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RESUMO

A isquemia cerebral é a terceira maior causa de morte em paises
industrializados, sendo a maior causa de morbidade e mortalidade em individuos de
meia idade e idosos. A reducdo do suprimento de glicose e oxigénio ao cérebro, o que
ocorre na isquemia, leva a uma complexa cascata de eventos celulares, resultando em
degeneracdo neuronal e, conseqlientemente, na perda das funcbes cerebrais. Altas
concentracOes extracelulares de glutamato ocorrem em decorréncia a um episodio
isquémico devido ao bloqueio da captacao de glutamato, assim como ao aumento na sua
liberacdo e a uma reversdo de seus transportadores. A manutencéo de seus niveis abaixo
dos neurotoxicos é realizada por transportadores de alta afinidade dependentes de sodio,
principalmente nos astrécitos.

Modelos de isquemia in vitro e in vivo foram utilizados nos trabalhos que
compdem esta tese. No primeiro capitulo, usamos um modelo de privacdo de oxigénio e
glicose (POG) em fatias de hipocampo de ratos jovens e adultos. A POG diminuiu a
captacdo de glutamato em todos os tempos de reperfusdo estudados em ambas as idades,
sendo essa diminuicdo menos pronunciada em animais jovens. Fatias de hipocampo de
animais adultos parecem ser mais resistentes ao insulto que as provenientes de animais
jovens, visto que o dano celular se d& primeiramente nestes. A guanosina (GUO) foi
capaz de evitar a queda da captacdo somente em animais jovens 3hs apds a POG e
também foi capaz de reduzir o dano celular em ambas as idades.

A padronizacdo da metodologia da captacdo de glutamato em cultura
organotipica de fatias de hipocampo foi montada a fim de estudar alteracbes neste

parametro ap6s a POG. Nesse modelo, hd& um aumento da captacdo ap6s 1h de



reperfusdo e uma queda apés 24hs. A morte celular medida, pela incorporacédo de iodeto
de propidio, foi significativa a partir das 13hs e ha uma queda nos niveis de GLT-1 24hs
p6s-POG. A GUO protegeu parcialmente a morte induzida pela POG, mas nao foi capaz
de reverter a queda da captacao de glutamato 24hs p6s-insulto.

O modelo in vivo de isquemia utilizado foi a hipdxia-isquemia (HI) neonatal.
Houve um aumento da captacdo de glutamato 24hs pds-insulto no hemisfério ipsilateral
e uma queda significativa 72hs apds nos dois hemisférios. Alteracdes de GFAP e S100B
foram analisadas. Houve um aumento dos niveis de GFAP dependente de idade nos trés
tempos estudados e nas duas estruturas. Nos animais submetidos a HI, o aumento de
GFAP foi significativamente maior no hemisfério ipsilateral e esse foi diferente de seu
respectivo controle 48 e 72hs ap6s o insulto. Houve um aumento nos niveis de S100B
dependente de idade no cortex, sem diferenca entre o grupo controle e o HI. No
hipocampo ipsilateral, observamos um aumento de S100B dependente de tempo no
grupo HI e HI-GUO, mas somente o grupo HI-GUO foi diferente de seu controle 48 e
72hs apos o insulto. A GUO ndo teve nenhum efeito sobre a captacdo de glutamato em
cortex, sobre os niveis de GFAP em ambas as estruturas e sobre a S100B em cortex.

O APDC, um potente agonista de receptor metabotrépico de grupo I, foi testado
no modelo in vitro de POG com fatias de hipocampo. Ele foi capaz de evitar,
parcialmente, a queda da captacdo de glutamato e esse efeito foi inibido por APICA, um
antagonista de grupo I1. Esses dados sdo preliminares e necessitam de maiores estudos.

Podemos concluir que quando se usam diferentes modelos experimentais, tanto
in vitro quanto in vivo, estes podem nos fornecer dados distintos sobre um mesmo
pardmetro ou uma mesma droga em estudo e, mesmo assim, sdo importantes, pois cada

modelo pode representar uma situagédo completamente diferente da outra.



ABSTRACT

Cerebral ischemia is the third leading cause of death in the industrialized
countries being the major cause of morbidity and mortality in middle and later life. The
reduction in the supply of glucose and oxygen to the brain that occurs in cerebral
ischemia leads to a complex cascade of cellular events, resulting in neuronal
degeneration and, consequently, in loss of brain functions. It has been shown that stroke
and ischemia increase the extracellular glutamate levels due to impairment of glutamate
uptake, as well as an increase in glutamate release and reversal of glutamate
transporters. The maintenance of extracellular glutamate below neurotoxic levels is an
essential role for glial cells and this is achieved through high affinity sodium-dependent
glutamate transporters present mainly in astrocytes.

Ischemic models in vitro and in vivo were used in this work. In the first chapter,
we used a model of oxygen and glucose deprivation (OGD) in hippocampal slices of
young and adult rats. OGD decreased glutamate uptake in all reperfusion times and in
both ages studied, being this decrease less pronounced in young rats. Hippocampal
slices of adult animals seemed to be more resistant to OGD than youngs, since cell
damage was first seen in young. Guanosine (GUO) was able to avoid the decrease in
glutamate uptake only in young animals 3h after OGD e also to reduce cell damage in
both ages.

To study glutamate uptake alterations after OGD in organotypic culture of
hippocampal slices, we first standardized this method. There is an increase in glutamate
uptake after 1h of reperfusion and a decrease 24h later. Cell death was measured by

propidium iodide incorporation and it was significative increased from 13h. There is a



decrease in GLT1 levels 24h after OGD. GUO was able in partially protect cells from
death, but not able in recovering glutamate uptake decrease 24h after the insult.

Neonatal hypoxia-ischemia (HI) was the in vivo model used here. There was an
increase in glutamate uptake 24h after the insult in the ipsilateral hemisphere and a
decrease 72h later in both hemispheres. GFAP and S100B alterations were also
analyzed. There was an increase in GFAP levels dependent of age in all times studied
and in both structures. In the HI group, the increase of GFAP was significatively higher
in the ipsilateral hemisphere and this was different from its control 48 and 72h after the
insult. There was an increase in S100B levels dependent of age in cortex, without
difference between control and HI group. In the ipsilateral hippocampus, there was an
increase of S100B dependent of time in HI and HI-GUO group, but only HI-GUO was
different from its control 48 and 72h after the insult. GUO had no effect over glutamate
uptake in cortex, GFAP levels in both structures, and S100B in cOrtex.

APDC, a potent agonist of methabotropic receptors of grup Il, was tested in the
same OGD model used in the first chapter. APDC was able in partially avoid glutamate
decrease induced by OGD in hippocampal slices, and this effect was abolished by
APICA, a group Il antagonist. These results are preliminary and deserve more study.

We could conclude that when different experimental models are used, as in vitro
or in vivo, these could give us distinct date about the same parameter or about the same
drug in study, and even that happens, they are very important since each model might

represent a complete different situation.
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APRESENTACAO

Essa tese de Doutorado esta organizada da seguinte maneira: Introducdo,
Objetivos, Artigos Cientificos publicados e submetidos, Resultados preliminares,
Discussédo, Conclusdes, Perspectivas e Referéncias Bibliograficas.

A Introducdo mostra 0 embasamento teorico para a realizagdo dessa tese. Os
Materiais e Métodos, os Resultados, assim como as Referéncias Bibliograficas
especificas, encontram-se no corpo de cada trabalho, os quais estdo apresentados na
forma de Artigos Cientificos em 3 (trés) capitulos. O 4° e Gltimo capitulo descreve
resultados preliminares obtidos que serdo utilizados para confec¢do do proximo artigo
cientifico.

A secdo Discussdo contém uma interpretacdo geral dos resultados obtidos nos
diferentes trabalhos.

A secdo Conclusbes descreve as conclusdes gerais da tese.

A secdo Perspectivas discute as possibilidades de desenvolvimento de projetos
a partir dos resultados obtidos nos trabalhos descritos nos Capitulos, assim como a
sequéncia que tera o capitulo 4.

A secdo Referéncias Bibliogréaficas lista as referéncias citadas na Introducao,
Capitulo 4 e Discussdo da Tese e que ndo aparecem nos Artigos Cientificos.

Todos os trabalhos descritos nessa Tese foram desenvolvidos no Departamento
de Bioquimica da UFRGS, no laboratorio 35, sob a coordenagdo da Profa. Susana
Wofchuk, e também em associacdo com os laboratdrios coordenados pelos professores

Carlos Alberto Gongalves, Christianne Salbego e Carlos Alexandre Netto.
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1. SISTEMA GLUTAMATERGICO

No final da década de 50, Curtis e colaboradores demonstraram pela primeira
vez que o acido glutdmico tinha um efeito excitatorio sobre o cérebro de mamiferos
(Bennett and Balcar, 1999). Entretanto, foi somente no final dos anos 70 que o L-
glutamato foi amplamente reconhecido como o principal neurotransmissor excitatorio
do SNC, estando presente na maioria das sinapses (Meldrum, 2000; Ozawa et al., 1998).

O glutamato estd envolvido em diversas funcdes fisioldgicas do cérebro tais
como aprendizado ¢ memoéria (Izquierdo and Medina, 1997), desenvolvimento e
envelhecimento (Segovia et al, 2001), como proliferacdo, migragdo celular,
diferenciagdo e morte (McDonald and Johnston, 1990).

O glutamato pode ser sintetizado a partir da glutamina ou do a-cetoglutarato por
transaminacdo (Schousboe and Waagepetersen, 2005). O destino do glutamato nas
células depende da condi¢do metabdlica, podendo seguir para o metabolismo oxidativo
através do ciclo do acido citrico (TCA) e gerar ATP, ou ser transformado em glutamina.
Em situacdes onde a concentragdo extracelular de glutamato for menor que 0,2 mM,
grande parte do glutamato astrocitario sera convertido a glutamina; em concentragdes
acima de 0,2 mM, a preferéncia é que o glutamato siga pela via do TCA (Sonnewald et
al., 1997). O ciclo glutamato-glutamina entre astrocitos ¢ neuroénios tem sido proposto
como a maior via de reciclagem do glutamato, que ao ser captado ¢ primeiramente
convertido a glutamina, pela agdo da glutamina sintetase, a qual é posteriormente
transportada ao neuronio e convertida a glutamato pela acao da glutaminase (Amara and
Fontana, 2002; Danbolt, 2001). Uma vez no neurdnio, o glutamato ¢ estocado em
vesiculas, sendo o processo de captagdo vesicular independente de Na', e sua
incorporacdo ¢ possivel devido a um potencial interno de membrana positivo que ¢

gerado por uma H'-ATPase vacuolar, a qual media o transporte de H' para dentro da
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vesicula (Tabb et al., 1992). A liberacao do glutamato das vesiculas dos terminais pré-
sindpticos ocorre por exocitose e ¢ Ca’-dependente, ou seja, quando ocorre
despolarizacdo do terminal pré-sinaptico, ha abertura de canais de calcio e a entrada
desse ion estimula sua liberacao vesicular (Nicholls and Attwell, 1990) e/ou também do
“pool” citosélico (Nedergaard et al., 2002). O glutamato também pode ser liberado
pelos astrécitos através de canais dependentes de céalcio em resposta a um aumento de
seus niveis intracelulares mediado por receptores (Pasti et al., 2001), em consequéncia
ao inchaco astrocitario através de canais de anions organicos volume-sensitivos
(Eggermont et al., 2001), e através de uma reversao no transporte de glutamato (Warr et
al., 1999). Uma vez liberado, o glutamato exerce suas fungdes em seus receptores,
presentes nas membranas dos terminais pré e pos-sinapticos e também na membrana das
células gliais (Nedergaard et al., 2002; Ozawa et al., 1998). O término de sua agdo
ocorre através de sua remocdo por um processo de captacdo, visto que ndo existe
nenhum mecanismo enzimatico capaz de degrada-lo na fenda (Danbolt, 2001). Essa
remogao ¢ realizada principalmente pelas células astrocitarias através de um sistema de
alta afinidade dependente de sddio (Anderson and Swanson, 2000; Attwell, 2000; Chen
and Swanson, 2003).

A concentracdo de glutamato varia de acordo com a sua localizagdo intra e
extracelular. Em condigdes fisioldgicas, a concentracdo de glutamato na fenda sinaptica
¢ em torno de 1-2 pM, 10 uM no liquor, 2 mM no citoplasma das c€lulas astrocitarias,
10 mM no citoplasma das células neuronais, e 100 mM nas vesiculas sindpticas
(Danbolt, 2001; Nedergaard et al., 2002). Desta forma, sendo a concentracdo
extracelular de glutamato menor que sua concentragdo intracelular e sendo o potencial
interno de membrana negativo, assim como a carga do glutamato, o processo de

captagdo ocorre contra o gradiente de concentracdo, requerendo, por isso, gasto
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energético. Entretanto, este gasto ndo provém diretamente do ATP, mas sim de um
sistema de co-transporte de ions a favor de seu gradiente de concentracdo, que levam
consigo uma molécula de glutamato. Assim, 3 fons Na" e 1 ion H' sdo co-transportados
para dentro da célula, juntamente com uma molécula de glutamato, contra a saida de um
jon K" (Figura 1) (Anderson and Swanson, 2000; Danbolt, 2001; Levy et al., 1998). O
gasto energético se da pela manutengio do gradiente transmembrana de Na'/K " através
da bomba Na'/K"-ATPase (Nicholls and Attwell, 1990).

O glutamato, como mediador de sinapses excitatorias, tem um papel importante
em funcdes fisiologicas do SNC; entretando, uma ativagdo excessiva do sistema
glutamatérgico pode provocar dano, ou at¢é mesmo morte neuronal (Lipton and
Rosenberg, 1994; Price, 1999). Essa situacdo, denominada excitoxicidade, tem sido
relacionada a diversas doencas agudas e cronicas do SNC, tais como isquemia,
hipoglicemia, hipoxia e trauma (Choi, 1988; Lipton, 1999), Huntington, Alzheimer e
status epilepticus, respectivamente (Danbolt, 2001; Maragakis and Rothstein, 2004;

Segovia et al., 2001)

1.1. Receptores glutamatergicos

Os receptores de glutamato medeiam a maioria da neurotransmissao excitatoria no
SNC de mamiferos. Esses receptores sao classificados em dois grandes grupos,
ionotrépicos e metabotropicos, de acordo com suas caracteristicas farmacologicas e
moleculares, os quais geralmente coexistem em uma unica sinapse (Ozawa et al., 1998;
Pin and Duvoisin, 1995). NMDA e AMPA encontram-se espalhados na densidade pds-
sinaptica (DPS), enquanto os mGluRs estdo localizados na periferia da DPS (Ozawa et

al., 1998).



Glutamatergic
nerve terminal

Synaptic
vesicle

FIGURA 1 - Sinapse glutamatérgica. Mecanismo de transporte de glutamato e localizagdo de
seus transportadores nos astrécitos e neurdénios. O transporte de glutamato ¢ dependente de um
gradiente de soédio gerado pela bomba Na'/K'-ATPase. Os astrocitos sdo os principais

responsaveis pela captacao de glutamato no SNC. (Adaptado de: Danbolt, 2001).

Os receptores ionotrdpicos (iGluRs) sdo canais i0nicos que quando ativos se
tornam permeaveis a cations como sodio, calcio e potassio (Schoepp et al., 1995) e sdo
classificados em NMDA, AMPA e cainato, sendo os dois ultimos freqiientemente
chamados de receptores nao-NMDA (Ozawa et al., 1998). Os receptores NMDA
medeiam a transmissdo sindptica lenta, sdo altamente permeaveis a Ca>" (Meldrum,
2000; Ozawa et al., 1998), sdo voltagem dependentes e possuem glicina como co-

agonista (Johnson and Ascher, 1992). Em potenciais de repouso estdo normalmente
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bloqueados por magnésio ¢ a liberagdo do canal NMDA depende da despolarizagdo da
membrana (Edmonds et al., 1995). Os receptores AMPA, assim como os cainato,
medeiam a transmissdo sindptica excitatoria rapida e estdo associados primariamente a
canais independentes de voltagem, sendo canais permeaveis principalmente ao soédio e
potassio, com baixa permeabilidade ao Ca®>" (Ozawa et al., 1998). A ativagdo destes
receptores ndo-NMDA produz despolarizagdo, a qual promove a abertura de canais de
Ca”" dependentes de voltagem. Este é o caso da despolarizacio mediada por AMPA
estimulando receptores NMDA pelo deslocamento do Mg®" (Cotman et al., 1981).

Os receptores metabotropicos (mGluRs) sdo moléculas ligadas a sistemas de
segundos mensageiros através de proteina G, modulando a atividade de diversas
enzimas como adenilato ciclase, guanilato ciclase e fosfolipase C (Ozawa et al., 1998;
Pin and Duvoisin, 1995). Esses receptores sdo subdivididos em: grupo I (mGluR1 e 5),
grupo II (mGluR2 e 3) e grupo III (mGluR4, 6, 7 e 8). Os mGluRs do grupo I estdo
acoplados a hidrolise de fosfoinositidios de membrana, e os do grupo II e III estdo
ligados a modulacdo da adenilato ciclase e sintese de AMPc. Estes receptores estdo
localizados nos terminais pré e pds-sinapticos e nas células gliais e estdo relacionados
tanto a efeitos excitotoxicos quanto inibitérios (Ozawa et al., 1998). Os mGluRs
localizados nos terminais pds-sinapticos estdo ligados a modulacdo da atividade dos
canais i0nicos e os localizados nos terminais pré-sinapticos estdo ligados a regulacdo da
transmissao sinaptica (parece modular canais de Ca") (Ozawa et al., 1998).

A neurotoxicidade do glutamato est4 intimamente ligada a um aumento de Ca®*
intracelular causada pela estimulagdo excessiva de seus receptores ionotropicos e
metabotropicos ¢ a subseqiiente perda da homeostase intracelular do Ca®". Sendo o
receptor NMDA altamente permedvel ao Ca®’, sua hiperestimulagio tem sido

considerada como a principal responsavel pela morte celular devido a excitotoxicidade
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do glutamato (Meldrum, 2000; Ozawa et al., 1998). Em conseqiiéncia da ativacido de
mGluRs de grupo I, trabalhos apontam efeitos neurotoxicos (Kohara et al., 2008;
Nicoletti et al., 1999). Os mGluRs de grupo II e I1I t€m sido relacionados a situagdes de
neuroprote¢do em diversos modelos experimentais (Berent-Spillson and Russell, 2007;
Vernon et al., 2007; Zhou et al., 2006). Desordens neurolégicas nas quais o0s
mecanismos de excitotoxicidade através da estimulagdo dos receptores glutamatérgicos
podem estar envolvidos incluem isquemia, hipoglicemia, hiperglicemia, trauma,
epilepsia, Parkinson, Alzheimer e Huntington (Choi, 1988; Danbolt, 2001; Ikonomidou

et al., 1989; Lipton, 1999; Maragakis and Rothstein, 2001).

1.2. Transportadores de glutamato

Concentracdes extracelulares de glutamato sdo mantidas em niveis fisioldgicos
exclusivamente por transportadores de alta afinidade Na'-dependentes (EAATS). Os
EAATS, localizados tanto em células neuronais quanto gliais, sdo os responsaveis pela
captacdo do glutamato extracelular, permitindo a transmissao excitatoria normal, assim
como protegendo da excitotoxicidade do glutamato (Beart and O'Shea, 2007; Danbolt,
2001).

Cinco transportadores de glutamato de alta afinidade foram clonados até o
momento, alguns neuronais e outros gliais, sendo sua distribuicdo dependente de regido
e idade dependente. Sdo eles: GLAST/EAATI1 (Storck et al., 1992), GLT-1/EAAT2
(Pines et al., 1992), EAAC1/EAAT3 (Kanai and Hediger, 1992), EAAT4 (Fairman et
al., 1995) ¢ EAATS (Arriza et al.,, 1997). Estes cinco transportadores de glutamato
fazem parte de uma tUnica familia de proteinas e apresentam entre 50 e 60% de

homologia na seqiiéncia de aminoécidos entre si (Beart and O'Shea, 2007).



GLAST e GLT-1 foram primeiramente detectados em astrocitos (Rothstein et
al., 1994) e sdao quantitativamente os principais transportadores de glutamato, sendo
responsaveis pela maior parte da captagdo deste aminoacido no SNC (Anderson and
Swanson, 2000; Danbolt, 2001). GLAST esta presente nas células gliais de todo SNC.
Encontra-se em altas concentragdes na glia de Bergmann do cerebelo e em niveis mais
baixos no restante do SNC (Danbolt, 2001; Kanai and Hediger, 2004; O'Shea, 2002).
Seus niveis sdo maiores que os de GLT-1 no bulbo olfatério e estd presente, ao
contrario do GLT-1, nas células de Miiller da retina (Danbolt, 2001). O GLT-1 ¢é quase
exclusivamente glial e estd amplamente distribuido por todo SNC em altas
concentragdes (Danbolt, 2001; Kanai and Hediger, 2004; O'Shea, 2002). Os niveis
cerebrais de GLT-1 sdo aproximadamente quatro vezes maiores que os de GLAST em
hipocampo e seis vezes menores no cerebelo (Lehre and Danbolt, 1998). Estudos
recentes mostram a existéncia de uma forma variante de GLT-1 em neurdnios;
entretanto, essa forma nao parece estar envolvida com as propriedades de transporte de
aminoacidos, mas sim na regulagdo do extravasamento de glutamato na fenda sindptica
(Chen et al., 2004; Sullivan et al., 2004). GLAST e GLT-1 encontram-se em maiores
concentragdes nas membranas astrocitarias que circundam o neuropil (terminal nervoso,
axonios e espinhas dendriticas) do que nas demais partes da membrana plasmatica que
circunda a pia mater, o endotélio capilar, outros astrocitos e corpos celulares e ambos
transportadores podem coexistir numa mesma célula, mas em proporgdes diferentes
dependendo da regido (Chaudhry et al., 1995; Lehre and Danbolt, 1998).

