Pharmacology 2001;

9: 61-70.

Gressens P, Mesples B, Sahir N, Marret S, Sola A. Environmental factors and disturbances of
brain development. Semin Neonatal 2001; 6: 185-194.

Griffin WST, Stanley LC, Ling C, White L, McLeod W, Perrot LJ, White III CL, Araoz C. Brain
interleukin 1 and S100B immunoreativity are elevated in Dow’s syndrome and Alzheimer
disease. Proc Nat Aca Sci USA 1989; 86: 7611-7615.

Guo-Ross SX, Yang EY, Walsh TJ, Bondy SC. Decrease of glial fibrillary acidic protein in rat
frontal cortex following aluminum treatment. J] Neurochem 1999 ; 73:1609-14.

Haykal-Coates N, Shafer TJ, Mundy WR, Barone Jr S. Effects of gestational methylmercury
exposure on immunoreactivity of specific isoforms of PKC and enzyme activity during pos-
natal development of the rat brain. Developmental Brain Res 1998; 109: 33-49.

Huang J, Tanii H, Kato K, Hashimoto K.. Neuron and glial cell marker proteins as indicators of
heavy metal-induced neurotoxicity in neuroblastoma and glioma cell lines. Arch Toxicol
1993; 67:491-96.

Juarez BI, Martinez ML, Montante M, Dufour L, Garcia E, Jimenez-Capdeville ME.
Methylmercury increases glutamate extracellular levels in frontal cortex of awake
rats. Neurotoxicol. Teratol. 2002; 5516: 1-5.

Kakita A, Wakabayashi K, Su M, Yoneoka Y, Sakamoto M, Ikuta F, Takahashi H. Intrauterine
methylmercury intoxication. Intrauterine methylmercury intoxication consequence of the

inherent brain lesions and cognitive dysfunction in maturity. Brain Res 2000; 887:322-30.

Kataba-Pendias A, Pendias H. Biogeochemistry of trace elements. PWN 1993, Warsaw,
364 pp.

Kligman D, Marshak DR. Purification and caracterization of a neurite extension factor
from bovine brain. Proc Nat Scad Sci USA 1985; 82: 7136-7139.

Miller AL. Dimercaptosuccinic acid (DMSA), a non-toxic, water-soluble treatment for
heavy metal toxicity. Alter Med Rev 1998; 3: 199-207.

33



Noack S, Lillenthal H, Winneke G, Stoltenburg-Didinger. Immunohistochemical
localization of neuronal and glial calciun-binding proteins in hippocampus of
chronically low level lead exposed rhesus monkeys. Neurotoxicol 1996; 17: 679-84.

O'Callaghan JP. Assessment of neurotoxicity: use of glial fibrillary acidic protein as a
biomarker. Biomed Environ Sci 1991; 4:197-206.

Pinto SS, Gottfried C, Mendez A, Gongalves D, Karl J, Gongalves CA, Wofchuk S, Rodnight R.
Immunocontent and secretion of S100B in astrocyte cultures from different brain regions
in relation to morphology. FEBS Lett. 2000; 486: 203-207.

Pereira ME, Goncalves CA, Rodnight R. Phosphorylation in vitro of glial fibrillary acidic
protein is increased in rat hippocampus by administration of 2,5-hexanedione. Brain Res
1994 ; 656:417-19.

Rodnight R, Gongalves CA, Wofchuk ST, Leal R. Control of the phosphorylation of astrocytes
marker glial fibrillary acidic protein (GFAP) in the immature rat hippocampus by

glutamate and calcium ions: possible key factor in astrocytic plasticity. Braz J] Med Biolo
Res 1997; 30: 1-14.

Rothermundt M, Peters M, Prehn JH, Arolt V. S100B in brain damage and neurodegeneration.
Microsc Res Tech 2003; 60:614-32.

Sanfeliu C, Sebastia J, Kim SU. Methylmercury neurotoxicity in cultures of human neurons,
astrocytes, neuroblastoma cells. Neurotoxicology 2001; 22: 317-327.

Sakamoto M, Kubota M, Matsumoto S, Nakano A, Akagi H. Declining risk of methylmercury
exposure to infants during lactation. Environ Res 2002; 90:185-89.

Sakaue M, Takanaga H, Adachi T, Hara S, Kunimoto M. Selective disappearance of an axonal
protein 440-kDa ankyrinB, associated with neuronal degeneration induced by
methylmercury. J Neurosci Res 2003; 73:831-39.

Selinfreud RH, Barger SW, Pledger WJ, Van-Eldik L. Neurotrophic protein S100 beta
stimulates glial cell proliferation. Proc Natl Acad Sci USA 1991; 88: 3554-3558.