GLAST e GLT-1 estdo presentes no SNC em baixas concentracdes desde
estagios precoces de desenvolvimento e aumentam até a idade adulta (Furuta et al.,
1997; Ullensvang et al., 1997). No cérebro imaturo ou em desenvolvimento, os niveis

de GLAST predominam sobre os de GLT-1, o qual ndo ¢ detectado ao nascimento
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(Levy et al., 1995). Apos a primeira semana pds-natal, o GLT-1 pode ser detectado no
"forebrain" e, apds a segunda semana, no cerebelo, ¢ ambos transportadores atingem
niveis adultos a partir da quinta semana (Ullensvang et al., 1997). As concentragdes de
GLAST e GLT-1 aumentam drasticamente no periodo de maior atividade de
sinaptogénese (do final da segunda ao final da quarta semana pds-natal), atingindo
niveis adultos apo6s trinta e cinco dias de vida.

Os demais transportadores de glutamato, EAAC1, EAAT4 e EAATS, sado
encontrados predominantemente em neurdnios (Gegelashvili and Schousboe, 1998). O
EAACI ¢ encontrado na maioria dos neurdnios do sistema glutamatérgico, assim como
nos neurdnios do sistema gabaérgico (células de Purkinje), e estd localizado no corpo
celular dos neurdnios e dendritos, evitando os terminais nervosos (Danbolt et al., 1998;
Nedergaard et al., 2002). Sua posi¢do estratégica parece estar relacionada ao controle da
perfusdo do glutamato (Rothstein et al., 1994), e a utilizacdo do glutamato como
percurssor para sintese de GABA (Sheldon and Robinson, 2007). EAAT4 esta
predominantemente localizado nas células GABAérgicas cerebelares de Purkinje
(Furuta et al., 1997) e EAATS estd presente nas células fotoreceptoras bipolares da
retina de roedores (Arriza et al., 1997). Os transportadores neuronais EAAC1 e EAAT4
ndo sdo quantitativamente os responsaveis pela manutengdo da concentragdo de
glutamato extracelular abaixo de seus niveis neurotoxicos (Danbolt, 2001); seu papel
parece estar mais relacionado a mecanismos de controle do sistema glutamatérgico
(Sheldon and Robinson, 2007).

EAACI esta presente desde estagios iniciais de desenvolvimento e atinge seu
pico de concentragdo no quinto dia pds-natal, enquanto o EAAT4 esta presente desde o
primeiro dia pos-natal atingindo niveis adultos na segunda semana de vida (Furuta et al.,

1997; Ullensvang et al., 1997).



Assim como a maioria das proteinas, os transportadores sdo regulados por
mecanismos transcricionais e pos-transcricionais. Ha aproximadamente uma década,
estudos mostraram que astrocitos ndo expressam GLT-1, mas quando co-cultivadas com
neurdnios sim. Esse efeito também pode ser mimetizado usando meio condicionado de
cultura de neurdnios, indicando que fatores secretados pelas células neuronais induzem
a expressdo de GLT-1 (Swanson et al., 1997). Outros estudos mostram que situagdes de
excitotoxicidade induzida em co-cultura com conseqiliente morte neuronal, resultaram
na diminui¢do da expressdo de GLT-1 e um aumento da expressdo de GLAST nos
astrocitos remanescentes (Schlag et al., 1998). O efeito observado em GLT-1 se repetiu
em estudos In vivo, mas o contrario foi observado para GLAST (Levy et al., 1995),
mostra a contribuicdo dos neurdnios na expressdo dos transportadores. Ativacdo de
quinases parece ser um potente sinal na regulacdo da atividade dos EAATs: PKC, PKA
e PI3K (Davis et al., 1998; Lortet et al., 1999), estdo relacionadas a um aumento da
atividade, quantidade ou expressdo de transportadores na membrana celular. A
expressio de GLAST na membrana celular pode ser rapidamente modulada por
alteracdes nas concentragdes extracelulares de glutamato, onde se observa uma rapida
migracdo desse transportador do citoplasma para a membrana (Duan et al., 1999).

Alteragdes na expressdo dos transportadores de glutamato tém sido relacionadas
a uma variedade de desordens do SNC. Na Esclerose Amiotrofica Lateral, estudos
mostram uma diminui¢do da atividade funcional dos transportadores com uma
diminui¢do dos niveis de GLT-1 (Rothstein et al., 1995). Uma diminuicao de GLAST e
GLT-1, também foi observada na Doenga de Alzheimer e na Epilepsia (Maragakis and
Rothstein, 2001; Maragakis and Rothstein, 2004). Na Doen¢a de Huntington, uma
diminuicdo da expressdo de GLT-1 acompanhada de uma diminui¢do da captacdo de

glutamato foi observada em estriado e cortex de ratos (Maragakis and Rothstein, 2006).
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2. ISQUEMIA CEREBRAL

A isquemia cerebral ¢ o resultado de uma redugdo transitoria ou permanente do
fluxo sanguineo. A reducdo do fluxo sanguineo é geralmente causada pela oclusido da
artéria cerebral por um émbolo ou trombose local. Com uma incidéncia de
aproximadamente 250-400 em 100.000 individuos e wuma mortalidade de
aproximadamente 30%, a isquemia continua sendo a terceira maior causa de morte em
paises industrializados. Nos Estados Unidos, 4.000.000 de vitimas sobreviventes de
uma isquemia, sofrem das seqiielas isquémicas (Dirnagl et al., 1999). A injuria cerebral
em conseqiiéncia a isquemia resulta em uma cascata de eventos patofisiologicos,
durante o processo isquémico ou durante a reperfusdo, que incluem: excitotoxicidade,
despolarizacdo, inflamagdo e morte celular (White et al., 2000). A figura 2 mostra
alguns dos eventos que ocorrem durante e apds um episodio isquémico.

O cérebro ¢ altamente dependente de fluxo sanguineo continuo para o suprimento de
oxigénio e glicose, sendo mais vulneravel ao dano isquémico que os outros tecidos. A
fonte energética cerebral depende quase que exclusivamente da fosforilacdo oxidativa
para a produgdo de energia (Deitmer, 2001). Como conseqiiéncia da perda energética,
ha perda do potencial de membrana e despolarizagdo das células neuronais e gliais,
levando a ativagdo dos canais dependentes de Ca’" e liberagio de aminoacidos
excitatorios, principalmente o glutamato. A ativagdo dos receptores ionotropicos e
metabotropicos de glutamato contribuem para o aumento do Ca’" intracelular o que
inicia uma série de eventos citoplasmaticos e nucleares que culminam em morte celular
tanto por necrose quanto por apoptose (Taoufik and Probert, 2008). Altos niveis de Ca*"
intracelular desencadeiam ativagdo de proteases, fosfolipases e ciclooxigenases e

conseqiiente formacgdo de radicais livres que sinalizam moléculas pré-inflamatérias e
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pro-apoptéticas (Dirnagl et al., 1999; Lipton, 1999). A elevagdo do Ca”>" também leva a
formagao de peroxido nitroso o qual causa dano na membrana celular (Iadecola, 1997).

Com a quebra energética, o funcionamento da bomba Na'/K' -ATPase, que
consome aproximadamente 60% da energia cerebral (Deitmer, 2001), estd prejudicado,
levando ao aumento extracelular de K e intracelular de Na" e CI', causando edema
celular com conseqiliente aumento da pressdo intracraniana, hernia¢ao e dificuldade de
acesso do fluxo sanguineo a zona central da isquemia. Ao mesmo tempo, outro processo
dependente de energia, a captacdo de glutamato, esta prejudicado, aumentando ainda
mais os niveis de glutamato no terminal sinaptico (Bonde et al., 2003).

Uma importante fonte de espécies reativas de oxigénio, a mitocOndria, tem sua
membrana interna comprometida devido a agdo dos radicais livres (Dugan and Choi,
1994). Sua membrana torna-se permedvel, o que leva ao inchago mitocondrial, a
suspensao na produ¢do de ATP e a um actimulo de radicais livres (Kristian and Siesjo,
1998). O citocromo C ¢ liberado ativando uma cascata de caspases, podendo
desencadear morte por apoptose (Fujimura et al., 1998).

Mecanismos inflamatorios estdo associados a altos riscos de derrame e recorréncia
apés um primeiro derrame isquémico. Diversas moléculas inflamatdrias estdo
implicadas durante a fase aguda da isquemia, como citocinas, moléculas de adesdo
celular e metaloproteinases (Rodriguez-Yanez and Castillo, 2008).

No centro da zona isquémica, o fluxo sanguineo ¢ 20% menor que o normal. Sendo
assim, anoxia e despolarizagdes permanentes comecam minutos apds o inicio da
isquemia. As células morrem rapidamente por lipdlise, protedlise, desagregagdao de
microtubulos que seguem a falha bioenergética total e o seguimento da quebra de
homeostase i0nica. Entre o dano letal no centro e o cérebro normal, existe a zona de

penumbra, uma area onde o metabolismo energético estd parcialmente preservado. Sem
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tratamento, células da zona de penumbra podem progredir para despolarizacao,

inflamacao e apoptose (Dirnagl et al., 1999; Lipton, 1999).
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FIGURA 2: Rotas isquémicas. Desenho esquematico dos eventos patofisiologicos que seguem

um episoddio isquémico. (Fonte: White et al, 2000).

2.1. Isquemia e transportadores de glutamato

Em condigdes onde ha falha energética, os transportadores de glutamato
trabalham no sentido inverso, liberando glutamato na fenda sinaptica e aumentando
ainda mais as concentragdes desse aminodcido (Sheldon and Robinson, 2007).
Alteragdes na expressao dos transportadores de glutamato apds um episodio isquémico
tém sido propostas como um mecanismo em potencial na contribuicdo da morte celular
tardia. Alteragdes dos transportadores de glutamato ocorrem tdo cedo quanto 3hs pods-
reperfusdo. Muitos estudos in vivo e in vitro mostram uma diminui¢do da expressdo de

GLT-1 em hipocampo em diversos periodos pos-reperfusido, dependendo do modelo
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experimental utilizado, e esse efeito ndo parece ser em conseqiiéncia de uma disfungdo
astrocitaria, visto que ha um aumento de GFAP desde 4 até 21 dias pos-isquemia
(Bruhn et al., 2000; Chen et al., 2005; Torp et al., 1995).

Estudos com pré-condicionamento isquémico mostraram um efeito
neuroprotetor quando seguidos de um insulto isquémico, condi¢do que foi capaz de
produzir um aumento da expressdo de GLT-1 ¢ EAACI1 (Davis and Patel, 2003).
Interessante foi o bloqueio dessa prote¢do por dihidrocainato (DHK), sugerindo que o
aumento de GLT-1 pode ser o responsavel pela neuroprotecdo no pré-condicionamento
(Zhang et al., 2007).

Os transportadores de glutamato também podem aumentar o dano celular
durante a isquemia. Estudos com culturas mostram que pré-tratamento com GDNF, um
fator neurotrofico glial, aumenta a expressdao de GLAST e GLT-1. O que ao primeiro
olhar parece ser um fator positivo pode se tornar perigoso em situacdes de falha
energética, pois durante o episddio isquémico, os transportadores trabalham no sentido
oposto, liberando glutamato para o meio extracelular e aumentando ainda mais a
excitotoxicidade causada por esse aminoacido (Bonde et al., 2003). Na realidade,
estudos apontam o transporte reverso do glutamato como o principal vildo no dano

celular isquémico (Bonde et al., 2003).

2.2. Modelos experimentais de leséo isquémica

2.2.1. Modelos in vivo

2.2.1.1. Hipdxia-isquemia neonatal
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A hipoxia-isquemia neonatal ¢ um modelo que tem sido amplamente utilizado
por mimetizar situagdes isquémicas intra-utero, como o enforcamento pelo cordio
umbilical, hemorragia intraventricular em bebés com baixo peso (< 1500g), ruptura de
placenta e complicagdes durante o parto (Gill and Perez-Polo, 2008). O modelo mais
aceito e mais utilizado ¢ o modelo de Levine (Levine, 1960) adaptado para animais com
7 dias por Rice (Rice et al., 1981), o qual reproduz injuria cerebral unilateral causando
dano no estriado, cortex e hipocampo (Vannucci and Vannucci, 1997).

O modelo consiste da obstrucdo de uma das cardtidas, seguida da exposi¢do a
baixas tensdes de oxigénio (8%) por 90 minutos e posterior recuperagdo. Nesse modelo,
os animais sdo capazes de resistir por até¢ 3-4 horas de exposicao a hipoxia (Rice et al.,
1981). Esse modelo leva a atrofia cerebral tardia de estruturas como hipocampo e cortex

(Figura 3).

A B

FIGURA 3: Atrofia cerebral. Imagens representativas de cérebro de ratos de 90 dias
submetidos a hipoxia-isquemia com 7 dias pds-natal. A figura A mostra um cérebro de rato
controle e a figura B a de um rato submetido a 90 minutos de hipdxia, com prévia obstrugdo da
cardtida esquerda. Coloragdo de hematoxilina-eosina. Essas imagens fazem parte de um dos

trabalhos desenvolvidos nessa Tese, descrito no Capitulo 3.
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2.2.1.2. Isquemia focal

O modelo de isquemia focal corresponde, clinicamente, a um derrame isquémico
(Mergenthaler et al., 2004). Nesse modelo, somente um regido do cérebro ¢ afetada
devido a obstru¢ao de uma artéria média, e em alguns casos, também da carétida (Ley et

al., 2007).

2.2.1.3. Isquemia global

O modelo de isquemia global corresponde, clinicamente, a uma parada cardiaca
(Mergenthaler et al., 2004). O modelo mais usado ¢ o dos 4 vasos, que incluem a
cauterizacdo das artérias cerebrais e a oclusdo temporaria das cardtidas (Netto et al.,

1993).

2.2.2. Modelos in vitro

Modelos de isquemia in vitro tém sido amplamente utilizados como uma
alternativa para experimentacdo animal in vivo. Cultura organotipica de tecido e fatias
agudamente isoladas, geralmente de hipocampo, sdo os modelos mais utilizados
(Cardenas et al., 2000; Cimarosti et al., 2001). Tanto no primeiro quanto no segundo
modelo, as fatias sdo expostas a uma situagdo de privagdo de oxigénio e glicose (POG),
a fim de mimetizar os efeitos causados por um episddio isquémico. Usando um meio
sem glicose, as fatias ou cultura s3o submetidas a uma condi¢do anaerdbica por um
determinado periodo.

Os modelos de cultura organotipica e de fatias oferecem importantes vantagens
devido a manutencao da arquitetura celular e das conexdes interneurénios. O modelo de

fatias agudamente isoladas ¢ limitado a algumas horas, pois o estado metabolico celular
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¢ rapidamente comprometido, fazendo com que seja um bom modelo para analise de
alteracdes agudas (Dong et al., 1988). Em culturas, as células sdo mantidas viaveis por
mais tempo que no modelo de fatias, permitindo investigar parametros bioquimicos em
periodos mais longos apds um episodio isquémico (Cho et al., 2004), além de mimetizar
rotas metabolicas em tecidos vivos e facilitar o design de agentes terapéuticos (Stoppini

etal., 1991).

3. GUANOSINA

Os derivados da guanina estdo intimamente relacionados ao sistema de
transducao de sinal via proteina G, através da modulacdo da atividade de efetores
intracelulares (Gudermann et al., 1997). No SNC, essa forma de transdugdo de sinal esta
associada a subtipos de praticamente todos os receptores estudados, entre eles os
glutamatérgicos (Ozawa et al., 1998). Além de seus efeitos intracelulares, evidéncias
indicam que as bases puricas derivadas da guanina (GTP, GDP, GMP) e o nucleosidio
guanosina, tém sido relacionados a efeitos de sinalizacdo extracelulares sem o
envolvimento de proteina G, e exercem efeitos troficos tanto nos neurdnios quanto nas
células gliais, sendo importantes durante o desenvolvimento, na manutencao do sistema
nervoso € em resposta a doengas ou injuria. Os efeitos troficos incluem estimulacdo da
proliferacdo astrocitaria, efeitos tréficos e mitoticos em neuronios e em células da glia
(Ciccarelli et al., 2000; Rathbone et al., 1999).

As concentragdes extracelulares das purinas sdo dependentes de um balango
entre sua liberagdo, captacdo ¢ metabolismo, sendo as ectonucleotidases responsaveis
por sua metabolizagdo extracelular (Rathbone et al., 1999). Estudos mostram que tanto

os neurdnios quanto as células gliais liberam guanosina ¢ que bases puricas sdo
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liberadas a partir de astrécitos tanto em situacdes fisiolodgicas quanto patologicas
(Ballerini et al., 1995). A inibicdo da atividade da ecto-5’-nucleotidase mostrou uma
reducdo significativa no aciimulo extracelular de guanosina, indicando que esta ¢
derivada amplamente do metabolismo extracelular dos nucleotideos da guanina
(Schmidt et al., 2007). Recentemente, sitios de ligacao especificos para guanosina foram
descritos (Traversa et al., 2002).

Diversos sdo os trabalhos mostrando os efeitos dos derivados da guanina no
SNC e sua intima ligagdo com o sistema glutamatérgico. Em concentragdes que variam
de 100 uM a 1 mM, os derivados da guanina bloqueiam respostas celulares a agdo de
glutamato ou seus agonistas tais como: bloqueiam o influxo de calcio induzido por
NMDA em retinas de pintos (Burgos et al., 2000), diminuem a fosforilagio de GFAP
(Tasca et al., 1995) e o aumento de AMPc induzido por glutamato (Tasca and Souza,
2000), inibem a unido do glutamato e agonistas (KA, L-AP4 e NMDA) a seus
receptores (Porciuncula et al., 2002; Souza and Ramirez, 1991), assim como de
antagonistas (Barnes et al., 1993). Astrdcitos liberam nucleotideos derivados da guanina
e guanosina em situacdes de repouso e sua liberacdo ¢ aumentada em situagdes de
hipoxia/hipoglicemia (Ciccarelli et al., 1999), um processo que envolve
excitotoxicidade glutamatérgica. Altas concentracdes extracelulares de guanosina sdo
encontradas apds isquemia e seus niveis permanecem elevados por varios dias apds o
insulto (Uemura et al., 1991). A guanosina parece possuir um efeito anti-apoptdtico
através da ativagao de PI3-K/AKT/PKB em cultura de astrocitos (Di lorio et al., 2004).

Trabalhos realizados neste departamento tém demonstrado um efeito
neuroprotetor dos derivados da guanina contra desordens do sistema glutamatérgico,
assim como efeitos fisiolégicos envolvendo esse sistema. Guanosina e GMP sdo

capazes de proteger camundongos adultos de convulsdes induzidas por 4acido
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quinolinico (agonista glutamatérgico), mas ndo por picrotoxina (antagonista GABA,)
quando injetados intraperitonealmente (Schmidt et al., 2000), indicando, assim, uma
certa seletividade destes derivados puricos pelo sistema glutamatérgico. Quando
administrada oralmente, a guanosina protegeu de convulsdes induzidas por acido
quinolinico, atenuou convulsdes e morte induzidas por alfa-dendrotoxina, mas nao
protegeu de convulsdes quando 4cido cainico foi utilizado (Lara et al., 2001). A cafeina,
um antagonista de receptores de adenosina, ndo inibiu as convulsdes induzidas por
acido quinolinico, demonstrando que a agdo da guanosina nao envolve receptores
adenosinérgicos. A guanosina apresenta efeitos amnésicos no teste da esquiva inibitoria,
efeitos semelhantes aos dos antagonistas glutamatérgicos (Saute et al., 2006).

A guanosina exerce um efeito sobre a captacdo de glutamato ainda ndo
totalmente elucidado. Essa base purica derivada da guanina foi capaz de aumentar a
captacdo de glutamato em cultura de astrocitos sem envolvimento de receptores
adenosinérgicos (Frizzo et al., 2001) e em fatias de cortex parietal de ratos de 10 dias,
submetidas ou ndo a isquemia (Frizzo et al., 2002); também foi capaz de evitar a
diminuicdo da captacdo induzida pela hipoxia-isquemia neonatal em fatias de
hipocampo (Moretto et al., 2005), e proteger fatias de hipocampo, expostas a privacao
de oxigénio e glicose, de dano celular e ainda prevenir a queda da captagcdo que ocorre
apods o insulto (Thomazi et al., 2008). Além disto, o efeito da guanosina em relagdo a
captacdo de glutamato parece variar de acordo com o periodo de cultivo celular, visto
que hd um aumento na captacao de glutamato em cultura cortical de astrécitos com 10
dias de cultivo in vitro, mas ndo naquelas com 40 dias (Gottfried et al., 2002), assim
como em fatias de hipocampo de ratos de 10 dias (Thomazi et al., 2004). A
administragdo cronica de guanosina por via oral foi capaz de aumentar a captagao de

glutamato em fatias corticais de cérebro de ratos, com um aumento nos niveis de
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guanosina no liquor em relagdo ao grupo tratado (Vinade et al., 2005). O efeito sobre a
captagdo de glutamato parece ser especifico da guanosina, uma vez que os nucleotideos

precisam ser hidrolisados para exercer esse efeito (Frizzo et al., 2003).

4. OBJETIVOS

4.1. Objetivo Geral

Estudar as possiveis alteragdes na captagdo de glutamato em diferentes modelos, in
vitro e in vivo, de isquemia cerebral, ¢ a correlagdo de algumas drogas neuroprotetoras

com esse sistema de transporte.

4.2. Objetivos Especificos

e Investigar alteragdes na captacdo de glutamato em um modelo in vitro de lesdo
isquémica, usando fatias de hipocampo de ratos expostas a POG. Verificar se ha
alteracdo tempo-dependente durante a reperfusdo na captagdao de glutamato, assim

como dano celular, e um possivel efeito da GUO sobre o sistema de transporte.

e Padronizar a metodologia de captagdo de glutamato em cultura organotipica de
hipocampo e investigar o perfil da captacdo em diversos tempos de reperfusdo.
Também, investigar se o efeito neuroprotetor da GUO em cultura organotipica de
hipocampo sobre a morte causada por POG estaria relacionado com alteracdes na

captagdo de glutamato como observado em fatias.
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Usando um modelo in vivo de hipdxia-isquemia, investigar algumas alteragdes
bioquimicas precoces em diferentes tempos poOs-insulto, como captacdo de
glutamato, expressao de GFAP e S100B. Também avaliar o envolvimento da GUO
sobre esses parametros e se esta ¢ capaz de proteger de atrofia cerebral tardia em

conseqiiéncia do insulto precoce.

Investigar um possivel efeito do APDC, agonista metabotrépico de grupo II, sobre

a captagdo de glutamato em fatias de hipocampo de ratos expostas a POG.
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CAPITULO 1

PROFILE OF GLUTAMATE UPTAKE AND CELLULAR VIABILITY IN
HIPPOCAMPAL SLICES EXPOSED TO OXYGEN AND GLUCOSE DEPRIVATION:
DEVELOPMENTAL ASPECTS AND PROTECTION BY GUANOSINE

Brain Research, 10: 233-240, 2008.
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ABSTRACT

Stroke syndromes are a major cause of disability in middle and later life resulting in severe
neuronal degeneration and loss of brain functions. In situations with energy failure,
glutamate transport is impaired and high levels of this amino acid accumulate on the
synaptic cleft. Our group has showed that guanosine exerts neuroprotection against
neurotoxicity situations. The aim of this work is draw a post-ischemic profile of glutamate
uptake and cell damage using an oxygen and glucose deprivation model (OGD) in
hippocampal slices from young (P10) and adult (P60) rats, analyzing guanosine effect. OGD
decreases glutamate uptake in both ages and recovery times, although decrease in cell
viability was only observed 1 and 3 h after OGD in young and adult animals, respectively.
Guanosine partially protected cell damage from 1 h in P10 and at 3 h in P60 rats and avoided
glutamate uptake decrease from P10 rats at 3 h. The impairment of glutamate transporters
since immediately after the insult observed here is probably due to an energetic failure; loss
of cell viability was only observed from 1 h after OGD. The mechanism by which guanosine
acts in the ‘ischemic’ model used here is still unknown, but evidence leads to its
antiapoptotic effect.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

embolism, and systemic decrease in blood perfusion (Caplan,
1993; Zemke et al., 2004).

The brain is highly dependent on continuous supply of oxygen
and glucose and a transient or permanent reduction in the
blood flow to the brain leads to a complex cascade of cellular
events, resulting in neuronal degeneration and, consequently,
in loss of brain functions (Lipton, 1999). Stroke syndromes are a
major cause of morbidity and mortality in middle and later life.
The three main natural causes of ischemia are thrombosis,

* Corresponding author. Fax: +55 51 3308 5540.
E-mail address: athomazi2000@hotmail.com (A.P. Thomazi).

Glutamate is the main excitatory neurotransmitter in the
mammalian central nervous system (CNS). It is involved in
most brain functions (Meldrum, 2000; Danbolt, 2001), such as
memory and learning (Izquierdo and Medina, 1997), develop-
ment and aging (Segovia et al., 2001), and adaptation to the
environment (Danbolt, 2001; Mattson et al., 2000). However, the
glutamate concentration profile in the synaptic cleft is variable

0006-8993/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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and it may also act as an excitotoxin when its receptors are
over-stimulated (Anderson and Swanson, 2000; Meldrum,
2000; Danbolt, 2001; Maragakis and Rothstein, 2001, 2004).

The maintenance of extracellular glutamate concentra-
tions below neurotoxic levels is an essential role of glial cells
and this is achieved through high affinity sodium-dependent
glutamate transporters present mainly in astrocytes (Ander-
son and Swanson, 2000; Attwell, 2000; Danbolt, 2001; Chen and
Swanson, 2003). During CNS development, the expression of
glutamate transporter subtypes is differentially regulated and
regionally coordinated (Furuta et al., 1997; Danbolt, 2001).
Concerning astrocytes, GLAST seems to be the major trans-
porter expressed neonatally and GLT1 expression increasing
later in development (Rothstein et al., 1994; Levy et al., 1995;
Furuta et al,, 1997; Ullensvang et al., 1997). Previously, in an
age-related study, we showed that glutamate uptake pre-
sented higher activity in younger, which coincides with the
most active period of synaptogenesis (Ullensvang et al., 1997),
than in older rats (Thomazi et al., 2004).

In a condition of energy failure, as occurs in an ischemic
episode, glutamate transport is impaired and high levels of
this amino acid accumulate on the synaptic cleft, over-
stimulating glutamate receptors, leading to neuronal damage.
When glutamate transporters are affected due to a disruption
of membrane gradient, the reverse transport might aggravate
the situation (Phillis et al., 2000; Bonde et al., 2003). The
susceptibility of brain to ischemia is age related, with the
pattern of damage being dependent on development stage
(Vannucci and Vannucci, 1997; Yager and Thornhill, 1997).
Hippocampus is remarkably resistant to hypoxic-ischemic
insult at 2-3 postnatal days but becomes progressively vulner-
able. The CA1 hippocampus region is especially susceptible to
ischemia, becoming relatively vulnerable between P7 and P13
and remaining so at later ages (Vannucci and Vannucci, 1997).

Among the in vitro models used to study ischemic-induced
injuries, the exposition of brain tissue to oxygen and glucose
deprivation (OGD) has been used as an experimental model of
ischemia in order to investigate mechanisms of cell death and
neuroprotection (Strasser and Fischer, 1995; Cimarosti et al,,
2001, 2005; Siqueira et al., 2004a,b; Fontella et al., 2005). It offers
important advantages because cell composition, such as neu-
ral cells, inflammatory competent cells, locally released
effectors, and intercellular connections, is preserved (Taylor
et al, 1995). Hippocampal slices have been largely used
because this brain structure is particularly susceptible to
ischemia, especially the CA1 cells (Moro et al., 1998; Cardenas
et al., 2000).

Beside its intracellular roles, the nucleoside guanosine
(GUO) has demonstrated various extracellular signaling
effects such as antagonistic effects on the glutamatergic
system. A considerable number of experimental approaches
performed by our group have provided evidences that GUO
exerts neuroprotection against neurotoxicity situations by
protecting from seizures (Schmidt et al., 2000, 2005; Lara et al.,
2001; Vinadé et al., 2003; Soares et al., 2004) and by enhancing
glutamate uptake in some excitotoxic situations (Frizzo et al.,
2002; Gottfried et al., 2002; Oliveira et al., 2004; Moretto et al.,
2005a).

Considering that excessive glutamate levels are found in
synaptic cleft in an ischemic condition, that the profile of

glutamate uptake differs during development as well as the
profile of cell damage, and that guanosine has neuroprotective
effects under neurotoxic situations, the aim of this work was
to investigate a post-ischemic pattern of glutamate uptake as
well as of cell damage in young and adult rats.

2. Results

The basal glutamate uptake in young rats was higher than in
old rats. Oxygen and glucose deprivation in hippocampal slices
from 10-day-old rats and 60-day-old rats significantly de-
creased glutamate uptake in all reperfusion time intervals
analyzed (Fig. 1). Into the control group, there was a significant
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Fig. 1 - Glutamate uptake profile in slices of hippocampus
from 10- (A) and 60- (B) day-old rats exposed or not to OGD.
Slices were submitted to 60 min of OGD, followed by different
periods of recovery. Glu-uptake was performed immediately
(zero time), 1, 3 and 6 h after OGD exposure. Each
determination is a mean of 8-10 independent experiments
for each age, carried out in triplicate. Bars represent mean*
S.E.M. Statistical differences among groups were determined
by ANOVA followed by Tukey’s test (letters) and by Student’s t
test between control and OGD groups (*). Differences

were considered significant when P<0.05. Same letter means
statistical difference among groups, while * means
significant difference between OGD slices and its respective
control. A: a, b P<0.001 and c P<0.01. B: a, b P<0.01.
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decrease in Glu-uptake 6 h after the insult in both ages studied
(Fig. 1). In both ages and in all times, OGD group presented
lower Glu-uptake than control group.

Fig. 2 shows that 100 pM GUO avoided Glu-uptake decrease
3 h after the insultin P10 rats (Fig. 2A), while it had no effectin
P60 rats 1 and 3 h after OGD (Fig. 2B).

Fig. 3 illustrates cell viability after OGD exposition evalu-
ated by MTT method. A decrease in cell viability is time and
age dependent. In young animals, cells start to decrease their
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Fig. 2 - Effect of guanosine on Glu-uptake in hippocampal
slices from 10- (A) and 60- (B) day-old rats, 1 and 3 h after an
OGD exposition. Slices were treated with 100 pM of GUO
from the beginning of the experiment (P60) or only after OGD
(P10). Each determination is a mean of 6-8 independent
experiments, carried out in triplicate. Bars represent mean+
S.E.M. Statistics among groups were determined by

ANOVA followed by Tukey’s test, and by Student’s t test into
groups (control x OGD). Differences were considered
significant when P<0.05. * means significant difference
between OGD slices and its respective control.
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Fig. 3 - Effect of OGD on cell viability, measured by MTT
method, in hippocampal slices from 10- (A) and 60- (B) day-old
rats. Slices were submitted to 60 min of OGD, followed by
different periods of recovery. MTT was performed immediately
(zero time), 1, 3 and 6 h after OGD exposition. Each determination
is a mean of 8-10 independent experiments for each age.
Control slices were considered as 100% of viability. Bars
represent mean +S.E.M. Statistical differences among
groups were determined by ANOVA followed by Tukey’s
test, and by Student’s t test into groups (control x OGD).
Differences were considered significant when P<0.05. *
means statistical difference from its respective control.

viability 1 h after OGD (Fig. 3A) while this decrease starts only
3 h after the insultin adult animals (Fig. 3B). Slices treated with
GUO had no alteration on its viability when compared with the
non-treated group in both ages (Figs. 4A and B).

Cell membrane permeability is illustrated in Fig. 5 using
trypan blue exclusion and LDH assays. In young animals, there
was an increase in cell membrane permeability from 1 h after
OGD (Fig. 5A), although this cell damage is only observed 3 h
after the insult in adult animals (Fig. 5B). LDH leakage was able
to detect only in 60-day-old rats and it was significantly higher
in OGD slices when compared to its control at 1 and 3 h after
the insult. Treatment with guanosine 100 uM was able to
protect membrane damage by reducing partially cell perme-
ability 1 and 3 h after OGD in young (Fig. SA) and 3 h after OGD
in adult animals (Fig. 5B). Although GUO decreases LDH
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Fig. 4 - Effect of guanosine treatment on slice viability after
OGD exposition in slices of hippocampus from 10- (A) and
60- (B) day-old rats. Slices were treated with 100 pM of GUO
from the beginning of the experiment (P60) or only after OGD
(P10). After 1 and 3 h of recovery, slice viability was tested by
MTT assay. Each determination is a mean of 4-6 independent
experiments. Control slices for each group were considered
as 100% of viability. Bars represent mean +S.E.M. Statistical
differences among groups were determined by ANOVA
followed by Tukey’s test, and by Student’s t test into groups
(control x OGD). Differences were considered significant when
P<0.05. * means statistical difference from its respective
control.

release from 9 to 7% in OGD slices from P60 rats, this value
means no significant cell damage (Fig. 5C).

3. Discussion

Stroke is the leading cause of serious, long-term disability in
the United States, with about 600,000 people suffering a new
or recurrent stroke each year (White et al., 2000). In order to
reduce this neurologic morbidity, we must efficiently under-
stand the mechanisms involved in neuronal injury and
repair to design clinically effective therapy. There are as yet
no clinically effective therapeutic protocols for amelioration
of brain damage by ischemia and reperfusion (White et al.,
2000).
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Fig. 5 - Effect of guanosine treatment on membrane damage
in slices of hippocampus, from 10- (A) and 60- (B and C)
day-old rats, submitted to OGD for 60 min as assessed by
Trypan Blue permeability and LDH release into the medium.
Slices were submitted to 60 min of OGD, followed by
reoxygenation. Trypan blue and LDH release were performed
1 and 3 h after the insult. Each determination is a mean of 4-6
independent experiments. Bars represent mean +S.E.M.
Statistical differences among groups were determined by
ANOVA followed by Tukey’s test, and by Student’s t test into
groups (control x OGD). Panel C shows the LDH activity
released into the medium as a percent of total activity.
Differences were considered significant when P<0.05. Same
letter means statistical difference among groups, while

* means significant difference between OGD slices and its
respective control. A: a, b P<0.001. B, C: a P<0.01.
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It has been shown that stroke and ischemia increase the
extracellular glutamate levels due to impairment of glutamate
high-affinity uptake system (Massieu and Tapia, 1997), as well
as an increase in glutamate release (Nishizawa, 2001; Fujimoto
et al.,, 2004) and reversal of glutamate transporters (Bonde
etal., 2003), and those seem to be involved in the neurotoxicity
caused by these insults (Maragakis and Rothstein, 2004).
Immediately after the insult, relevant mechanisms of damage
include excitotoxicity, the production of reactive free radicals,
tissue acidosis, periinfarct depolarizations, inflammation, and
programmed cell death (apoptosis).

Astrocytes are involved in the normal maintenance of
brain homeostasis, including several energy-dependent func-
tions necessary for normal neuronal activity, e.g., regulation of
extracellular K*, pH, and osmolality; export of metabolic
intermediates; and rapid uptake of neurotransmitters (Walz,
2000), being mainly responsible for the maintenance of
extracellular glutamate concentrations below neurotoxic
levels (Anderson and Swanson, 2000; Attwell, 2000; Danbolt,
2001, Chen and Swanson, 2003). The ability of astrocytes to
maintain these functions may, in fact, be a critical determi-
nant of neuronal survival after ischemia (Stanimirovic et al,,
1997).

The hippocampus is one of the most sensitive regions of the
brain referring to the effects of global cerebral ischemia
(Schmidt-Kastner and Freund, 1991). In the present study, we
investigated the glutamate uptake in hippocampal slices
exposed to OGD during 60 min, an in vitro model of ischemic
injury. At all recovery times analyzed and in both ages studied
(Fig. 1), we observed a decrease in glutamate uptake when
compared to control slices. This is probably due to an energetic
collapse that happens during an ischemic insult, since the
supply of ATP in brain approaches zero within about 4 min
after ischemia (Krause et al.,, 1988). Although high-energy
phosphate charge recovers rapidly and approaches normal
within 15 min of reperfusion (Siesjo and Ljunggren, 1973), no
recovery in glutamate uptake was observed after 1,3 and 6 h of
reoxygenation in this model. In slices of young animals used
here, the decrease in glutamate uptake was less pronounced
than in adult animals. We suppose that this occurs probably
due to the high plasticity of CNS at this age (Johnston et al,,
2002), to its ability in readily utilized substrates other than
glucose, since during the first 2 postnatal weeks suckling
rodents are specially ketogenic (Nehlig and Pereira de Vascon-
celos, 1993), and to the higher activity of glutamate transpor-
ters in younger than in older animals (Fig. 1; Thomazi et al.,,
2004). This might be also related with the age-dependent
susceptibility observed in hypoxic-ischemic models, where
hippocampus CA1 region becomes relatively vulnerable be-
tween P7 and P13 and remained so at later ages (Vannucci and
Vannucci, 1997). As shown in the present study, there was
maintenance of glutamate uptake in control slices until 3 h of
reperfusion (see Figs. 1A and B).

In the ‘ischemic-like condition’ model used here, we
showed a decrease in cell viability (mitochondrial activity) as
well as an increase in membrane permeability, measured by
trypan blue, from 1 h in P10 rats (Figs. 3A and 5A), which differ
from adult animals where the damage analyzed by both
parameters is only observed 3 h after the insult (Figs. 3B and
5B). Previously, imaging studies have suggested that mito-

chondrial function in post-ischemic brains may be impaired
for hours to days after an ischemic insult (Heiss et al., 1997
Takamatsu et al., 2000). We also observed that oxygen and
glucose deprivation increased cell damage evaluated by LDH.
It is possible that the decrease in glutamate uptake caused by
OGD may be caused by loss in viability and/or cellular death.

Guanosine has many trophic and neuroprotective effects
in astrocytes including the promotion of cell proliferation
(Ciccarelli et al., 2000), the activation of synthesis and release
of neurotrophic factors (Rathbone et al., 1998; Ciccarelli et al.,
1999), and the stimulation of glutamate uptake (Frizzo et al,,
2001). Astrocyte cultures submitted to hypoxia, a process that
involves glutamatergic excitotoxicity, release guanosine (Cic-
carelli et al., 1999), which level remains high for several days
afterwards (Uemura et al, 1991). In a neonatal hypoxic-
ischemic insult model, we (Moretto et al., 2005a) showed a
decrease in glutamate uptake in hippocampal slices of pups
submitted to this insult, and that guanosine administered
intraperitoneally (immediately before, immediately after, 24
and 48 h after HI insult) avoided glutamate uptake decrease. In
order to investigate whether guanosine might be neuropro-
tective in a model that has a direct access to the extracellular
compartment due the lack of blood-brain barrier and where
the environmental conditions can be directly controlled
(Fernandez-Lépez et al., 2005), we added guanosine in the
incubation medium of hippocampal slices and analyzed
glutamate uptake, cell viability, and membrane permeability
after an ‘ischemic-like’ episode. In the in vitro model used
here, guanosine avoided glutamate uptake decreases in hip-
pocampal slices of young rats 3 h after the insult (Fig. 2A),
but not in hippocampal slices of adult rats (Fig. 2B). Gua-
nosine also avoided partially an increase in cell permeability
caused by OGD at 1 and 3 hin P10 (Fig. 5A) and at 3 h in P60 rats
(Figs. 5B and C), although it had no effect on cell viability in
both ages and in all recovery periods studied here (Figs. 4A
and B).

Apoptosis or programmed cell death, rather than necrosis,
is more prominent in immature brains (Johnston et al., 2002).
Studies of animal models of stroke support the hypothesis
that the brain responds to ischemic insults by activating
antiapoptotic signaling pathways that involve several differ-
ent neurotrophic factors and cytokines, which expression is
rapidly increased following ischemic-related insults in the
rodent brain (Mattson and Lindvall, 1997). Di Iorio and cow-
orkers (2004) showed that guanosine has an antiapoptotic
effect mediated by the activation of the PI 3-kinase/AKT/PKB
pathway in cultured rat astrocytes induced to apoptosis by
staurosporine. Considering the possible mechanisms of gua-
nosine already described and the selective effect of guanosine
on glutamate uptake in young rats showed here, also
described by our group in another injury models (Frizzo
et al,, 2002; Oliveira et al., 2004; Moretto et al., 2005a), the
mechanism by which guanosine increases glutamate uptake
in P10 rats surely deserves more investigation.

The experimental model used in present work has been
largely used as an in vitro method to mimic ischemic
condition, being mainly used for pharmacological studies
(Schurr et al., 1995; Ghisleni et al., 2003; Biiylkuysal, 2005).
However, the metabolic state of the slices is rapidly compro-
mised, limiting the experimental period to some hours and
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consequently results from this model of ‘ischemia-like
condition’ have been restricted to acute effects, like loss of
synaptic transmission, action potentials, and membrane
potential (Dong et al., 1988). For this reason, other models
should be used to corroborate whether guanosine modulates
intracellular mechanisms, because it is not possible to
investigate biochemical parameters in much longer periods
in the ‘ischemic-like condition’ used here.

4. Experimental procedures

4.1. Chemicals

Guanosine, N-methyl-p-glucamine, HEPES and all the others
reagents were purchased from Sigma Chemical CO (St. Louis,
MO). 1-[*H]glutamate (specific activity 30 Ci/mmol) was
purchased from Amersham International, UK.

4.2, Animals

Male Wistar rats 10 and 60 days old (P10 and P60, respectively)
were obtained from our breeding colony. Animals were main-
tained under controlled light and environmental conditions
(12hlight/12 h dark cycle at a constant temperature of 22+ 1 °C)
and had free access to a 20% (w/w) protein commercial chow
and water. All procedures were performed following the
regulations of the local animal house authorities.

4.3. Slice preparation

Animals were decapitated, the hippocampi were quickly
dissected out, and transverse sections (400 pm) were rapidly
prepared using a MclIwain tissue chopper. Hippocampal slices
were separated in two equal sets (control and OGD), placed into
separated 24-well culture plates, and pre-incubated for 30 min
in a modified Krebs-Henseleit solution (pre-incubation solu-
tion, pH 7.4 containing (mM): 120 NaCl, 2 KCl, 0.5 CaCl,, 4
NaHCO3, 10 MgS0y, 1.18 KH,PO,, 25 HEPES, 11 glucose, at 37 °C
in an atmosphere with 5% CO,).

4.4. Oxygen and glucose deprivation (OGD) followed by
reoxygenation

After pre-incubation, the medium in the control plates was
replaced with another modified Krebs-Henseleit solution
(incubation solution, pH 7.4) containing (mM): 137 NacCl, 0.34
Na,HPO,, 4 NaHCOs, 5.36 KCl, 0.44 KH,PO,, 1.26 CaCl,, 0.49
MgCl,, 0.44 MgSO,4, 25 HEPES, 11 glucose, at 37 °C in an
atmosphere with 5% CO,. For ischemic conditions, the slices
were exposed to a model of oxygen and glucose deprivation
described by Strasser and Fischer (1995), with some modifica-
tions (Cimarosti et al.,, 2001, 2005; Siqueira et al., 2004a,b).
Briefly, after pre-incubation, OGD slices were washed twice
with glucose free incubation medium and incubated for
60 min (OGD period) at 37 °C in an anaerobic chamber
saturated with nitrogen. After the deprivation period, media
from both control and OGD slices were replaced by incubation
solution with glucose and were maintained at 37 °C for 1, 3 or
6 h of recovery.