Shanker G, Mutkus LA, Walker SJ, Aschner M. Methylmercury enhances arachidonic acid
release and cytosolic phospholipase A, expression in primary cultures of neonatal
astrocytes. Molecular Brain Research 2002; 106: 1-11.

Shanker G, Allen JW, Mutkus LA, Aschner M. Methylmercury inhibits cysteine uptake

in cultured primary astrocytes, but not in neurons. Brain Res 2001; 914: 159-165.

34



Sorci G, Agneletti AL, Bianchi R, Donato R. Association of S100B with intermediate
filaments and microtubules in glial cells. Biochim et Biophys 1998; 1448: 227-289.

Szasz A, Barna B, Szupera Z, De Visscher G, Galbacs Z, Kirsch-Volders M, Szente M. Chronic
low-dose maternal exposure to methylmercury enhances epileptogenicity in developing
rats. Int J Dev Neurosci 1999; 17:733-42.

Tiffany-Castiglioni E, Qian Y. Astroglia as metal depots: molecular mechanisms for metal
accumulation, storage and release. Neurotoxicology 2001; 22:577-92.

Tiu SC, Chan WY, Heizmann CW, Shafer BW, Shiu SY, Yew DT. Differential expression of
S100B and S100A6 in the human fetal and aged cerebral cortex. Develop Brain Res 2000;
119: 159-168.

Tramontina F, Conte S, Goncalves D, Gottfried C, Portela LV, Vinade L, Salbego C, Gongalves
CA. Developmental changes in S100B content in brain tissue, cerebrospinal fluid, and
astrocyte cultures of rats. Cell Mol Neurobiol 2002; 22:373-78.

Tramontina F, Karl J, Gottfried C, Mendez A, Gongalves D, Portela LV, Goncalves CA.
Digitonin-permeabilization of astrocytes in culture monitored by trypan blue exclusion and
loss of S100B by ELISA. Brain Res Brain Res Protoc 2000; 6:86-90.

Trombetta LD, Kromidas L. A scanning electron-microscopic study of the effects of
methylmercury on the neuronal cytoskeleton. Toxicology Letters 1992; 60: 329-341.

Van Eldik LJ, Christie-Pope B, Bolin LM, Shooter EM, Whetsell Jr WO. Neurotrophic activity
of S100B in cultured dorsal root ganglia from embryonic chick and fetal rat. Brain Res
1991; 542: 280-285.

Vasconcellos AP, Tabajara AS, Ferrari C, Rocha E, Dalmaz C. Effect of chronic stress on
spatial memory in rats is attenuated by lithium treatment. Physiol Behav 2003; 79:143-49.

Watanabe C, Yoshida K, Kasanuma Y, Kun Y, Satoh H. In utero methylmercury
exposure differentially affects the activities of selenoenzymes in the fetal mouse
brain. Environ Res 1999; 80:208-14.

Whitaker-Azmitia PM, Wingate M, Borella A, Gerlai R, Roder J, Azmitia EC. Transgenic mice
overexpressing the neurotrophic factor S100B show neuronal cytoeskeletal and behavioral

signs of altered aging processes: implications for Alzheimer’s disease and Down’s
syndrome. Brain Res 1997; 776: 51-60.

WHO. Environmental Health Criteria 101: Methylmercury. World Health Organization,
Geneva 1990, 36 pp.

35



Wishcamper CA, Brooks DM, Coffin JD, Lurie DI. Focal cerebral ischemia upregulates
SHP-1 in reactive astrocytes in juvenile mice. Brain Research 2003, 974: 88-98.

Yee S, Choi BH. Oxidative stress in neurotoxic effects of methylmercury poisoning.
Neurotoxicology 1996; 17: 17-26.

Ziegler DR, Innocente CE, Leal RB, Rodnight R, Gongalves CA. The S100B protein inhibits

phosphorilation of GFAP and vimentin in a Cytoskeletal fraction from immature rat
hippocampus. Neurochem Res 1998; 23: 1259-1263.

36



	Índice
	Resumo................................................................................................................................       II
	1. Introdução
	1.1 Neurotoxicidade do MeHg
	
	1.2 Proteína S100B
	1.3 Proteína GFAP

	Immunoblotting for GFAP. Proteins were separated by SDS-PAGE and transferred to nitrocellulose membrane by semi-dry blotting (Pereira et al, 1994). Immunodetection of GFAP was carried out using a polyclonal anti-GFAP and a peroxidase-conjugated anti-ra

	Discussion
	5. Referências Bibliográficas  \(relativas à I