4.5. Guanosine treatment

In an attempt to investigate its neuroprotective effect, 100 uM
of guanosine was added into the medium, in control and OGD
exposed slices, during (1) all the experiment (pre-incubation,
incubation, and recovery period—1 or 3 h) in slices of P60 rats
or (2) only during the recovery period in slices of P10 rats.
Protocol 1 was also used in slices of P10 rats; however, the
result was the same as protocol 2 (data not shown).

4.6. Cellular injury measurement

Cellular damage was assessed at different times—at the end of
the OGD period (0 time) and after 1, 3 or 6 h of recovery, using
three different methodologies as follows.

4.6.1. MTT assay

Slices viability assay was performed by the colorimetric [3(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide]
(MTT) method. After each recovery time, slices were incubated
with 0.5 mg/mL of MTT, followed by incubation at 37 °C for
45 min. The formazan product generated during the incuba-
tion was solubilized in dimethyl sulfoxide (DMSO) and
measured at 560 and 630 nm. Only viable slices are able to
reduce MTT. Results are expressed as a percentage of control.

4.6.2. Trypan blue incorporation

Membrane permeability was tested by Trypan blue exclusion
assay as described by Moretto et al. (2005b). Briefly, at the end
of each recovery time, slices were mechanically disrupted by a
sequential passage through a Pasteur pipette in a solution
containing 400 uL of Trypsin/EDTA (Gibco) and fetal calf serum
at37°C, and allowed to settle during 10 min to remove residual
intact tissue. An aliquot of the cell suspension was blended
with 1.3% trypan blue solution. After 2 min, cells were counted
in a hemocytometer by phase-contrast in an inverted light
microscope at x100 magnification. Each value indicates the
percentage trypan blue labeled cells, counted in four squares of
the chamber in 4-6 separated experiments, through a blinded
analysis.

4.6.3. Lactate dehydrogenase activity in the incubation medium
Membrane damage was also determined by measurement of
lactate dehydrogenase (LDH) leakage into the incubation
medium, using a spectrophotometric (490 nm) assay kit
(Doles Reagents, Goiania, Brazil). Total activity of LDH (100%)
was performed by disrupting the slice by freezing/thawing and
homogenization. The LDH activity released into the medium
was expressed as a percent of total activity.

4.7. Glutamate uptake

Glutamate uptake (Glu-uptake) was assessed as fully detailed
elsewhere (Thomazi et al., 2004). Briefly, after the recovery
period, control and OGD slices were added 0.66 uCi mL™* L-[°H]
glutamate with 100 uM unlabeled glutamate for 5 min in a
Hank’s balanced salt solution (HBSS) containing (mM): 137
NaCl; 0.63 Na,HPOy; 4.17 NaHCOs; 5.36 KCI; 0.44 KH,PO,; 1.26
CaCl,; 0.41 MgSOg4; 0.49 MgCl, and 1.11 glucose, in pH 7.2.
Sodium independent uptake was determined by using N-
methyl-p-glucamine instead of sodium chloride. Sodium-
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dependent glutamate uptake was obtained by subtracting the
non-specific uptake of the total one to obtain the specific
uptake. Protein content was determined following the method
described by Peterson (1977) and the incorporated radioactivity
was measured in a Wallac 1409 liquid scintillation counter.

4.8. Statistical analysis

Among groups, data were analyzed by a general factorial
analysis of variance (ANOVA) followed by Tukey multiple
range test. Data from control and OGD groups were analyzed
by Student’s t test. Differences were considered significant
when P<0.05. Results are presented as mean=+standard error
mean (S.E.M.) of 5-10 independent experiments.
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Abstract

The maintenance of extracellular glutamate concentrations below neurotoxic
levels is an essential role of glial cells and is achieved through high affinity sodium-
dependent glutamate transporters present mainly in astrocytes. Glutamate uptake has
been widely performed in slices freshly prepared, astrocytes and neurons culture, but
not for organotypic culture. Here we standardized a method for measure glutamate
uptake in organotypic hippocampal slice culture, a feasible model for studies of cerebral
ischemia. We also investigated a neuroprotective effect of guanosine, a drug with direct
modulation over glutamatergic system, in an in vitro model of ischemia. For that, we
tested three different methods for measure glutamate uptake and define the best time
and concentration. A profile of glutamate uptake after oxygen and glucose deprivation
(OGD) was also determined. Glutamate uptake increased 1 h after recovery and
decreased 24 h later, while cell damage was detectable from 13 h after OGD. Guanosine
protected cells from damage 24 h after recovery, but did not prevent the decrease in
glutamate uptake. Here we propose a model to verify whether the effect of ischemic
neuroprotective drugs is related to alterations in glutamate uptake using organotypic

culture.

Key words: organotypic hippocampal slice culture; oxygen and glucose deprivation;

glutamate uptake; cell damage; guanosine
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1. Introduction

Cerebral ischemia is the third leading cause of death in the industrialized
countries being the major cause of morbidity and mortality in middle and later life. The
reduction in the supply of glucose and oxygen to the brain that occurs in cerebral
ischemia leads to a complex cascade of cellular events, resulting in neuronal
degeneration and, consequently, in loss of brain functions (Lipton, 1999). One of the
most important events following an ischemic episode is the increase of extracellular
concentration of glutamate to mM levels, while in normal conditions, its concentration
is around 3-4 uM (Danbolt, 2001). Under normal conditions, glutamate is removed from
the synaptic cleft by sodium-dependent glutamate transporters (Attwell, 2000; Chen and
Swanson, 2003). GLAST and GLT]1 are quantitatively the main glutamate transporters
and are responsible for most of the glutamate uptake activity (Anderson and Swanson,
2000; Danbolt, 2001). They are predominantly localized in astrocytes being GLAST
found mainly in cerebellar Bergmann glia and GLT1 the major glutamate transporter
throughout all brain regions (Rothstein et al., 1994).

Among the in vitro models used to study ischemic-induced injuries, the
exposition of organotypic hippocampal slice cultures to oxygen-glucose deprivation
(OGD) has been used as an experimental model of ischemia in order to investigate
mechanisms of cell death and neuroprotection (Cimarosti et al., 2005; Strasser and
Fischer, 1995). This model offers important advantages because the maintenance of cell
architecture and interneuron connections, and neurons survive during the long-term
culture and physiologically mature over this period, allow an extend survival study (Cho
et al., 2004).

The nucleoside guanosine (GUO) has been related to some important

neuromodulatory roles. Studies in vitro have shown that GUO exerts trophic effects on
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neural cells (Rathbone et al., 1999), reduces neuronal damage in hippocampal slices
submitted to oxygen-glucose deprivation (Thomazi et al., 2008) and stimulates
glutamate uptake in slices of hippocampus (Thomazi et al., 2004). Also, in vivo studies
point to an important role of GUO in neuroprotection against seizures induced by
overstimulation of the glutamatergic system (Schmidt et al., 2005; Soares et al., 2004)
and increasing glutamate transporters activity (Moretto et al., 2005).Taking in account
that: a) guanosine has neuroprotective effects; b) the importance in maintaining
extracellular glutamate concentrations below neurotoxic levels; c¢) the neuronal damage
due to an impairment of glutamate uptake during ischemia; d) the organotypic
hippocampal slice culture is a good model to study the effects of ischemia; the aim of
this work was describe a method for measure glutamate uptake using hippocampal
organotypic culture model exposed to oxygen-glucose deprivation, trying to explain the

effect of GUO on protection cell death by this mechanism.

2. Material and Methods

2.1.  Organotypic hippocampal slice cultures

Organotypic hippocampal slice cultures were prepared as previously described
(Stoppini et al., 1991). Briefly, 400-um-tick hippocampal slices were prepared from 6-
to 8-day-old male Wistar rats using a Mcllwain tissue chopper.and separated in ice-cold
Hank’s balanced salt solution (HBSS) composed of (in mM): glucose 36, CaCl, 1.26,
KCI 5.36, NaCl 136.89, KH,PO4 0.44, Na,HPO, 0.34, MgCl, 0.49, MgSO,4 0.44,
HEPES 25; fungizone 1% (Gibco, Grand Island, NY, USA) and gentamicine 36 uL/100
mL (Schering do Brasil, Sdo Paulo, SP, Brazil); pH 7.2. The slices were placed on
Millicell culture insert (Millicell®-CM, 0.4 um, Millipore®, Bedfore, MA, USA) and

the inserts were transferred to a 6-well culture plate (Cell Culture Cluster, Costar®,
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New York, NY, USA). Each well contained 1 mL of tissue culture medium consisting
of 50% minimum essential medium (Gibco), 25% HBSS (Gibco), 25% heat inactivated
horse serum (Gibco) supplemented with (mM final concentration, pH 7.3): glucose 36,
HEPES 25 and NaHCO; 4; fungizone 1% (Gibco) and gentamicine 36 pl./100 mL
(Schering do Brasil). Organotypic cultures were maintained in a humidified incubator
gasified with 5% CO?® atmosphere at 37°C. Culture medium was changed three times a
week. All animal procedures were in accordance with the Guide for the Care and Use of

Laboratory Animals adopted by the National Institute of Health (USA).

2.2. Oxygen and Glucose Deprivation (OGD)

OGD was achieved by combining hypoxia with aglycemia, according to the
method previously described (Strasser and Fischer, 1995), with some modifications
(Cimarosti et al., 2001). After 14 days in vitro, the inserts were transferred to a sterilized
6-well plate and incubated with 1 mL of OGD medium consisting of HBSS lacking
glucose for 15 min to deplete glucose from intracellular stores and extracellular space.
After that, the medium was exchanged for one with the same composition but
previously bubbled with N, for 30 min and the plate transferred to an anaerobic
chamber at 37°C with N,-enriched atmosphere for 60 min. During this process control
slices were maintained in an incubator with 5% CO, atmosphere at 37°C. After the
deprivation period, slice cultures were incubated in standard culture medium under

normoxic conditions for 24 h, corresponding to the recovery periods.

2.3.  Glutamate uptake
In order to describe an adequate method for glutamate uptake in organotypic

hippocampal culture, we tested three distinct methods to draw glutamate uptake profile.
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2.3.1. Time course of glutamate uptake

Method number 1: culture inserts were washed twice with Hank’s balanced salt
solution (HBSS) at 37°C containing (in mM): 137 NaCl; 0.63 Na,HPOy; 4.17 NaHCOs;
5.36 KCI; 0.44 KH,POy; 1.26 CaCl,; 0.41 MgS0O4; 0.49 MgCl, and 1.11 glucose, in pH
7.2, to remove all culture medium. Slices were carefully removed from the Millicell
culture insert and transferred to a 24-well plate, two slices per well. Glutamate uptake
was assessed at 37°C adding 0.66 pCi mL™" L-[’H]glutamate with 100 pM unlabeled
glutamate to each well during 3, 5, 10 and 15 min. Sodium independent uptake was
determined by using N-methyl-D-glucamine instead of sodium chloride. Sodium
dependent glutamate uptake was obtained subtracting the non-specific uptake of the
total one to obtain the specific uptake. Protein content was determined following the
Lowry modified method (Peterson, 1977) and the incorporated radioactivity was
measured in a liquid scintillation counter (Wallac 1409).

Method number 2: Millicell culture inserts were washed twice with HBSS at
37°C and glutamate uptake was assessed by adding 0.66 pCi mL™' L-[’H]glutamate with
100 uM unlabeled glutamate over each insert, without removing the slices, during 3, 5,
10 and 15 min. Sodium independent uptake was determined using the same
methodology, replacing sodium chloride by N-methyl-D-glucamine. Sodium dependent
glutamate uptake was obtained subtracting the non-specific uptake of the total one to
obtain the specific uptake. Protein content was determined following the Lowry
modified method (Peterson, 1977) and the incorporated radioactivity was measured in a
liquid scintillation counter (Wallac 1409).

Method number 3: Millicell culture inserts were washed twice with HBSS at
37°C and glutamate uptake was assessed by adding 0.66 pCi mL™" L-[’H]glutamate with

100 uM unlabeled glutamate under each insert, without removing the slices, during 3, 5,
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10 and 15 min. Sodium independent uptake was determined using the same
methodology, replacing sodium chloride by N-methyl-D-glucamine. Sodium dependent
glutamate uptake was obtained subtracting the non-specific uptake of the total one to
obtain the specific uptake. Protein content was determined following the Lowry
modified method (Peterson, 1977) and the incorporated radioactivity was measured in a
liquid scintillation counter (Wallac 1409).

2.3.2. Concentration course of glutamate

Once defined the methodology and the optimal time for glutamate uptake, we
draw a concentration course of glutamate. Method chosen was the number 1 and the
time for uptake was 5 min. The glutamate concentrations used were 1, 10, 50, 100 and
1000 uM, maintaining 0.66 uCi mL" L-[’H]glutamate. Sodium independent uptake was
determined using the same methodology, time and concentrations, replacing sodium
chloride by N-methyl-D-glucamine. Sodium dependent glutamate uptake was obtained
subtracting the non-specific uptake of the total one to obtain the specific uptake. Protein
content was determined following the Lowry modified method (Peterson, 1977) and the
incorporated radioactivity was measured in a liquid scintillation counter (Wallac 1409).

2.3.3. Profile of glutamate uptake after OGD exposure

Glutamate uptake was performed in many times during recovery. Following
methodology number 1 and using 100 uM of glutamate, uptake was evaluated 1, 3, 6,

13 and 24 h after OGD insult.

2.4.  Quantification of Cell Death
Cell damage was assessed by fluorescent image analysis of propidium iodide
(PI) uptake (Noraberg et al., 1999). After a recovery period of 11 or 22 h, 5.0 uM PI

(Sigma Chemical) was added to the cultures and incubated for 2 h. PI uptake is
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indicative of significant membrane injury (Macklis and Madison, 1990). Cultures were
observed with an inverted microscope (Nikon Eclipse TE 300) using a standard
rhodamine filter set. Images were captured and then analyzed using Scion Image
software. The area where PI fluorescence was detectable above background was
determined using the “density slice” option of Scion Image software and compared to
the CAl area of hippocampus to obtain the percentage of damage (Valentim et al.,

2003).

2.5.  Guanosine treatment

Guanosine was purchased from Sigma Chemical CO (St. Louis, MO) and dissolved
in water in a maximum concentration of 1.5 mM. In attempt to investigate its
neuroprotective effect, 100 uM of guanosine was added into the medium, in control and
OGD exposed slices, during: (1) 15 min of depletion + 60 min of OGD + during 24 h of

recovery or (2) only in the recovery period.

2.6.  Statistical analysis

Among groups, data were analyzed by a general factorial analysis of variance
(ANOVA) followed by Tukey multiple range test. Data from control and OGD groups
were analyzed by Student’s ¢ test. Differences were considered significant when P <

0.05. Results are presented as mean =+ standard error mean (S.E.M.).

3. Results
Figure 1 shows the three methods tested to measure glutamate uptake. We chose
method number 1 since it is less expensive than the others and has a very similar profile

of that observed for slices freshly prepared. Once chosen the best method, we draw a
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concentration course for glutamate (Fig.2) and the concentration chose was 100 uM, the
same used for slices freshly prepared of hippocampus.

Figure 3 shows the profile of glutamate uptake at different recovery periods after 60
min of OGD. There is a significant increase in glutamate uptake 1 h after the insult and
a significant decrease 24 h later. Figure 4 shows cell damage in CAl region of
hippocampus 13 and 24 h after OGD, agreeing with previously works of our group
(Horn et al., 2005) in which cell damage was first detected 13 h after the insult, and
after 24 h more than 50% of CA1 cells were stained by PI.

The effect of GUO is showed in figure 5. Guanosine was added during 15 min of
depletion + 60 min of OGD + during 24 h of recovery (data not shown), or only during
the recovery period, and in both, GUO was able to protect cells against OGD insult
decreasing the PI labelling as showed in Fig. 5SA. However, GUO was not able to avoid

glutamate uptake decrease 24 h after OGD (Fig. 5B).

4. Discussion

During an ischemic episode, extracellular glutamate levels increase due to
impairment of glutamate high-affinity uptake system (Massieu and Tapia, 1997), as well
as an increase in glutamate release (Fujimoto et al., 2004) and a reversal of glutamate
transporters (Bonde et al., 2003), processes involved in the neurotoxicity caused by
these insult (Maragakis and Rothstein, 2004). Immediately after the insult, relevant
mechanisms of damage include excitotoxicity, the production of reactive oxygen
species, tissue acidosis, periinfarct depolarization, inflammation and programmed cell
death (apoptosis). The main cells responsible in maintaining extracellular glutamate
concentrations below neurotoxic levels are astrocytes throughout GLAST and GLT]I

transporters (Danbolt, 2001). The ability of astrocytes to maintain these functions may
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be, in fact, a critical determinant of neuronal survival after ischemia.

Taking in account the importance of glutamate uptake for neuronal survival
(Maragakis and Rothstein, 2004) and that organotypic culture provides good
experimental access to mimic pathophysiological pathways in living tissues and
facilitate design of therapeutic agents (Stoppini et al., 1991), in the present study we
described an usable method for measure glutamate uptake in organotypic culture of
hippocampus since it is not well described in the literature until now. For that we tested
three different methods as showed in figure 1. All methods had a very similar profile
concerning time course until 10 min, when method number 2 had a peak at 15 min.
Method number 1 and number 3 had almost the same profile; however the levels of
uptake in number 3 were a little bit reduced than the 1. This might happen because in 3,
labelled glutamate is added under Millicell membrane, which could represent an
obstacle for its uptake. Here, we decided for method number 1, transferring
hippocampal slices to another plate before add labelled glutamate, since it is cheaper
than method number 3 due the fact that we usually use the inserts more than one time
after a carefully sterilization, and we would not be able to do that using method 3. The
time chose for uptake glutamate was 5 minutes, the same used for slices freshly
prepared of hippocampus (Thomazi et al., 2004).

Once chose the method and the time for glutamate uptake, we delineated a
concentration course by using since physiological to high concentrations of glutamate.
We decided for 100 uM of glutamate, the same concentration widely used for slices
freshly prepared (Thomazi et al., 2004) and astrocyte cultures (Swanson et al., 2004).

As glutamate uptake is impaired following an ischemic episode (Thomazi et al.,
2008), we decided to draw a profile of glutamate uptake after 60 min of OGD in

organotypic cultures. Differing from that observed for slices freshly prepared of
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hippocampus where there is a decrease in glutamate uptake since immediately until 6 h
after OGD, here we showed an increase in glutamate uptake 1 h after the insult and a
significantly decrease only 24 h later (Fig. 3). This increase might represents an
exacerbated attempt in recover extracellular concentrations of glutamate to normality
(Danbolt, 2001), since after an ischemic episode, normoxia is restored and brain glucose
levels normally increase twofold (Vannucci, 1992), which might explain why astrocytes
restores its capacity in uptake glutamate once membrane gradient is recovered. The
decrease observed at 24 h might be related to the cell death, once it starts since 13 h
after OGD, agreeing with previous work from our group (Horn et al., 2005), even with
none decrease in glutamate uptake at this point. However, the most vulnerably cells to
OGD are the pyramidal neurons of CAl, and neurons are not the most responsible for
uptake glutamate from the synaptic cleft, but neuronal expression of GLT-1 and
GLAST has been reported in pathological brain tissue of the pyramidal cell layers.
Exposure to a severe insult like OGD resulted in a marked increase in the neuronal
expression of GLAST and GLT-1 (Bonde et al., 2003), but the mechanism underlying
neuronal expression after severe damage in unknown.

In a previous work of our group, Thomazi and coworkers (2008) demonstrated that
GUO reduced neuronal damage in hippocampal slices freshly prepared submitted to
OGD and avoided glutamate uptake decrease 3 h after the insult in slices of 10 days-old
rats. Here, we showed that GUO partially protected cells from death, reducing PI
incorporation from 53% to 31% 24 h after OGD (Fig. 5A). Eventhought, this protection
is not, apparently, mediated by alterations in glutamate uptake, as showed in fig. 5B.
The experimental model used by Thomazi et al. (2008) has been mainly used for
pharmacological studies (Buyukuysal, 2005; Schurr et al., 1995); however, the

metabolic state of the slices is rapidly compromised, limiting the experimental period to
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some hours and consequently results from this model of OGD have been restricted to
acute effects. So, because of that, we decided to use an in vitro model of organotypic
slice culture in which we could investigate biochemical parameters in much longer
periods in an “ischemic-like condition”, and investigate if GUO modulates intracellular
mechanisms. Some works suggested that guanosine has an antiapoptotic effect mediated
by the activation of the PI3-k/AKT/PKB pathway in cultured rat astrocytes (Di lorio et
al., 2004). Here, we showed that the neuroprotection effect of GUO is not mediated by
increase in glutamate uptake, but more studies must be done to clarify this point and the
difference from slices freshly prepared.

In conclusion, the model of glutamate uptake in organotypic hippocampal culture
we standardized here is a good model to verify whether the effect of “ischemic”
neuroprotective drugs is related to alterations in glutamate uptake. This study presents a

cheap and usable model for glutamate uptake in organotypic slice culture.
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Figure legends

Fig. 1. Time course for glutamate uptake using three different methods. In method 1,
slices were transferred from Millicell insert to a 24 well-plate to perform glutamate
uptake; in method 2, glutamate was added over Millicell insert; and in method 3,
glutamate was added under Millicell insert. The concentration of glutamate was 100 uM
(0.66 nCi mL"' L-[’H]glutamate) and the times were 3, 5, 10 and 15 min. Each
determination is a mean of 6 independent experiments for each time, carried out in

triplicate. Bars represent mean = S.E.M.

Fig. 2. Concentration course for glutamate uptake using method 1 and 5 min. Slices
were transferred from Millicell insert to a 24 well-plate to perform glutamate uptake and
the concentrations of glutamate were 1, 10, 50, 100 and 1000 uM (0.66 nCi mL™" L-
[*H]glutamate). Each determination is a mean of 6 independent experiments for each

time, carried out in triplicate. Bars represent mean + S.E.M.

Fig. 3. . Profile of glutamate uptake in organotypic culture of hippocampus exposed or
not to OGD. Cultures were submitted to 60 min of OGD, followed by different periods
of recovery. Glutamate uptake was perfomed 1, 3, 6, 13 and 24 h after OGD exposure
following method 1 described in Materials and Methods. Each determination is a mean
of 8-12 independent experiments for each time, carried out in triplicate. Bars represent
mean + S.E.M. Statistical differences among groups were determined by ANOVA
followed by Tukey’s test and by Student’s ¢ test between control and OGD groups.
Differences were considered significant when P < 0.05. (#) means statistical difference
among groups, while (*) means significant difference between OGD culture and its

control. # P <0.01 and * P < 0.05.
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Fig. 4. Effect of OGD in CAl area on propidium iodide staining. Cell damage was
evaluated 13 and 24 h after OGD exposure. PI was added 2 h before image capture.
Each determination is a mean of 4-6 independent experiments for each time, carried out
in triplicate. Bars represent mean + S.E.M. Statistical differences among groups were
determined by ANOVA followed by Tukey’s test and by Student’s ¢ test between
control and OGD groups. Differences were considered significant when P < 0.05. (#)
means statistical difference among groups, while (*) means significant difference
between OGD culture and its control. # P < 0.001; * P <0.05 for 13 h and P < 0.001 for

24 h.

Fig. 5. . Effect of guanosine on cell damage (A) and glutamate uptake (B) in culture of
hippocampus after OGD. Culture slices were treated with 100 uM of guanosine during
the recovery time and PI and glutamate uptake was perfomed 24 h after 60 min of OGD
exposure. Each determination is a mean of 6-12 independent experiments for each time,
carried out in triplicate. Bars represent mean = S.E.M. Statistical differences among
groups were determined by ANOVA followed by Tukey’s test and by Student’s 7 test
between control and OGD groups. Differences were considered significant when P <
0.05. (#) means statistical difference among groups, while (*) means significant
difference between OGD culture and its control. # and * P < 0.001 for PI and * P < 0.01

for glutamate uptake.
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Abstract

Neonatal hypoxia-ischemia (HI) has been extensively studied in a rat model
characterized by unilateral brain damage (Rice-Vannucci Model) and this event is a
major cause of acute mortality and chronic neurologic morbidity in infants and children.
The early biochemical alterations that happen following a HI episode at 7 days-old
animals is the aim of this paper as well as drug intervention therapy. Here, we analyze
some biochemical parameters 24, 48 and 72 h after HI, as well as cerebral atrophy when
animals get 30 and 90 days-old. There is an increase in glutamate uptake in the
ipsilateral hemisphere 24 h after HI, decreasing afterwards in both hemispheres of
cortices slices. Concerning GFAP immunocontent, we showed a very significant
increase from on 48 h after the insult in the ipsilateral hemisphere in hippocampus and
cortex. Analyzing S100B concentration, there is an increase at 48 h in both hemispheres
in hippocampus, which is maintained at 72 h in the ipsilateral, only in guanosine treated
animals; in cortex, there is an increase in insulted and not insulted animals at 72 h.
Using this model of guanosine administration, cerebral atrophy was not prevented
neither in cortex nor in hippocampus. These results could give us a clue to when new

therapies could be introduced in this model of neonatal HI.

Keywords: hypoxia-ischemia, neonate, glutamate uptake, S100B, GFAP, cerebral

atrophy, guanosine.
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Introduction

Perinatal hypoxia-ischemia (HI) is a major cause of acute mortality and chronic
neurologic morbidity in infants and children (Vannucci and Hagberg, 2004) and
remains, in adulthood, as frequent cause of neurological handicaps as cerebral palsy,
mental retardation and epilepsy (Amato and Donati, 2000, Robertson and Finer, 1993,
Vannucci and Hagberg, 2004). After HI, several pathophysiological mechanisms such
as excitotoxicity, apoptosis, inflammation and oxidative stress account for neuronal cell
death in the immature brain (Berger, et al., 2002, Dirnagl, et al., 1999). Moreover, the
susceptibility of brain to ischemia is age related, being the pattern of damage dependent
on the developmental stage (Vannucci and Vannucci, 1997, Yager and Thornhill, 1997).
One of the most frequently used models of HI brain damage in immature animals is the
Levine model (Levine, 1960) adapted to 7-day postnatal rat by Rice (Rice, et al., 1981),
which reproduces unilateral brain injury causing damage to striatum, cortex and
hippocampus of the ipsilateral hemisphere to the carotid artery occlusion. Such
neuropathological damage is rarely seen in the contralateral hemisphere and never in
pups rendered hypoxic without carotid artery ligation (Vannucci and Vannucci, 1997).
Thus, by the use of this model the effects of HI on glutamate excitotoxicity, energy
metabolism, generation of reactive oxygen species and apoptotic cell death can be
adequately studied.

Glutamate excitotoxicity is an important cause of cell death in ischemia (Choi,
1988), since the overstimulation of its receptors, mainly the NMDA, triggers the influx
of Ca'™", which, if sustained, leads to neuronal death by several routes (Maragakis and
Rothstein, 2004, Swanson, et al., 2004). In a condition of energy failure, as occurs in HI
episode, the sodium-dependent glutamate uptake is impaired, (Danbolt, 2001) and high

levels of this amino acid accumulate on the synaptic cleft; this is aggravated by the
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reverse transport throughout glial glutamate transporters (Bonde, et al., 2003). During
CNS development, the expression of glutamate transporters subtypes is differentially
regulated and regionally coordinated, been GLAST the major transporter neonatally
expressed and GLT1 the one increasing later in development (Danbolt, 2001, Furuta, et
al., 1997, Ullensvang, et al., 1997).

S100B is a calcium-binding protein expressed and secreted by astrocytes and has
intra and extracellular effects on glia and neurons. Some intracellular effects include
modulation of cytoskeleton proteins, cell cycle, protein kinase C and phosphatase 2B
(Donato, 2001, Leal, et al., 2004). Extracellular effects depend on its concentration:
S100B acts as a neurotrophin at pico and nanomolar levels and can induce apoptosis at
micromolar levels (Van Eldik and Wainwright, 2003). Astrocytes are the major S100B-
containing compartment (Goncalves, et al., 2008) and its content increases in brain
tissue during the development of rats (Tramontina, et al., 2000). Some in vivo studies
have suggested that acute elevations of extracellular S100B could be beneficial for
neuronal activity, particularly in hippocampus (Kleindienst, et al., 2005), and that high
extracellular concentrations of glutamate inhibit S100B release in brain slices
(Buyukuysal, 2005). A study with transgenic and knockout mice for S100B have
showed that overexpression of S100B in vivo enhances pathological response to injury
in perinatal hypoxia-ischemia (Wainwright, et al., 2004). The protein of intermediate
filaments, GFAP, has been compared with S100B as a marker of brain injury,
particularly for its high astrocyte specificity (Goncalves, et al.,, 2008). Within a few
hours of virtually any type of brain injury, surviving astrocytes in the affected region
begin to exhibit hypertrophy and proliferation, which is termed reactive astrogliosis
(O'Callaghan and Sriram, 2005, Swanson, et al., 2004).

Along with its intracellular roles, the nucleoside guanosine (GUQO) has demonstrated
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various extracellular signaling effects such as of cell messenger and neuromodulator in
the central nervous system (CNS) (Ciccarelli, et al., 2001); one of the most prominent
extracellular role of guanine derivatives seems to be its modulatory effect on
glutamatergic system (Schmidt, et al., 2007). A considerable number of experimental
approaches recently tested have provided evidence that GUO exerts neuroprotective
effects against neurotoxicity situations by protecting from seizures (Schmidt, et al.,
2005), reducing neuronal damage in hippocampal slices submitted to oxygen and
glucose deprivation (Oleskovicz, et al., 2008, Thomazi, et al., 2008), increasing
glutamate transporters activity (Frizzo, et al., 2002, Moretto, et al., 2005), and
protecting from the decrease of glutamate uptake in cortex of immature rats exposed to
quinolinic acid seizure (de Oliveira, et al., 2004).

Considering presented evidence and the interest to better understand injury
mechanisms of perinatal hypoxic-ischemic insult, as well as to develop new therapeutic
strategies, we used the Levine-Rice neonatal model of unilateral hypoxia-ischemia to
study, in hippocampus and cortex: (a) the early biochemical alterations caused by this
insult; (b) the putative neuroprotective effect of guanosine; and (c) the cerebral atrophy.
Our working hypothesis is that many biochemical alterations might happen in the early

stage of development and at this point drug intervention could be efficient.

Material and Methods

Chemicals

Antibody anti-S100B (SH-B1) was purchased from Sigma-Aldrich. Rabbit
polyclonal anti-S100 and anti-GFAP were obtained from DAKO. L-[*H] glutamate
(specific activity 30 Ci/mmol) and conjugated-peroxidase anti-rabbit IgG were

purchased from Amersham International, UK. Guanosine, N-methyl-D-glucamine,
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HEPES and all the others reagents were purchased from Sigma Chemical CO (St. Louis,

MO).

Animals

Seven-days-old Wistar rats, weighting 12-16 g from the Animal House of the
Department of Biochemistry, ICBS, UFRGS were used. Eight pups per litter from both
genders were maintained with their dams during the experiment time or until they reach
21 days-old. They were fed ad libitum and maintained on a 12 h light/12 h dark cycle, at
a constant temperature of 22 = 1°C. All animal procedures were in accordance with the
Guide for the Care and Use of Laboratory Animals adopted by the National Institute of

Health (USA).

Hypoxia-ischemia (HI)

Animals were anesthetized with halothane and, through a ventral neck incision, left
common carotid artery was isolated from the other anatomic structures and permanently
occluded by surgical silk thread. After a 15 min-recovery under a heating lamp, animals
were returned to their dams. Approximately 2 h after the surgical procedure, groups of
five pups were placed in the hypoxic chamber, partially immersed in a 37°C water bath,
and then exposed to the hypoxic atmosphere (8% oxygen and 92% nitrogen) for 90 min
(Hypoxic-ischemic group - HI). Following that, animals were returned to their home
cages; the mortality rate was less than 5%. Control animals (C) were submitted to sham
surgery, consisting of anesthesia and neck incision, without arterial occlusion or

hypoxia (Pereira, et al., 2007, Rodrigues, et al., 2004).
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Guanosine treatment

The potential effect of guanosine was investigated using a protocol of drug
administration already described (Moretto, et al., 2005). Animals were separated into
four groups: sham-saline (SS), sham-guanosine (SG), HI-saline (HI-S) and HI-
guanosine (HI-G). Pups were given intraperitoneal injections of guanosine (7.5 mg/kg)
or saline (NaCl 0.9%) in four consecutive doses: immediately before, immediately after,
24 and 48 hours after HI insult. They were killed 24, 48 or 72 h after insult, or with 30
or 90 days-old. Rats killed 24 h after HI insult received only three doses of GUO.
During experimental treatments, pups were maintained with their dams. A dose of 7.5
mg/kg was used, based upon various previous studies from our laboratory on other
animal models, where a dose response curve established that 7.5 mg/kg exerted the

maximum neuroprotective effect (Lara, et al., 2001, Schmidt, et al., 2000).

Glutamate Uptake

Glutamate uptake was assessed as fully detailed elsewhere (Thomazi, et al., 2004).
Briefly, 24, 48 or 72 h after the insult, animals were decapitated, the cortices of right
and left hemisphere were quickly dissected out and transverse sections (400 um) were
rapidly prepared using a MclIwain tissue chopper. Slices were placed into separated 24-
well culture plates and pre-incubated for 15 min at 37°C in a Hank’s balanced salt
solution (HBSS) containing (in mM): 137 NaCl; 0.63 Na,HPOg4; 4.17 NaHCOs3; 5.36
KCI; 0.44 KH;POy4; 1.26 CaCly; 0.41 MgSQOy; 0.49 MgCl, and 1.11 glucose, in pH 7.2.
After pre-incubation time, 0.33 puCi mL™' L-[’H]glutamate with 100 pM unlabeled
glutamate was added to each well during 7 min. Sodium independent uptake was
determined by using N-methyl-D-glucamine instead of sodium chloride. Sodium

dependent glutamate uptake was obtained subtracting the sodium independent uptake
62



from the total one to obtain the specific uptake. Protein content was determined
following the Lowry modified method (Peterson, 1977) and the incorporated

radioactivity was measured in a liquid scintillation counter (Wallac 1409).

Quantification of S100B and GFAP

Total S100B and GFAP concentrations were determined using the homogenate of
small pieces of hippocampus and cortices of both hemispheres of pups sacrificed 24, 48
and 72 h after the insult. SI00B content was measured by ELISA (Leite, et al., 2008).
Briefly, 50 puL of sample plus 50 pL of Tris buffer were incubated for 2 h on a
microtiter plate previously coated with monoclonal anti-SI00B (SH-B1). Polyclonal
anti-S100B and peroxidase-conjugated anti-rabbit antibody were incubated for 1 h
together. A colorimetric reaction with o-phenylenediamine was measured at 492 nm.
The standard S100B curve ranged from 0.025 to 2.5 ng/mL. ELISA for GFAP was
carried out by coating the microtiter plate with 100 pL samples containing 500 ng of
protein overnight at 4°C. Incubation with a polyclonal anti-GFAP from rabbit for 1 h
was followed by incubation with a secondary antibody conjugated with peroxidase for 1
h, at room temperature; the standard GFAP curve ranged from 0.1 to 10 ng/mL

(Tramontina, et al., 2007).

Long-term alterations: hippocampal volume and cortical area

Animals submitted or not to Hl-insult were left to grow up until 30 or 90 days-old.
At that time, animals were sacrificed under chloral hydrate anesthesia (30%, 10 ml/kg,
i.p.). Rats had their brains fixed via transcardiac perfusion with 0.9% saline solution
followed by a 4% formaldehyde solution, removed from the skull and reserved in the

same formaldehyde solution. As for morphological analysis, brains were cryoprotected
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in 30% sucrose solution until they sink and sectioned; coronal 50 um thick sections
were obtained using a cryostat (Leica). To investigate the atrophy levels consequent to
hypoxic-ischemic and GUO effect, hippocampal volume and cortical area were
calculated. As for the hippocampus, the Cavalieri method was applied. Briefly, coronal
slices were made of the entire hippocampus; slices (50 pm) with 250 pm interval were
mounted on gelatinized glass slides and stained with hematoxylin and eosin. To
estimate the extent of cortical damage, the cortical area at level — 3.30 mm from bregma
was measured (Paxinos, 1986). The areas were captured by a digital video camera
Nikon DXM 1200C coupled to a Nikon Eclipse E600 microscope using a digital
imaging computer program ACT-1C for CXM 1200C, and Image Pro Plus Software 6.0
(Media Cybernetics, USA) was used to quantify hippocampus volume and cortical area.
The measurements of areas were estimated with a point-counting techniques
(Gundersen and Jensen, 1987, Hermel, et al., 2006) using grids with point density of
one point per 0.074 mm”* and the following equation: 4=Yp.a/p where 4 is the area, Yp
the sum of points and a/p the area/point value (0.074 mm?). In order to estimate the
hippocampus volume, the area of each individual hippocampus was measured and the

value obtained was multiplied by the section interval (mm”).

Statistical Analysis

Right hemisphere was analyzed separately from the left one, excepted for
morphological analyzes. In cases where GUO was not included, data were analyzed by
two-way ANOVA followed by Tukey multiple range test. Data of experiments with
GUO were analyzed by three-way ANOVA was used, followed by Tukey multiple
range test. Differences were considered significant when P < 0.05. Results are

presented as mean =+ standard error mean (S.E.M.) of 4-12 independent experiments. All
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statistical analysis was performed using the SPSS 13.0 software package running on a

compatible personal computer.

Results
For all parameters studied here, data of animals from both genders were used

altogether, since no statistical difference between genders was observed.

Glutamate uptake

We analyzed the effect of HI on glutamate uptake by cortical slices, since its effect
on hippocampal is already known (Moretto, et al., 2008). Figures 1A and 1B show the
profile of glutamate uptake in cortex slices from contralateral (right) and ipsilateral
(left) hemisphere, respectively, of sham and HI animals 24, 48 and 72 h after the insult.
No changes in glutamate uptake throughout days in both hemispheres of sham animals
were observed; however there was a decrease in animals submitted to HI 48 h after the
insult. Only 72h after the insult this decrease in glutamate uptake was significant
compared to its control. We also observed an increase in glutamate uptake 24 h after HI
in the ipsilateral hemisphere (Fig. 1B).

Guanosine effect was tested following the protocol described in Material and
Methods only 72 h after the insult, when there was a difference between HI and sham
animals. As showed in Fig. 1C, guanosine was not able to prevent the decrease in

glutamate uptake in both hemispheres.

GFAP
In hippocampus, there was a time dependent increase in GFAP levels in the

contralateral hemisphere (Fig. 2A). In the ipsilateral hemisphere (Fig. 2B), there was an
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expressive increase time depending on GFAP expression in HI group, when compared
to sham one, without any GUO effect (Fig. 2B). In cortex (Fig 3A and B), we observed

the same profile o GFAP expression showed in hippocampus.

S100B

Figure 4A shows a time dependent increase in S100B content in contralateral
hemisphere of hippocampus in Hl-saline animals 48 h after the insult, without GUO
effect. On the ipsilateral hemisphere (Fig. 4B), there was an increase in HI-S and HI-
GUO animals 48 h after the insult, which is maintained partially in HI-GUO group until
72 h.

In cortex we observed an increase of S100B content in both hemispheres (Fig. SA
and B), which was significant only 72 h after the insult. Although there was a time

dependent increase in all groups, GUO had no effect over S100B content.

Long-term alterations: hippocampal volume and cortical area

Hippocampal atrophy was found consequent to hypoxia—ischemia only in the
ipsilateral arterial occlusion in 90 days-old animals (Fig. 6B); no significant effect was
caused by GUO treatment. Animals with 30 days-old showed a clear trend, but no
hippocampal significant atrophy was revealed (Fig. 6A).

The same effect of HI insult was seen in cortex: atrophy in animals with 90 days-old
without GUO effect (Fig. 7B) and no significant atrophy in cortex of animals with 30

days-old (Fig. 7A).
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Discussion

The present study investigated some of the early biochemical alterations that happen
following a hypoxia-ischemia event in neonatal rats, which results in late cerebral
atrophy. The brain of mammalian neonates is more resistant to hypoxia-ischemia than
that of the adult (Towfighi, et al., 1997); however, that depends on the specific
developmental stage of the brain, being hippocampus resistant to hypoxic—ischemic
insult at 2—-3 postnatal days and becoming progressively vulnerable after that (Vannucci
and Vannucci, 1997). A cerebral hypoxia-ischemia event of sufficient severity to
deplete tissue energy reserves is rapidly followed by acidosis, glutamate excitotoxicity,
generation of reactive oxygen species and oxidative stress, followed by prolonged
periods of delayed cell death or apoptosis and inflammation (Vannucci and Hagberg,
2004).

Astrocytes are involved in the normal maintenance of brain homeostasis, including
several energy-dependent functions necessary for normal neuronal activity, e.g.,
regulation of extracellular K*, pH and osmolality, export of metabolic intermediates and
rapid uptake of neurotransmitters (Swanson, et al., 2004). The maintenance of
extracellular glutamate concentrations below neurotoxic levels is an essential role of
glial cells (Danbolt, 2001) and this is achieved through high affinity sodium-dependent
glutamate transporters present mainly in astrocytes (Maragakis and Rothstein, 2006).
The ability of astrocytes to maintain these functions may, in fact, be a critical
determinant of neuronal survival after ischemia. It has been shown that stroke and
ischemia increase extracellular glutamate levels due to impairment of glutamate high-
affinity uptake system (Massieu and Tapia, 1997), as well as an increase in glutamate
release (Fujimoto, et al., 2004) and reversal of glutamate transporters (Bonde, et al.,

2003), and those seem to trigger the neurotoxicity caused by these insults.
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Considering the importance in maintaining extracellular glutamate concentrations
bellow its neurotoxic levels, we drew a profile of glutamate uptake in slices of cortex
during the three subsequent days after HI insult in immature rats. Here we showed that
there is a time dependent decrease in glutamate uptake in HI animals in both
hemispheres, hypoxic (right) and hypoxic-ischemic (left), starting 48 h after the insult,
but being different from its control only 72 h later (Fig. 1). As the energy involved in
the process for clearing glutamate from the external space represents a large fraction of
total synaptic ATP turnover, it is not surprising that complete ischemia leads to a
decrease in glutamate uptake and a massive increase in extracellular glutamate
concentrations (Maragakis and Rothstein, 2004). However, the ability of glutamate
transporters showed here is not immediately affected. In the first day after HI, we could
see a discreet increase in glutamate uptake that might represent an exacerbated attempt
in recovering extracellular concentrations of glutamate to normality, since after an
ischemic episode, normoxia is restored and brain glucose levels normally increase
twofold (Vannucci, 1992), which might explain why astrocytes restores its capacity in
uptake glutamate once membrane gradient is recovered. However, glutamate uptake is
impaired from 48 h and decrease significantly at 72 h after HI.

Previous work demonstrated that there is a decrease of glutamate transporters
GLAST, GLT1 and EAACI at the ischemic core, in cortex and hippocampus, at 12 h
following HI with subsequent recovery of GLAST and GLT1 in hippocampus, only in
the ipsilateral hemisphere to the carotid artery ligation (Fukamachi, et al., 2001). We
observed here that the insult leaves a marker even in the contralateral hemisphere
concerning the ability of transporters in uptake glutamate (Fig. 1A), which is probably
recovered afterwards, since no late atrophy (90 days-old) was seen in this hemisphere

(Fig. 7). The decrease in glutamate uptake observed here in slices of cortex, when
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compared with its respective control (sham animals), is not prevented by guanosine
treatment, differing from that already showed in hippocampus (Moretto, et al., 2005),
and in a more recent paper regarding the schedule administration of guanosine (Moretto,
et al., 2008). The recovery in glutamate transporters after 12 h following HI insult only
in hippocampus (Fukamachi, et al., 2001) might be the key for guanosine effect in this
structure; however, more specific studies must be done to elucidate that.

In this model of perinatal hypoxia-ischemia, many apoptotic proteins are stimulated
in the early phase of reperfusion after HI (Zhu, et al., 2003) and data suggest that many
hybrid necrotic-apoptotic phenotypes are seen in this model (Carloni, et al., 2007, Leist
and Jaattela, 2001). Necrosis starts only thirty minutes after HI and after 6 h, necrosis is
detectable in the CA2/CA3 region of the hippocampus, in the deep layer of cerebral
cortex and in the striatum. This phenomenon expands over time especially to the
superficial layers of the parietal and piriform cortex. These necrotic cells also express
cleaved caspase-3, which starts from 6 h after HI, increasing up to 24 h and remaining
almost the same until 96 h following HI (Carloni, et al., 2007). We could see here that
even cell death starting 6 h after HI, glutamate uptake decreased significantly only 72 h
later. Cell death caused by this insult could be seen as cerebral atrophy in hippocampus
and cortex in the ipsilateral hemisphere to the carotid ligation, but not in the
contralateral one, when animals get 90 days-old (Fig. 6 and 7).

S100B is a protein predominantly expressed and secreted by astrocytes. Its release is
independent of cell death and intracellular S100B is not necessarily produced for the
extracellular medium (Goncalves, et al., 2008). As it has been showed by many data,
high extracellular concentrations of S100B have been related to neuronal death, but
when in low concentrations, stimulates glial proliferation, neuronal survival and

protects neurons against glutamate excitotoxicity (Ahlemeyer, et al., 2000, Van Eldik
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and Wainwright, 2003). Here, we analyze the total immunocontent of S100B using
homogenates of hippocampus and cortex tissue. In hippocampus, we observed an
increase in S100B immunocontent at 48 h after the insult in HI-S group in both
hemispheres (Fig. 4). In the group treated with GUO, we showed a more prominent
increase at 48 h than that with no treatment in the ipsilateral hemisphere, which is
maintained until 72 h. In cortex, we had a time dependent increase in S100B
immunocontent in both hemispheres and in all groups analyzed, with no ischemic effect
over S100B immunocontent (Fig. 5). Following an ischemic episode as happens here,
extracellular concentration of glutamate increases, which inhibit S100B release
(Buyukuysal, 2005, Goncalves, et al., 2002) and maintain its extracellular concentration
at pico and nanomolar, reducing neuronal death induced by high concentrations of
glutamate (Ahlemeyer, et al., 2000, Kogel, et al., 2004). The effect of GUO on S100B
concentration in hippocampus 72 h after HI could be related to the protective effect
showed by Moretto et al. (2005) in the same moment, concerning glutamate uptake in
slices of hippocampus, although GUO had no protective effect over hippocampal
atrophy (Fig. 6).

Glial fibrillary acid protein (GFAP) is an intermediate filament protein that is known
to be localized to astrocytes, although its precise contributions to astroglial physiology
and function are not clear (Maragakis and Rothstein, 2006). All types of brain injury
cause surviving astrocytes to become reactive, a condition characterized by an increase
in GFAP (O'Callaghan and Sriram, 2005). Reactive astrocytes increase the expression
or their structural protein, GFAP and vimentin, as well as many others proteins (Eng, et
al., 2000). Here we showed that in hippocampus, there is an age dependent increase in
GFAP immunocontent in the contralateral hemisphere with no HI response (Fig. 2A).

However, in the ipsilateral hemisphere injured, there is a pronounced increase in GFAP
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immunocontent from 48 h, increasing even more afterwards (Fig. 2B). In cortex, we
have the same profile of that seen in hippocampus (Fig. 3). Otherwise, in a hypoxic-
ischemic study using adult animals, astrocyte reactivity was significantly higher in the
ipsilateral HI cortex, but in the contralateral hippocampus, when compared with its
sham (Olson and McKeon, 2004). GFAP density was evident in the tissue surrounding
the infarct zone on the ipsilateral side, but not within the core of the lesion, suggesting
that astrocytes within the core have degenerated while astrocytes within the penumbra
have become reactive in response to secondary effects (Olson and McKeon, 2004).
Here, we are not able to say in which specific cerebral region affected by HI astrocytes
became reactive, but we showed that there is a significant increase of GFAP
immunocontent.

In conclusion, early biochemical alterations that happen following a perinatal
hypoxia-ischemia might be relevant to the design of alternative therapies to prevent
morphological alterations, since it is during the recovery period that the potential for
neuroprotection exists. The therapeutic window, ie, the time interval after hypoxia-
ischemia during which interventions might be efficacious in reducing the severity of
ultimate brain injury, is estimated to vary from 2 to 6 hours (Perlman, 2006). Here we
showed a specific time dependent astroglial changes in rats submitted to a hypoxic-
ischemic insult, namely gliosis (based on GFAP and S100B contents), and reduced
cortical glutamate uptake. The glial response as immunorreactive increase in GFAP are
central to tissue remodeling following a neonatal HI and represent an important
therapeutic target to improve repair and functional recovery, as the early decrease in
glutamate uptake.

In the present study, we showed that GUO caused some early biochemical

alterations; however, these effects did not prevent late hippocampal cerebral atrophy,
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which may be related to acute treatment used in this model of HI. Perhaps future studies

using chronic schedule of GUO treatment could be more successfully.
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Figure legends

Fig. 1. Glutamate uptake in cortical slices after HI insult in right (A) and left
hemisphere (B) and with GUO treatment (C). Seven day-old animals were submitted to
hypoxia-ischemia for 90 min, followed by different periods of recovery. Glutamate
uptake was performed 24, 48 and 72 h after HI and GUO effect was analyzed 72 h after
the insult. Each determination is a mean of 5-8 independent experiments for each time,
carried out in triplicate. Bars represent mean + S.E.M. Statistical differences were
determined by ANOVA followed by Tukey’s test. Differences were considered
significant when P < 0.05. Same letter means statistical difference between groups,
while * means significant difference between HI and its respective control. Fig. A: a P <

0.05and b P<0.001. Fig. B:aP<0.05 and b P <0.001. Fig. C: * P <0.01.

Fig. 2. GFAP concentration in hippocampus of rats submitted to HI insult in right (A)
and left hemisphere (B), treated or not with GUO. Seven day-old animals were
submitted to hypoxia-ischemia for 90 min, followed by different periods of recovery.
GFAP concentration was performed 24, 48 and 72 h after HI insult. Each determination
is a mean of 4-12 independent experiments for each time. Bars represent mean = S.E.M.

Statistical differences were determined by ANOVA followed by Tukey’s test.
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Differences were considered significant when P < 0.05. Same letter means statistical
difference between groups, while * means significant difference between HI and its

respective control. Fig. A: a,b,c P <0.001. Fig. B: a,b,c,d,* P <0.001.

Fig. 3. GFAP concentration in cortex of rats submitted to HI insult in right (A) and left
hemisphere (B), treated or not with GUO. Seven day-old animals were submitted to
hypoxia-ischemia for 90 min, followed by different periods of recovery. GFAP
concentration was performed 24, 48 and 72 h after HI insult. Each determination is a
mean of 4-12 independent experiments for each time. Bars represent mean + S.E.M.
Statistical differences were determined by ANOVA followed by Tukey’s test.
Differences were considered significant when P < 0.05. Same letter means statistical
difference between groups, while * means significant difference between HI and its
respective control. Fig. A: a,b,c P <0.01,d P <0.001. Fig. B: a P < 0.05, b,c,d,e,* P <

0.001.

Fig. 4. S100B concentration in hippocampus of rats submitted to HI insult in right (A)
and left hemisphere (B), treated or not with GUO. Seven day-old animals were
submitted to hypoxia-ischemia for 90 min, followed by different periods of recovery.
S100B concentration was performed 24, 48 and 72 h after HI insult. Each determination
is a mean of 4-12 independent experiments for each time. Bars represent mean + S.E.M.
Statistical differences were determined by ANOVA followed by Tukey’s test.
Differences were considered significant when P < 0.05. Same letter means statistical
difference between groups, while * means significant difference between HI and its

respective control. Fig. A: a,b P <0.001. Fig. B: a,b,* P <0.05 and ¢,d P <0.001.
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Fig. 5. S100B concentration in cortex of rats submitted to HI insult in right (A) and left
hemisphere (B), treated or not with GUO. Seven day-old animals were submitted to
hypoxia-ischemia for 90 min, followed by different periods of recovery. S100B
concentration was performed 24, 48 and 72 h after HI insult. Each determination is a
mean of 4-12 independent experiments for each time. Bars represent mean + S.E.M.
Statistical differences were determined by ANOVA followed by Tukey’s test.
Differences were considered significant when P < 0.05. Same letter means statistical
difference between groups. Fig. A: a,b P <0.05,c P <0.001. Fig. B: a P <0.05, b,c,d P

<0.001.

Fig. 6. Measurement of hippocampal volume of rats with 30 (A) and 90 days-old (B),
submitted to HI insult and treated or not with GUO. Seven day-old animals were
submitted to hypoxia-ischemia for 90 min. Hippocampal volume was analyzed in right
and left hemispheres, contra and ipsilateral hemisphere to the carotid artery occlusion,
respectively, when animals reach 30 or 90 day-old. Each determination is a mean of 4-7
independent experiments for each age. Bars represent mean + S.E.M. Statistical
differences between groups were determined by ANOVA followed by Tukey’s test.
Differences were considered significant when P < 0.05. * means significant difference

from all groups. Fig. B: * P <0.01.

Fig. 7. Measurement of cortical area of rats with 30 (A) and 90 days-old (B), submitted
to HI insult and treated or not with GUO. Seven day-old animals were submitted to
hypoxia-ischemia for 90 min. Cortical area was analyzed in right and left hemispheres,
contra and ipsilateral hemisphere to the carotid artery occlusion, respectively, when

animals reach 30 or 90 day-old. Each determination is a mean of 4-7 independent
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experiments for each age. Bars represent mean + S.E.M. Statistical differences between
groups were determined by ANOVA followed by Tukey’s test. Differences were
considered significant when P < 0.05. * means significant difference from all groups.

Fig. B: * P<0.01.
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Figure 6A
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Figure 7A
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CAPITULO 4

EFEITO DE AGONISTAS E ANTAGONISTAS DE RECEPTORES
GLUTAMATERGICOS METABOTROPICOS DE GRUPO II SOBRE A CAPTACAO
DE GLUTAMATO EM FATIAS DE HIPOCAMPO SUBMETIDAS A PRIVACAO DE

OXIGENIO E GLICOSE

Dados preliminares.

87



Autores: Ana P. Thomazi, Cristiana B. Reimann, Christianne G. Salbego, Susana T.

Wofchuk

1. INTRODUCAO

A fungdo dos receptores metabotropicos (mGluRs) ndo é mediar, mas sim
modular a excitabilidade sinaptica via mecanismos pré-sindpticos, poOs-sinapticos e
gliais (Schoepp, 2001). Os mGluRs se dividem em: grupo I (mGluR1 e 5), grupo II
(mGluR2 e 3) e grupo III (mGluR4, 6, 7 ¢ 8) (Ozawa et al., 1998), e encontram-se
amplamente distribuidos pelo SNC (Schoepp et al., 1999). Nesse capitulo, abordaremos
somente os receptores de grupo II, os quais estio ligados negativamente a modulacao da
adenilato ciclase (Schoepp et al., 1999).

A ativagdo de mGluRs de grupo II tem sido relacionada a neuroprote¢ao em
modelos de convulsdo (Folbergrova et al., 2005), em modelos de injiria traumatica
atenuando o dano neuronal (Zwienenberg et al., 2001), na redugdo da lesdo estriatal
induzida por 4cido quinolinico (Colwell et al., 1996), na protecdo de culturas corticais
de neurdnios contra degeneracdo em situagdes de excitotoxicidade (Battaglia et al.,
1998), entre outros efeitos. O efeito neuroprotetor, tanto dos agonistas de mGluRs de
grupo II quanto de grupo III, tem sido geralmente atribuido a ativagdao dos receptores
neuronais, os quais estdo localizados pré-sinapticamente e inibem a liberagdo de
glutamato (Yao et al., 2005).

Existem diversos agentes farmacoldgicos capazes de ativar ou inibir os efeitos
dos mGluRs de grupo II. Seus efeitos podem se ativados por L-CCG-I, DCG-IV,
(2R,4R)-APDC e (S5)-3C4HPG, e inibidos por LY341495, MTPG ¢ MCCG, por
exemplo. Neste trabalho utilizamos o (2R,4R)-APDC, um potente agonista de grupo I,

com efeitos neuroprotetores previamente demonstrados: efeito anticonvulsivante
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(Moldrich et al., 2001), preven¢do de morte celular em neurdnios induzida por altas
concentragdes de glicose (Berent-Spillson and Russell, 2007), e como modulador da
captagdo de glutamato (Yao et al., 2005).

O objetivo desse trabalho foi analisar o efeito da ativacdo dos mGluRs de grupo
IT sobre a captagdo de glutamato, frente a uma situacdo de privacdo de oxigénio e

glicose (POG) em fatias de hipocampo de ratos adultos.

1. MATERIAS E METODOS

A metodologia utilizada foi a mesma descrita no Capitulo 1.

1.1.Reagentes

(2R,AR)-APDC, LY341495 e (RS)-PICA foram obtidos da Tocris Cookson. L-
[*H]glutamate (specific activity 30 Ci/mmol) foi adquirido da Amersham International,

UK, e os demais reagentes foram obtidos da Sigma Chemical CO (St. Louis, MO).

1.2.  Animais
Ratos Wistar machos com 60 dias foram obtidos no Departamento de
Bioquimica/UFRGS. Os animais foram mantidos sobre controle de luz e temperatura
(12 horas de luz/12 horas de escuro numa temperatura constante de 22 + 1°C) e tiveram
livre acesso a dgua e comida. Todos os procedimentos foram realizados de acordo com

as regras provenientes das autoridades locais responsaveis pelo controle de animais.

1.3. Preparacéo das fatias
Os animais foram decapitados, seus hipocampos rapidamente separados e

fatiados (400um) usando um fatiador de tecidos (Mcllwain). As fatias foram entdo
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separadas e colocadas em duas placas de 24 pogos, uma controle e outra POG. As fatias
foram pré-incubadas por 30min num meio de Krebs modificado, pH 7,4, contendo
(mM): 120 NaCl, 2 KCl, 0,5 CaCl,, 4 NaHCO3, 10 MgSOy4, 1,18 KH;PO4, 25 HEPES,

11 glicose, a 37° C.

1.4. Privacao de oxigénio e glicose (POG) seguida de reperfusao

Apbs o periodo de pré-incubagdo, as fatias foram lavadas 2 vezes com um meio
de Krebs modificado (solu¢dao de incubagao, pH 7,4) contendo (mM): 137 NaCl, 0,34
Na,HPO,, 4 NaHCOs, 5,36 KCl, 0,44 KH,POy4, 1,26 CaCl,, 0,49 MgCl,, 0,44 MgSOs,
25 HEPES, 11 glicose, a 37° C. A fim de mimetizar uma situagdo isquémica, as fatias
foram expostas a um modelo de POG previamente descrito (Strasser and Fischer, 1995),
com algumas modificagdes (Cimarosti et al., 2001). Resumidamente, apos o periodo de
pré-incubacao, fatias POG foram lavadas 2 vezes com meio de incubagdo sem glicose e
incubadas por 60min a 37°C numa camara de andxia saturada com nitrogénio. Apds o
periodo de andxia, o meio de ambas as placas foi substituido por um meio de incubacao

com glicose e mantidas a 37°C por 1h (periodo de reperfusao).

1.5. Tratamento com agonista e antagonistas de mGIuRs de grupo |1

Com a pretensdo de investigar um possivel efeito do APDC (agonista seletivo de
mGluRs de grupo II) nesse modelo de isquemia in vitro, 100uM foi adicionado as
fatias durante todo tempo experimental, exceto nos primeiros 30min de estabilizacdo.
LY341495 e APICA, antagonistas de mGluRs de grupo II, foram usados a fim de
reverter o efeito do APDC, e quando de sua utilizagdo, o tempo experimental foi
prolongado por mais lh. Para LY341495, a concentracdo utilizada foi 1uM, e para

APICA, 300uM. Nos experimentos onde os antagonistas foram testados, estes foram
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adicionados 1h antes do APDC.

1.6. Captacdo de glutamato

A captacdo de glutamato foi realizada como previamente descrita (Thomazi et
al., 2004). Resumidamente, apdés o periodo de reperfusdo, 0,66uCi mL"' L-
[*H]glutamate numa concentragdo final de 100uM foi adicionado as fatias controles e
isquémicas durante 5min usando uma solu¢do balanceada de Hank (HBSS) contendo
(mM): 137 NaCl; 0,63 Na,HPOy; 4,17 NaHCOs; 5,36 KCI; 0,44 KH,POy; 1,26 CaCly;
0,41 MgSOy; 0,49 MgCl, and 1,11 glicose, em pH 7,2. A captacdo independente de
sodio foi determinada usando N-methyl-D-glucamine em substituicdo ao sodio. A
captagdo dependente de sddio foi obtida subtraindo a captagdo sodio-independente da
captacao total. A quantidade de proteina foi dosada pelo método modificado de Lowry
(Peterson, 1977) e a incorporagdao da radioatividade foi medida em um contador de

cintilagdo liquido (Wallac 1409).

1.7.  Analise estatistica

Entre grupos, os dados foram analisados pela ANOVA seguida pelo teste de
multiplas variaveis de Tukey. Dados intra-grupos (controle x POG) foram analisados
pelo teste ¢ de Student. Diferengas foram consideradas significativas quando P < 0,05.
Os resultados estdo apresentados como média + erro padrao provenientes de 3

experimentos independentes.

2. RESULTADOS E COMENTARIOS

A figura 1 mostra o efeito da POG sobre a captacdo de glutamato em fatias de
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hipocampo submetidas a POG e também o efeito do APDC sobre esse parametro. A
POG causa uma diminui¢ao da captacao de glutamato, o que corrobora dados prévios
descritos no Capitulo 1 desta Tese. Como descrito, essa queda ndo é conseqiiéncia de
perda da viabilidade ou de morte celular significativa (Capitulo 1, fig.3B e fig. 5B e C).
O APDC inibiu parcialmente a queda da captagdo de glutamato em fatias expostas a
POG. O mecanismo pelo qual esse potente e seletivo agonista de grupo II exerce esse
efeito ainda deve ser elucidado.

Estudos com MPP" (inibidor do complexo I mitocondrial), que leva a uma
diminui¢do da captacdo de glutamato em culturas, apontam para um mecanismo de
neuroprote¢do envolvendo a inibigdo da iNOS, e conseqiliente formacdo de NO, pelo
DCG-IV (também um potente agonista de grupo II) cujo efeito foi revertido por 200uM
APICA (Yao et al., 2005). Nesse mesmo estudo, APDC 10 e 100uM também foram
capazes de aumentar a captacdo de glutamato, o que foi revertido por 1uM de
LY341495. A agdo desses agonistas parece ndo ser sobre os receptores neuronais, mas
sim gliais, pois DCG-IV ndo foi capaz de proteger cultura de neurdnios expostas ao
meio condicionado de cultura de astrocitos exposto ao MPP".

O poder antioxidante da glutationa pode ser outro mecanismo de a¢do dos
agonistas sobre a captagdo de glutamato. Os agonistas sdo capazes de recuperar a
glutationa endogena reduzida em situacdes de excitotoxicidade, onde ha, geralmente,
formagao de espécies reativas de oxigénio. Nesses casos, pode haver oxidacdo dos
transportadores de glutamato (Trotti et al., 1999), comprometendo sua atividade.

Na figura 2, observamos que LY341495 1uM (potente antagonista de mGIluR
de grupo II) ndo foi capaz de inibir o efeito do APDC sobre a captacio de glutamato em
fatias isquémicas, o que pode estar relacionado a concentragcdo de LY341495 utilizada,

pois o efeito inibitorio observado por Yao e colaboradores (2005) foi em cultura, onde
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se trabalha com uma unica camada de células, e aqui nos trabalhamos com fatias de
400um de espessura. Entretanto, APICA 300uM (também um potente antagonista de
mGIuR de grupo II), concentragdo maior que a utilizada por Yao et al., foi capaz de
reverter o efeito do APDC (fig. 3).

Outro possivel mecanismo dos agonistas de mGluRs de grupo II pode ser via
modulagao direta sobre os transportadores de glutamato, visto que DCG-IV ¢ capaz de
estimular a expressdo de GLAST e GLT-1 em astrdcitos através das vias da MAPK e
PI3-K (Aronica et al., 2003), o que pode aumentar a quantidade de glutamato captado.

Levando em consideragdo os resultados preliminares desse trabalho e os dados
da literatura, muitos experimentos ainda devem ser realizados a fim de elucidar o
mecanismo que o APDC exerce sobre a captagdo de glutamato nesse modelo de injuria.
Um importante achado desse trabalho foi o efeito do APDC, pois a maioria dos
trabalhos usa DCG-IV como agonista de grupo II, o qual também pode agir como
agonista NMDA, dependendo da concentracdo utilizada. Outro importante achado foi o
poder da recuperagdo, mesmo que parcial, da captacdo de glutamato em fatias expostas
a um modelo de isquemia in vitro. O mecanismo ainda deve ser elucidado, mas dados
da literatura ja nos guiam para um possivel efeito antioxidante e/ou de aumento na

expressao dos transportadores gliais.
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Figura 1. Efeito do APDC sobre a captacdo de glutamato em fatias hipocampais de ratos de 60
dias 3h apds POG. As fatias foram tratadas com 100uM de APDC 1h antes, durante e apos o
insulto. Cada determinacdo ¢ a média de 3 experimentos independentes. As barras representam
a média =+ erro. Estatistica entre grupos foi determinada por ANOVA seguida de Tukey e teste ¢
de Student foi usado para comparagdo intra-grupos. Diferengas foram consideradas

significativas quando P < 0.05. * # diferente de todos.

Legenda

CC: controle-controle
CA: controle-APDC
IC: isquémico-controle

IA: isquémico-APDC
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Figura 2. Efeito inibitério do LY sobre o APDC. As fatias receberam um pré-tratamento de 1h
com LY3414951uM antes do tratamento com 100uM de APDC. Cada determinacgdo ¢ a média
de 3 experimentos independentes. As barras representam a média + erro. Estatistica entre grupos
foi determinada por ANOVA seguida de Tukey e teste ¢ de Student foi usado para comparagao
intra-grupos. Diferengas foram consideradas significativas quando P < 0.05. * diferente do

controle, # diferente dos isquémicos sem APDC.

Legenda

IC: isquémico-controle

IA: isquémico-APDC

[+LY: isquémico-LY

[+A+LY: isquémico-APDC-LY
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Figura 3. Efeito inibitério da APICA sobre o APDC. As fatias receberam um pré-tratamento de
1h com APICA 300uM antes do tratamento com 100uM de APDC. Cada determinagdo ¢ a
média de 3 experimentos independentes. As barras representam a média + erro. Estatistica entre
grupos foi determinada por ANOVA seguida de Tukey e teste ¢ de Student foi usado para
comparacao intra-grupos. Diferencas foram consideradas significativas quando P < 0.05. *

diferente do controle, # diferente de todos os isquémicos.

Legenda

IC: isquémico-controle

IA: isquémico-APDC

[+Ap: isquémico-APICA

[+A+Ap: isquémico-APDC-APICA
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DISCUSSAO
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O cérebro ¢ um dos 6rgdos mais sensiveis a injaria. O fluxo continuo de sangue
ao cérebro ¢ essencial para o transporte de oxigé€nio e glicose aos neurdnios. Se esse
fluxo ¢ obstruido, mesmo que por um curto periodo de tempo, o resultado é o dano ou a
morte celular. Uma vez danificados, os neurdnios sdo raramente substituidos, sendo
entdo a regido permanentemente afetada. Existem varias causas de obstrucdo do fluxo
sangiliineo ao cérebro e elas podem ser coletivamente denominadas de derrame. As
causas de derrame podem ser divididas em duas grandes categorias, hemorragia e
isquemia. Hemorragia é a ruptura de uma veia cerebral, o que leva ao extravasamento
de sangue nas cavidades cerebrais, causando dano cerebral. Na isquemia, o dano ao
cérebro ¢ causado pela redugdo ou completo bloqueio do sangue a partes especificas do
cérebro, resultando na deficiéncia de glicose e oxigénio. As trés maiores causas de
isquemia sdo trombose, embolismo e diminuicdo sistémica da perfusdo sanguinea
(Zemke et al., 2004). A isquemia ainda ¢ a terceira maior causa de morte nos EUA,
afetando mais de 1.000.000 de vitimas por ano. Dessas, um ter¢o ird morrer € outro
terco serd vitima de incapacidade severa e permanente dependendo da area cerebral
afetada. Apesar de ja se saber muito sobre as alteracdes que ocorrem na anatomia,
fisiologia e bioquimica do sistema nervoso em situacdes de isquemia, muito ainda deve
ser estudado sobre como essas alteragdes contribuem para a vulnerabilidade do cérebro
ao derrame a fim de desenvolver terapias clinicas efetivas (White et al., 2000).

Ja ¢ sabido que o sistema glutamatérgico esta intimamente ligado ao dano
causado por um episodio isquémico, e que este leva a um aumento significativo de
glutamato na fenda sinaptica (Maragakis and Rothstein, 2004). Esse aumento ocorre
devido ao bloqueio da captagdo de glutamato (Massieu and Tapia, 1997), assim como
ao aumento na sua liberagdo (Fujimoto et al., 2004) e a uma reversdo de seus

transportadores (Bonde et al., 2003).
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Os astrocitos estdo envolvidos na manutengdo normal da homeostase cerebral,
incluindo diversas fungdes dependentes de energia necessarias para a atividade neuronal
normal, por exemplo, regulagio extracelular de K, pH e osmolalidade; exportacdo de
intermediarios metabdlicos; rapida captacdo de neurotransmissores (Walz, 2000); sendo
o principal responsavel pela manutengdo das concentragdes extracelulares de glutamato
abaixo de seus niveis neurotoxicos (Attwell, 2000; Danbolt, 2001). A habilidade dos
astrocitos em manter essas fungdes pode ser um fator determinante para a sobrevivéncia
neuronal apds a isquemia (Schousboe and Waagepetersen, 2005).

A guanosina tem sido insistentemente explorada por nosso grupo de pesquisa e
tem demonstrado diversos efeitos neuroprotetores. Nesses estudos, o grupo tem
demonstrado que esses efeitos benéficos da guanosina sdo exercidos por modulagdes
extracelulares (Frizzo et al., 2002; Frizzo et al., 2003) e ndo através de seus mecanismos
classicos intracelulares (Rathbone et al., 1999). Seus efeitos benéficos tem sido
relacionados a modulagdes do sistema glutamatérgico (Schmidt et al., 2000; Thomazi et
al., 2008).

Os capitulos dessa Tese discorrem sobre um modelo de injuria cerebral, a
isquemia, ao qual o sistema glutamatérgico estd intimamente interligado. Utilizamos
modelos de isquemia in vitro e in vivo ja padronizados por outros pesquisadores
(Cimarosti et al., 2001; Cimarosti et al., 2005; Levine, 1960; Rice et al., 1981). Nosso
principal foco foi a captacdo de glutamato nos diferentes modelos de isquemia
utilizados, assim como a avaliagdo de um possivel efeito de drogas com potencial
neuroprotetor.

No capitulo 1, analisamos o perfil da captacdo de glutamato apds um modelo de
isquemia in vitro. Nesse mesmo trabalho, introduzimos a guanosina (GUO) e avaliamos

seu papel neuroprotetor nesse modelo de injuria celular. Aqui o modelo empregado foi
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o de privac¢ao de oxigénio e glicose (POG) em fatias de hipocampo de ratos adultos e
jovens. Observamos uma diminui¢do da captacdo de glutamato em ambas as idades
desde imediatamente ap6s a injuria, o que ndo € recuperado em nenhum dos periodos de
reperfusdo estudados (Fig.1, Cap.1). A queda observada imediatamente apos a isquemia
pode ser explicada pelo colapso energético que ocorre durante um episodio isquémico;
entretanto, a carga energética ¢ recuperada rapidamente apds a perfusdo, sendo
normalizada em 15 minutos (Siesjo and Ljunggren, 1973). Em ratos jovens, a
diminui¢do da captacdo foi menos pronunciada do que em adultos, o que pode estar
relacionado a alta plasticidade do SNC nessa idade (Johnston et al., 2002), a habilidade
em utilizar outros substratos que ndo a glicose (Nehlig and Pereira de Vasconcelos,
1993) e a alta atividade dos transportadores de glutamato (Thomazi et al., 2004). Houve
uma diminui¢do da viabilidade celular, assim como um aumento da permeabilidade de
membrana apds 1h de reperfusdo em ratos jovens e apés 3hs em ratos adultos (Fig.2,
Cap.1). Apds uma isquemia, a atividade mitocondrial pode estar prejudicada por horas e
até dias apo6s o insulto (Takamatsu et al., 2000), o que pode explicar essa perda
funcional da mitocondria. O cérebro adulto parece ser mais resistente as alteragcdes
causadas apos um insulto isquémico, pelo menos no modelo utilizado nesse trabalho.
Em modelos de hipdxia-isquemia, o hipocampo ¢ relativamente mais vulneravel em
animais entre 7 e 13 dias de vida (Vannucci and Vannucci, 1997).

Muitos trabalhos apontam para o grande potencial modulatorio dos nucleotideos
da guanina sobre a neurotransmissdo glutamatérgica, modulagdo essa que se da pela
conversao dos nucleotideos derivados da guanina a GUO, a qual exerce suas agdes no
meio extracelular (Schmidt et al., 2007); entretanto, seu efeito modulatorio ainda nao
estad totalmente esclarecido. Estudos prévios mostram um estimulo da GUO sobre a

captacdo de glutamato em cultura de astrdcitos e fatias cerebrais. Em condic¢des
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fisiologicas, o efeito da GUO sobre a captagdo de glutamato em fatias cerebrais parece
ser dependente de idade (mais em jovens) e de estrutura (mais em cortex), mas em
situagdes excitotoxicas, a GUO parece estar amplamente envolvida na modulagdo da
captagdo de glutamato (Frizzo et al., 2005; Gottfried et al., 2002; Thomazi et al., 2004;
Thomazi et al., 2008). Aqui, a GUO foi capaz de evitar a queda da captagdo de
glutamato em fatias de hipocampo de ratos jovens (P10) apos 3hs de reperfusdo, mas
nao de ratos adultos (Fig.2, Cap.1). Quando avaliamos o dano celular, a GUO foi capaz
de proteger parcialmente fatias de ratos adultos e jovens (Fig.5, Cap.1). Essa prote¢do
da GUO sobre o dano celular parece ndo estar relacionada a uma agdo antagonista sobre
os receptores glutamatérgicos, visto que a GUO ndo ¢ uma boa deslocadora do
“binding” de glutamato (Porciuncula et al., 2002; Souza and Ramirez, 1991). Noés
sugerimos que o efeito neuroprotetor da GUO, pode ser em conseqiiéncia de um
aumento na captagdo de glutamato, o que evitaria o aumento de sua concentragdo
extracelular e conseqiiente hiper-estimulacdo dos receptores glutamatérgicos, situagdo
que ocorre onde hd quebra energética, como no modelo utilizado nesse trabalho. A
GUO também tem um efeito anti-apoptdtico em situacdes de injuria celular através da
ativagdo das vias da PI3-K/AKT/PKB e/ou da MAPK (Di Iorio et al.,, 2004),
demonstrando que a GUO protege células de apoptose através da ativagdo de receptores
ligados a proteina G. Um paréntese deve ser feito em relagdo a descricao de um possivel
receptor especifico para GUO (Traversa et al., 2002), mas sua especifica localizagao
ainda ndo foi demonstrada, apesar de resultados de nosso grupo, ainda nao publicados,
demonstrarem a preferéncia do “binding” da GUO em preparacdo astrocitaria. Tendo
em vista que os transportadores de glutamato podem sofrer modulagdo por diversas

quinases, ¢ possivel sugerir que uma das vias de sinalizacdo ativadas pela GUO seja

101



capaz de ativar os transportadores, ou ainda, ativar um aumento na translocagdo dos
transportadores (Holman and Cushman, 1994).

Esse modelo com fatias agudamente isoladas ¢ um bom modelo para estudos
farmacoldgicos, mas ¢ um modelo com algumas restricdes importantes, pois o estado
metabolico das fatias torna-se rapidamente comprometido, limitando o periodo
experimental a algumas horas e, conseqlientemente, os resultados a partir desse modelo
de condi¢do isquémica tém sido restritos a efeitos agudos. Nesse trabalho, noés
mostramos como um efeito funcional ¢ afetado com o decorrer das horas, pois ocorre
uma diminui¢do importante da captacdo de glutamato em fatias controle apds 6hs de
reperfusdo (Fig.1, Cap.1).

Tendo em vista a limitagdo de tempo no modelo com fatias, nés decidimos
investir no modelo de cultura organotipica de fatias de hipocampo. Da mesma forma
que nas fatias agudamente isoladas, esse modelo nos proporciona trabalhar com uma
situacdo onde ha manutengdo da organizacdo do tecido e da integridade das células,
permitindo a comunicagdo entre neurdnios e entre neurdnios e glia, e isso ¢ um fator
importante para melhor entender os mecanismos estudados. Na cultura, ndo trabalhamos
com limite de tempo, pois a adesdo das fatias a uma membrana e o fornecimento de
fatores e nutrientes essenciais, ndo somente uma situagdo que mimetiza 0s sais
encontrados no liquor, faz com que as células sobrevivam por periodos superiores a 30
dias (Noraberg et al., 2005). Usando esse modelo de cultura de tecidos, forjamos uma
situacdo de isquemia in vitro como a utilizada no modelo com fatias. Nosso objetivo era
o mesmo, avaliar o perfil da captagdo de glutamato, em periodos mais longos, apos
submeter as culturas a POG e correlacionar uma possivel queda da captagdo com o dano
celular medido pela incorporagdo de iodeto de propidio. Entretanto, somente um artigo

na literatura mostra captacao de glutamato em cultura organotipica de hipocampo (Zou

102



and Crews, 2005). Portanto, havia a necessidade de padronizar esse pardmetro nesse
modelo. Tragamos entdo uma curva de tempo de captagcdo e uma curva de concentragio
de glutamato. Mas antes, testamos qual seria a melhor maneira de fazer isso, pois na
cultura organotipica, as fatias sdo cultivadas sobre uma membrana semi-permeavel e
estdo aderidas a ela, além de ser um método caro. No nosso grupo, nos reutilizamos as
membranas pelo menos 2 vezes sem afetar os resultados obtidos, cuidando,
evidentemente, da esteriliza¢do das mesmas. Assim, 3 métodos distintos foram testados,
como descrito no capitulo 2. O método niimero 1 (Fig.1, Cap.2), onde nés removemos
cuidadosamente as fatias da membrana e as transferimos para uma placa de 24 pocos foi
o escolhido. E um método econdmico, pois podemos reutilizar as membranas ¢ o perfil
de captacdo aproximou-se muito do usado para fatias agudamente isoladas. A
concentragdo escolhida de glutamato (100uM) também foi a mesma usada em fatias
agudamente isoladas.

Seguindo a padronizagdo da captagdo, submetemos as fatias organotipicas a
POG e tragamos o perfil da captacdo de glutamato em véarios tempos de reperfusdo.
Surpreendentemente e diferindo dos resultados encontrados em fatias agudas, houve um
aumento da captacdo apds lh de reperfusdo (Fig.3, Cap.2). Esse aumento pode
representar uma tentativa em normalizar os niveis extracelulares de glutamato, pois
depois de um episodio isquémico, o fluxo sanguineo ¢ restabelecido e, teoricamente, os
astrocitos recuperam sua capacidade de captar, visto que o gradiente transmembrana ¢
normalizado. O aumento lh apdés e a ndo variagdo da captacdo nos tempos
subseqiientes, pode ser devido a maior estabilidade das fatias cultivadas quando
comparadas as fatias agudamente isoladas. Uma diminui¢do da captacdo foi observada

somente 24h depois do insulto e esse achado pode estar relacionado ao dano celular que
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ocorre a partir de 13h de reperfusdo (Fig.4, Cap.2), o que esta de acordo com dados
previamente descritos por nosso grupo (Horn et al., 2005).

Nesse modelo de POG in vitro, a regido do hipocampo mais afetada ¢ a regido
CAl, em especial, as células da camada piramidal. Estudos indicam que essa morte
induzida pela POG em conseqiiéncia do aumento extracelular de glutamato, é devida ao
transporte reverso através de seus transportadores (Bonde et al., 2003; Bonde et al.,
2005). Nao podemos afirmar se a diminui¢do da captagdo de glutamato observada 24hs
p6s POG ¢ em conseqiiéncia da morte celular observada nesse modelo, pois o dano foi
observado somente na regido CAl do hipocampo e ndés medimos a captagdo usando
toda a estrutura. Entdo, para melhor esclarecer esse ponto, nés medimos a expressao dos
transportadores, 1 e 24hs apds o insulto, usando um homogeneizado total de hipocampo.
Esses dados sdo prévios e necessitam de maiores comprovagdes, por isso nao estdo
inseridos nesse artigo, mas estdo descritos no capitulo ANEXO dessa tese. Observamos
uma diminuicdo da expressdo de GLT-1 24hs ap6és a POG, o que poderia estar
relacionado com a queda da captacdo nesse momento, visto que o GLT-1 é o maior
transportador de glutamato em hipocampo (Lehre and Danbolt, 1998). Apesar dessa
diminui¢do de GLT-1, estudos mostram um aumento de GLAST e GLT1 nas células
piramidais da regido CA1l apo6s POG, a regido mais afetada nesse modelo de isquemia
(Bonde et al., 2003; Bonde et al., 2005). Entretanto, a fungdo desses transportadores
quando expressos em neurdnios ainda ndo estd esclarecida, mas provavelmente ndo esta
relacionada a sua funcdo de transporte. Nossos dados prévios também apontam para
uma tendéncia no aumento da expressio de GLAST. Essa diferenga nio foi
significativa, mas o n dessas dosagens ainda ¢ pequeno. Se esse aumento fosse
significativo, corroboraria com dados descritos por Fukamachi et al. (2001), que mostra

uma relacdo entre o aumento de GLAST em alguns astrocitos com caracteristicas
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apoptoticas e neurdnios piramidais atrofiados. O aumento observado apds 1h de
reperfusdo ndo parece ser devido a um aumento na expressao dos transportadores de
glutamato analisados (anexo).

Um possivel efeito neuroprotetor da GUO também foi testado usando o modelo
de POG em cultura de fatias. Usamos dois protocolos para GUO: 1) GUO foi
adicionada durante todo tempo experimental, e 2) somente depois da POG. Em ambos
protocolos, GUO foi capaz de proteger parcialmente as células de morte, ou seja,
reduziu de 53% para 31% a incorporagdo de iodeto de propidio apds 24hs de reperfusao
(Fig.5A, Cap.2). Entretanto, ao contrario do descrito em fatias agudamente isoladas, a
GUO nio foi capaz de evitar a queda da captacdo de glutamato (Fig.5B, Cap.2). Nesse
modelo, a prote¢do da GUO sobre a morte celular ndo estd diretamente ligada a
modulacdo da captacdo de glutamato.

Dessa forma podemos concluir que a escolha do modelo pode influenciar os
resultados, ou seja, dependendo do perfil do modelo utilizado, podemos obter
informagdes distintas sobre a droga em estudo. Nessa tese, por exemplo, os
experimentos que mimetizam uma isquemia in vitro tém caracteristicas diferentes. O
modelo em fatias agudamente isoladas ¢ principalmente utilizado para estudos
farmacoldgicos e esta restrito a efeitos agudos (Dong et al., 1988). Dessa forma,
pudemos avaliar o efeito agudo da GUO em um modelo de falha energética. O modelo
em cultura de fatias nos fornece outras informagdes importantes. E um modelo mais
estavel, onde podemos avaliar alteracdes a longo prazo. E um 6timo modelo para
estudar as alteragdes pds-isquémicas, como sintese proteica, alteracdes morfoldgicas,
sinalizacdo intracelular, entre outras (Bonde et al., 2005). Assim, utilizando esse modelo

de cultura, mostramos que a GUO tem um importante efeito neuroprotetor e que esse
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ndo esta relacionado a um aumento da captacdo de glutamato, como o mostrado no
modelo agudo com fatias.

No terceiro capitulo dessa tese ndés usamos o modelo neonatal de hipoxia-
isquemia (HI) como modelo in vivo de isquemia cerebral. A HI neonatal ¢ a maior causa
de mortalidade ¢ morbidade neuroldgica cronica em criangas € continua, na vida adulta,
como a causa mais freqiiente de paralisia cerebral, retardo mental e epilepsia (Vannucci
and Hagberg, 2004). Esse modelo reproduz injuria cerebral unilateral causando dano no
estriado, cortex e hipocampo no hemisfério ipsilateral a oclusdo da artéria. Tal dano
neuropatolégico ¢ raramente observado no hemisfério contralateral e nunca em animais
submetidos somente a hipoxia (Vannucci and Vannucci, 1997). O cérebro de neonatos ¢é
mais resistente a HI que o de adulto (Towfighi et al., 1997); entretanto, isso depende do
estagio especifico de desenvolvimento cerebral, sendo o hipocampo resistente a HI no
2-3 dia pods-natal e tornando-se progressivamente vulnerdvel apods esse periodo
(Vannucci and Vannucci, 1997). Um evento hipoxico-isquémico com suficiente
severidade para depletar as reservas energéticas teciduais ¢ rapidamente seguido por
acidose, excitoxicidade glutamatérgica, formacdo de espécies reativas de oxigénio, ao
que se segue prolongados periodos de morte celular ou apoptose, e inflamagao
(Vannucci and Hagberg, 2004).

Além da importante funcao dos astrocitos na manutengdo normal da homeostase
cerebral, eles possuem uma proteina de citoesqueleto especifica que os diferencia dos
demais tipos celulares, a GFAP (proteina 4cida fibrilar glial) (O'Callaghan and Sriram,
2005). Em apenas poucas horas de virtualmente qualquer tipo de injlria cerebral, os
astrécitos sobreviventes da regido afetada comegam a hipertrofiar e proliferar, evento
esse denominado de astrogliose reativa (Swanson et al., 2004). Outra proteina especifica

de astrdcitos, mas ndo do citoesqueleto, ¢ a S100B, que ¢ uma proteina ligada ao célcio,
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expressa e secretada por astrocitos, que exerce efeitos intra e extracelulares na glia e nos
neurénios (Donato, 2001). Intracelularmente, modula algumas proteinas do
citoesqueleto e proteinas sinalizadoras, e extracelularmente, seu efeito depende de sua
concentragdo (Van Eldik and Wainwright, 2003). A proteina S100B pertence a uma
familia envolvida na modulagdo da proliferacao celular e regulagdo do citoesqueleto
(Donato, 2001). Os niveis de S100B aumentam durante o desenvolvimento e ¢
sintetizada e secretada por astrocitos (Tramontina et al., 2000). Seus efeitos dependem
de sua concentracdo: age como neurotrofina em niveis de pico e nanomolares e pode
induzir apoptose em niveis micromolares (Van Eldik and Wainwright, 2003).

Nesse trabalho, nosso objetivo foi avaliar alguns pardmetros bioquimicos nos
primeiros dias p6s HI, ndo somente a captacdo de glutamato, mas também os niveis de
S100B e de GFAP, assim como avaliar o efeito da GUO sobre esses parametros e sobre
a atrofia cerebral. Todos os parametros foram medidos em cortex; no hipocampo, nao
medimos a captagdo de glutamato, pois esta avaliagdo ja havia sido realizado por nosso
laboratorio (Moretto et al., 2005).

Em cortex, observamos uma diminui¢do da captagdo de glutamato no grupo HI,
tanto no hemisfério ipsilateral quanto no contralateral (Fig.1 e 2, Cap.3). Essa
diminuicao ¢ tempo dependente e se torna diferente de seu controle somente no terceiro
dia pos-insulto. Considerando que o GLT-1 ¢ o principal transportador de glutamato no
cortex e que had uma queda acentuada em seus niveis no centro da isquemia desde 24hs
apos o insulto, assim como do GLAST (Fukamachi et al., 2001), ndo surpreende o fato
de obtermos uma diminui¢do significativa da captagdo nesse ponto. Entretanto, na zona
da penumbra, ha um aumento de GLAST e ndo de GLT-1, mas ambos aparecem
principalmente nas células astrocitarias positivas para S100B e com caracteristicas

apoptoticas e também nos neurdnios piramidais atrofiados. Deve-se ressaltar que a
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expressdo de GLAST e GLT-1 ¢ baixa no cérebro imaturo e aumenta durante a
maturagdo atingindo niveis maximos na vida adulta, enquanto a expressdo do EAACI ¢
maior no cérebro neonatal quando comparado com o cérebro adulto (Furuta et al., 1997;
Ullensvang et al., 1997), mas este ndo parece ser responsavel pela manutencdo dos
niveis de glutamato extracelular abaixo de seus niveis toxicos, mas participar de algum
processo de modulagdo do sistema glutamatérgico (Rothstein et al., 1994). Aqui nos
mostramos que a captagdo de glutamato foi também afetada no hemisfério contralateral
(Fig.1A, Cap.3), ou seja, no hemisfério que sofreu somente hipdxia. Estudos mostram
que durante a hipdxia, ha uma diminui¢do de 25-30% na pressdo sangiiinea (Vannucci
and Hagberg, 2004). N6s medimos a captacdo somente até o terceiro dia pdés HI e, até
entdo, a captagdo no hemisfério contralateral estava diminuida, mostrando que a
privacdo de oxigénio ¢ capaz de mexer com a funcionabilidade dos transportadores,
apesar de ndo causar atrofia cerebral no hemisfério hipdxico, somente no hipoxico-
isquémico (Fig.7, Cap.3).

A redugdo dos niveis de GLT-1 tem sido proposta como patogénese da isquemia
cerebral (Torp et al., 1995). Entretanto, a relagdo entre a expressao dos transportadores
de glutamato e neuroprotecdo continua em questdo, pois o desbalanco energético
durante a HI leva ao transporte reverso, o que promove morte celular por
excitotoxicidade (Rossi et al., 2000). Entdo, seguindo o observado nesse estudo e no de
Moretto et al. (2005), sugerimos que a diminui¢do da captagao de glutamato 72hs apos
o insulto no hemisfério ipsilateral pode estar relacionada a uma diminui¢do dos seus
transportadores na zona central isquémica, € que um possivel aumento desses
transportadores na zona de penumbra (Fukamachi et al., 2001) pode estar relacionada a
atrofia cerebral observada quando os animais atingem 90 dias de vida, tanto em cortex

quanto em hipocampo (Fig.6 e 7, Cap.3). O aumento da captacdo no hemisfério
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ipsilateral observado 24hs ap6s o insulto pode ser uma resposta imediata das células na
tentativa de restabelecer os niveis extracelulares de glutamato (Fig.1B, Cap.3).

Nesse modelo de HI neonatal, a morte celular ¢ principalmente por necrose na
regido central e apoptose na regido de penumbra, mas uma mistura de apoptose e
apoptose-necrose continua sendo implicada no mecanismo de morte celular na HI
neonatal (Carloni et al., 2007). Apoptose em conseqiiéncia a HI ocorre mais
freqlientemente no cérebro imaturo que no cérebro adulto (Carloni et al., 2007; McLean
and Ferriero, 2004). GLAST e GLT-1 tém sido encontrados em neurdnios em culturas
exposta a POG (Bonde et al., 2003) e na HI (Fukamachi et al., 2001). Nao se sabe muito
bem a func¢do dessas moléculas em neurdnios, mas elas podem estar relacionadas com
vias tanto de sobrevivéncia quanto de eliminac¢do das células danificadas. Concluindo,
os transportadores de glutamato podem ter fungdes tanto neuroprotetoras quanto
neurotdxicas, dependendo da severidade do insulto na HI neonatal.

Nesse trabalho, ndés medimos o imunoconteido total da S100B em
homogeneizado de hipocampo e cortex, mas ndo a S100B liberada. Em cortex,
observamos um aumento dos niveis de S100B dependente de tempo em todos os grupos
estudados, sem efeito da HI, em ambos os hemisférios (Fig.5, Cap.3). No hipocampo
ipsilateral, observamos um aumento de S100B dependente de tempo no grupo HI e HI-
GUO, mas somente o grupo HI-GUO foi diferente de seu controle 48 e 72hs apos o
insulto (Fig.4B, Cap.3). Na isquemia aguda ou trauma cerebral, h& um aumento nos
niveis de S100B no liquor e no soro (Rothermundt et al., 2003), e esse aumento ¢ ainda
mais acentuado durante a reperfusdo (Buyukuysal, 2005). Um episodio isquémico,
seguido de reperfusdo, causa um aumento muito maior na liberagdo de S100B no
hipocampo do que em outras regides cerebrais (Buyukuysal, 2005), o que corrobora

com os dados desse trabalho. Quando em concentragdes micromolares, S100B tem sido
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relacionada a efeitos neurotoxicos, o que pode estar relacionado a desordens
neuroldgicas severas como derrame e trauma (Huttunen et al., 2000). Aqui, os niveis de
S100B nao ultrapassaram 0,30ng/mg de proteina, indicando que nessas concentragdes a
S100B pode estar exercendo efeitos neuroprotetores (Kogel et al., 2004), mas, mesmo
assim, ndo € capaz de evitar a atrofia cerebral observada em hipocampo (Fig.6, Cap.3).
Além disso, estudos mostram que altas concentragdes de glutamato, o que ocorre
durante um episoddio isquémico, diminuem a secre¢do de S100B (Goncalves et al.,
2002), e pode ser por isso que os niveis de SI00B n3ao aumentem tanto, apesar de
trabalhos in vitro mostrarem que a POG nao inibe a liberagdo de S100B e que essa ¢
ainda maior durante a reperfusdo (Buyukuysal, 2005). Existem diversos trabalhos
mostrando que S100B extracelular, em concentragdes nanomolares, protege neurdnios
hipocampais do dano excitotéoxico induzido pelo glutamato (Ahlemeyer et al., 2000;
Kogel et al., 2004). A liberacdao de S100B pode estar relacionada ao mecanismo de
captacdo de glutamato, visto que em outro trabalho de nosso grupo, usando o mesmo
modelo de injaria utilizado aqui, Moretto et al. (2005) mostraram uma diminui¢do de
captacdo de glutamato em fatias de hipocampo 72hs pds HI, e uma inibi¢do dos
transportadores gliais de glutamato pode estar relacionada a um aumento na liberagao de
S100B (Tramontina et al., 2006).

Estudos mostram que a GUO ¢ capaz de estimular a sintese e a liberacdo de
S100B de cultura de astrocitos (Ciccarelli et al., 1999). Aqui, mostramos que a GUO
aumenta os niveis de S100B no hipocampo dos animais submetidos a HI, e pode ser que
esse aumento tenha alguma relacdo com os dados obtidos por Moretto et al. (2005),
onde a GUO foi capaz de evitar a queda da captacdo de glutamato 72hs p6s HI, mas a
mesma nao foi capaz de evitar a atrofia hipocampal (Fig.6, Cap.3). Assim, esse aumento

nos niveis de S100B parece ser uma tentativa de sobrevivéncia celular, mas mais
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estudos e parametros devem ser analisados a fim de melhor elucidar esse mecanismo € o
significado do aumento de S100B, até porque aqui noés medimos S100B total e a
maioria dos trabalhos se baseiam nos efeitos da S100B secretada.

A GFAP ¢ um filamento intermediario superexpresso em situacdes de injuria ao
SNC e tem sido usada como um marcador para a reatividade astrocitaria no cérebro. A
astrogliose reativa, caracterizada por um aumento da atividade proliferativa que segue
um episodio isquémico, persiste por varias semanas (Sizonenko et al., 2008). A real
contribuicdo do aumento de GFAP em situagdes de injuria cerebral ainda ndo estd bem
esclarecida, mas sua medida ¢ amplamente usada no auxilio de estudos acerca de
injaria, doencas e desenvolvimento (Eng et al., 2000). Nos trés tempos estudados e nas
duas estruturas, ha um aumento de GFAP dependente de idade nos cérebros controles
em ambos os hemisférios e também no hemisfério contralateral que sofreu somente
hipoxia (Fig.2 e 3, Cap.3). Nos animais submetidos a HI, o aumento de GFAP foi
significativamente maior no hemisfério ipsilateral e esse foi diferente de seu respectivo
controle 48 e 72hs ap6s o insulto. Esses achados podem implicar que a resposta glial a
esse insulto pode significar uma remodelagao do tecido e representa um importante alvo
terapéutico. A GUO ndo teve nenhum efeito sobre os niveis de GFAP.

Tendo em vista a facilidade em trabalhar com o modelo de privacdo de oxigénio
e glicose in vitro usando fatias, e que esse modelo de POG ¢ um modelo que nos
fornece dados farmacologicos rapidos, no quarto capitulo dessa tese descrevemos um
trabalho com resultados preliminares usando esse modelo. Submetemos fatias de
hipocampo de ratos adultos a POG e avaliamos o efeito de um agonista de receptores
glutamatérigocs de grupo II sobre a captagdo de glutamato. Os mGluRs de grupo II tém
sido implicados em efeitos neuroprotetores em diversos modelos de injuria cerebral

(Battaglia et al., 1998; Folbergrova et al., 2005; Zwienenberg et al., 2001). O (2R,4R)-
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APDC, um potente agonista de mGluRs de grupo II, foi utilizado nesse trabalho. A
maioria dos estudos usa DCG-IV como agonista de grupo II, mas esse, dependendo de
sua concentragdo, pode agir em receptores NMDA e ser excitotoxico.

Nas condi¢des utilizadas, mostramos que o (2R,4R)-APDC foi capaz de evitar
parcialmente a queda da captagdo de glutamato causada pela POG (Fig.1, Cap.4), e que
esse efeito foi inibido por APICA e ndo por LY341495, ambos potentes antagonistas de
mGluRs de grupo II (Fig.2 e 3, Cap.4).

O mecanismo pelo qual o (2R4R)-APDC evita parcialmente a queda da
captagdo de glutamato deve ser elucidada, mas trabalhos apontam para uma modulagio
direta sobre a expressio de GLAST e GLT-1 (Aronica et al., 2003). Entretanto,
utilizando este modelo onde, como discutido anteriormente, as fatias ndo ficam viaveis
por muito tempo, talvez fosse dificil identificar um aumento da expressdo desses
transportadores realcionado com a a¢ao do (2R,4R)-APDC. Outro mecanismo possivel
seria a acdo do (2R,4R)-APDC sobre a recuperacdo da glutationa endogena (Trotti et al.,
1999), o que evitaria o ataque dos radicais livres sobre os transportadores de glutamato.

De qualquer forma, os resultados apresentados nesse capitulo ainda sdo prévios e
necessitam de estudos mais aprofundados. Mas um grande achado foi o efeito do
(2R,AR)-APDC na captagdo de glutamato, que aparece como um candidato putativo a
neuroprotetor, na condicdo de agonista glutamatérgico metabotrdpico de grupo II, uma
vez que a maioria dos trabalhos usa o DCG-IV. A agdo modulatéria ainda é uma
incognita, mas sendo os mGluRs de grupo II ligados a modulagdo da adenilato ciclase,
pode ser que mecanismos de sinalizacdo intracelulares intervenham na funcionabilidade

dos transportadores gliais de glutamato.
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CONCLUSOES
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Os resultados obtidos neste trabalho permitem concluir que:

1. No modelo in vitro de isquemia cerebral:

1.1.  No modelo com fatias hipocampais preparadas a fresco:

1.1.1. Com guanosina:

e A POG altera a captacdo de glutamato em fatias de hipocampo de ratos jovens e
adultos;

e Fatias de animais jovens sao mais sensiveis a POG, pois ha uma perda de
viabilidade mitocondrial, assim como um aumento da permeabilidade da
membrana celular desde 1h pds-insulto;

e A GUO foi capaz de evitar a queda da captacdo de glutamato 3hs pos-insulto
somente nos ratos jovens;

e A GUO protegeu parcialmente as fatias expostas a POG do dano a membrana

celular em ambas idades.

Esses dados sugerem que o dano celular causado apds um insulto isquémico
pode estar relacionado a uma diminui¢ao da captacdo de glutamato, e que a GUO
exerce modulacao sobre os transportadores de glutamato em animais jovens por um

mecanismo ainda desconhecido.

1.1.2. Com (2R,4R)-APDC:
e A diminuicdo da captagdo de glutamato devido a POG foi parcialmente

prevenida pelo (2R,4R)-APDC;
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e O efeito do (2R,4R)-APDC nao foi revertido por LY 341495, mas sim por

APICA.

Esses dados sugerem que o (2R,4R)-APDC, como agonista de mGluRs de grupo II,
também ¢ um bom candidato para se estudar os efeitos neuroprotetores desse grupo de

receptores metabotropicos na protecao contra o dano isquémico.

1.2. No modelo de cultura organotipica de fatias hipocampais:

e O método niamero 1 descrito no capitulo 2 ¢ o melhor método e o mais
econdmico para estudos da captacdo de glutamato em cultura organotipica de
fatias de hipocampo;

e A concentracdo de 100uM e o tempo de 5 minutos sdo os mais indicados para
avaliar a captacdo de glutamato, assemelhando-se aos pardmetros usados em
fatias agudamente isoladas;

e A POG em cultura leva a um aumento da captagdo de glutamato 1h apos o
insulto e esse aumento nao ¢ devido a um aumento da expressdo dos
transportadores de glutamato;

e Naio ha alteracdo na captacao de glutamato nas fatias nos periodos de 3, 6 ¢ 13hs
apos submetidas a POG, mesmo ja havendo morte celular significativa apos
13hs de reperfusao;

e H4 uma diminui¢do da captacdo de glutamato 24hs apos a POG, assim como
morte celular na regido CAl, o que pode ser em conseqiiéncia da queda da
captacgao;

e Ha uma diminuicdo dos niveis de GLT-1 24hs pos POG, e isso pode ser a causa

da queda da captagdo observada nesse ponto.
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Esses dados sugerem que avaliar a captagdo de glutamato em cultura de tecidos ¢
um forte candidato para elucidacdo da morte celular tardia frente a drogas com potencial
neuroprotetor e que a GUO foi capaz de proteger as células de morte por um processo

que ndo envolve captacdo de glutamato.

2. No modelo in vivo de isquemia cerebral:
2.1.  Hipoxia-isquemia neonatal

e Em fatias de cortex, a HI aumenta a captagdo de glutamato 24hs pds-insulto no
hemisfério ipsilateral;

e A HI leva a uma diminui¢do progressiva da captacdo de glutamato em ambos
hemisférios, sendo diferente de seu controle apenas 72hs pos-insulto;

e A GUO nao foi capaz de evitar a queda da captacdo de glutamato em fatias de
cortex de ratos submetidos a HI;

e Os niveis de GFAP aumentam com a idade, ¢ seus niveis sd0 muito maiores nos
animais submetidos a HI, mas somente no hemisfério ipsilateral, tanto em
cortex quanto em hipocampo;

e A GUO nio exerceu nenhum efeito sobre os niveis de GFAP;

e Os niveis totais de S100B aumentam progressivamente com a idade em cortex, e
nao ha diferenca entre animais controles e os submetidos a HI;

e Os niveis de S100B em hipocampo aumentam 48hs ap6s o insulto, mas retornam
a seus niveis normais as 72hs no hemisfério contralateral (somente hipdxico);

e Nos animais HI, os niveis de S100B no hemisfério ipsilateral aumentam
significativamente, mas somente nos tratados com GUO os niveis de S100B

foram diferentes de seu controle;
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e A atrofia cerebral tanto em cortex quanto em hipocampo nao foi evitada pelo

tratamento com GUO.

Esses dados sugerem a importancia do conhecimento das alteracdes bioquimicas
precoces através deste modelo de HI neonatal, a fim de melhor compreender as
intervengdes cabiveis. Nesse modelo, a GUO ndo foi capaz de modular a captagdo de
glutamato em fatias de cortex, como o observado por Moretto et al. (2005) em fatias de
hipocampo, nem de evitar a atrofia cerebral em ambas as estruturas. Entretanto, a GUO
aumentou os niveis de S100B em hipocampo, o que pode estar relacionado ao efeito da
GUO em evitar a diminuigdo da capta¢do de glutamato 72hs pos-HI (Moretto et al.,

2005), nessa estrutura.
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PERSPECTIVAS
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Como continuagdo deste trabalho e para melhor definir os mecanismos

envolvidos em cada capitulo, os experimentos sugeridos sao:

Determinar os niveis dos transportadores de glutamato, GLAST e GLT-1,
nas fatias de ratos jovens submetidas a POG a fim de verificar se a
modula¢do da GUO sobre a captagdo em fatias de ratos dessa idade tem
alguma relagdo com os niveis dos transportadores de glutamato.
Determinar os parametros de dano celular nos experimentos de POG com
APDC, assim como explorar o efeito do APDC de evitar parcialmente a
diminui¢do na captacdo de glutamato em fatias agudamente isoladas.
Identificar o quanto este efeito é especifico de mGluRs de grupo II.
Investigar esta linha de efeito em animais jovens, considerando
diferengas nas respostas a estes agonistas em diferentes fases do
desenvolvimento.

Em culturas organotipicas submetidas a POG e na presenca de GUO,
avaliar alguns sinalizadores intracelulares envolvidos em mecanismos de
neuroprote¢do, como a via da AKT/PKB por exemplo, a fim de verificar
o envolvimento da GUO em alguma dessas vias.

Determinar os niveis dos transportadores de glutamato no modelo de HI,
a fim de verificar as alteracdes observadas na captacdo de glutamato

nesse modelo, assim como modificar o esquema de tratamento da GUO e

verificar outros parametros bioquimicos com essas doses.
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ANEXO
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Dados nao publicados e citados em “Discussao”

Ensaio para Western Blotting

A fim de investigar o imunoconteudo dos transportadores de glutamato, GLAST
e GLT-1 (anticorpos gentilmente cedidos por Dr. D. Pow, Universidade de Newcastle,
Australia) fatias de cultura organotipica de hipocampo foram homogeneizadas em
solucdo de lise (4% so6dio dodecilsulfato-SDS; 2,1mM EDTA e 50mM Tris) 1h e 24hs
apos a POG. Aliquotas foram retiradas para dosagem de proteinas (Peterson, 1977) e -
mercaptoetanol (Sigma Chemical) foi adicionado em uma concentragdo final de 5%.
Amostras contendo 50pg de proteina foram aplicadas em um gel para eletroforese
contendo 10% de SDS-poliacrilamida (Sigma Chemical). Apds a eletroforese, as
proteinas foram eletrotransferidas para membranas de nitrocelulose (Hybond, GE
Healthcare) usando um aparato semi-seco (Bio-Rad Trans-Blot SD, Hercules, CA,
USA).

As membranas foram incubadas por 60min a 4°C em solugdo bloqueadora (Tris-
tampao salina contendo 5% de leite em p6 e 0,1% de Tween-20) e posteriormente
incubadas a 4°C com o anticorpo primario apropriado, dissolvido em solugdo
bloqueadora, durante a noite. Anticorpos primdrios contra as seguintes proteinas foram
usados: GLAST e GLT-1 (ambos diluidos 1:4000, rabbit polyclonal). As mesmas
membranas foram re-incubadas com anticorpo para B-actin (diluida 1:2000, Sigma
Chemical) como um controle interno. Subseqiientemente, as membranas foram lavadas
e incubadas por 2hs com o anticorpo secunddrio horseradish conjugado a peroxidase,
reconhecendo antigenos correspondentes ao anticorpo primdrio (diluido 1:1000 em
solugdo bloqueadora, GE Healthcare). A quimioluminescéncia (ECL, GE Healthcare)

foi detectada usando filmes de raio-X (Kodak X-Omat, Rochester, NY, USA). Os
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filmes foram escaneados e a percentagem da intensidade das bandas foi analisada
usando o programa Optiquant (Packard Instrument). Para cada experimento, grupos
testes foram comparados com os grupos controles ndo expostos a POG, os quais foram

considerados como 100%, assegurando entdo a mesma intensidade de sinal para todos

0S grupos.
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Figura 1: Quantificagdo dos transportadores de glutamato GLT-1 ¢ GLAST apds POG.
O imunocontetudo foi analisado 1h e 24hs apds 60min de POG em cultura organotipica
de fatias de hipocampo. As barras representam a média £ E.P.M. e o n = 6 para cada
tempo. Diferencas estatisticas foram determinadas pelo teste ¢ de Student. Diferencas
foram consideradas significativas quando P < 0,05. (*) significa diferenca

estatisticamente significativa de seu controle.
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