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Apresentacao

A presente tese encontra-se organizada como a seguir descrito: No item L.
Introducao encontram-se informagdes gerais, relativas aos assuntos foco deste trabalho. Os
resultados que fazem parte desta tese estdo apresentados sob a forma de artigo publicado,
artigos submetidos a publicacdo e artigo em fase final de revisdo pelos autores, para ser
submetido a publicacdo, os quais encontram-se organizados em Capitulos, no item
II.Resultados. Material e Métodos, Resultados, Discussdao dos Resultados e Referéncias
Bibliogréficas, encontram-se nos proprios artigos e representam a integra deste estudo.

O item III. Consideracoes Finais, encontrado no final desta tese, apresenta
interpretacdes e comentdrios gerais sobre todos os artigos cientificos e manuscritos aqui
apresentados.

O item IV. Conclusdes apresenta conclusdes pontuais, relacionadas aos objetivos
desta tese.

O item V. Referéncias Bibliograficas refere-se somente as citagcdes que aparecem

na introducdo e consideragdes finais desta tese.
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RESUMO

O aminodcido glutamato é o principal neurotransmissor excitatério do SNC de
mamiferos e participa de fun¢des importantes como cogni¢do, memoria, aprendizagem e
plasticidade neuronal. Porém, excessiva estimulacdo dos receptores glutamatérgicos pode
resultar em morte celular, processo este denominado excitotoxicidade e que estd associado
a processos neurodegenerativos. A remog¢do do glutamato da fenda sindptica, que ocorre
através de transportadores dependentes de soédio de alta afinidade, localizados
principalmente nos astrocitos, é o principal mecanismo modulatorio das acgdes
glutamatérgicas e responsavel pela manutencio de concentracdes extracelulares abaixo dos
niveis neurotéxicos. O Acido quinolinico (AQ), um agonista NMDA, é uma potente
neurotoxina enddgena, cujo acimulo no cérebro parece estar envolvido na etiopatologia das
convulsdes. Entretanto, apesar do seu envolvimento em muitas doengas, 0S mecanismos
moleculares e danos cerebrais ainda ndo sdo perfeitamente elucidados. Os derivados da
guanina com fungdes extracelulares, sejam os nucleotideos GTP, GDP ou GMP, e o
nucleosideo guanosina mostraram exercer agdes tréficas em células neurais, bem como
modular o sistema glutamatérgico. Os resultados demonstram que vdrios sistemas de
transporte de glutamato s@o afetados pela acao do acido quinolinico, e que os nucleotideos
da guanina podem exercer acdo modulatéria destas respostas. Nos estudos in vitro, o AQ
estimulou a libera¢do de glutamato em sinaptossomas e inibiu a captacio de glutamato por
astrocitos. Observou-se ainda que o AQ inibiu a captacdo vesicular de glutamato, porém os
nucleotideos da guanina foram capazes de prevenir esta inibicdo, indicando uma possivel
modulacdo neste tranportador. Nos estudos in vivo, usando um modelo experimental de
inducdo de convulsdao por AQ, observou-se que a libera¢do sinaptossomal glutamatérgica
também estd estimulada, porém este efeito foi completamente abolido pela guanosina,
quando este nucleosideo foi capaz de prevenir a convulsdo. AQ também estimula a
captacdo vesicular de glutamato e inibe a captacdo vesicular de GABA; da mesma forma,
os nucleotideos da guanina exercem seus efeitos modulatérios, jA que tanto a inibicdo
quanto o aumento de captagdo retornaram aos niveis do controle quando houve prevencao
da convulsdo. Adicionalmente, estas alteracdes na captagdo vesicular de glutamato parecem
ser relacionadas ao AQ, ja que em outros modelos (picrotoxina, cainato, cafeina, PTZ ou
eletrochoque transcorneal) ndo foram observadas alteracOes. Nossos resultados sugerem
que os nucleotideos da guanina exercem importante fungdo como neuromoduladores e
ainda neuroprotetores.



Abstract

Glutamate is the main excitatory neurotransmitter in mammalian CNS, involved in
processes such as plasticity, learning and memory, and neural development. However, an
excessive glutamate receptors activation can induce intracellular events which lead to the
neural death through excitotoxic events, wich are associated to the etiology of
neuodegeneratives disorders. The removal of glutamate from the synaptic cleft, which
occurs by high affinity of sodium-dependent transporters, located mainly in astrocyte
membranes, is the major mechanism for modulating of glutamate actions, responsible for
maintaining its extracellular concentrations below neurotoxic levels. Quinolinic acid (QA),
an NMDA agonist, is a potent endogenous neurotoxin. Accumulation of QA in the brain
seems to be involved in the ethiopatogeny of convulsions. However, in spite of its
involvement in many diseases, the molecular mechanisms linking QA and brain damage are
far from understood. Extracellular guanine-based purines (GBPs), namely the nucleotides
GTP, GDP, GMP and the nucleoside guanosine have been shown to exert trophic effects on
neural cells, as well as to modulate of the glutamatergic system. The results demonstrate
that various systems of glutamate transport are affected by action of QA, and guanine
nucleotides exert modulatory effect. In in vitro studies, QA stimulates glutamate release in
synaptosomes and inhibits the glutamato uptake by astrocytes. We observed that QA
inhibits glutamate vesicular uptake, however guanine nucleotides prevent this inhibition,
indicating a possible modulation of this transporter. In in vivo studies, using a experimental
model of QA-induced seizures, we observed that synaptosomal glutamate release is
stimulated, and this effect was completely abolished by guanosina. QA stimulates the
glutamate uptake and inhibits the GABA uptake, and guanine nucleotides exert modulatory
effect, because both effects are abolished when animals not displaying seizures.
Additionally, this alterations in vesicular glutamate uptake appears are related with QA,
because in other models of seizure (picrotoxin, kainate, caffeine, PTZ or maximal
transcorneal electroshock) we do not observed any alterations. Our results suggest that
guanine nucleotides exert an important role as neuromodulators and neuroprotectors.
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I. INTRODUCAO



I.1- GLUTAMATO E TRANSMISSAO SINAPTICA

A transmissdo sindptica, processo pelo qual os neurdnios se comunicam com as
células alvo, € essencial para todos os processos neuronais, desde um simples reflexo até o
complexo processamento de informagdes nas regides cerebrais especializadas. Esta
transmissdo sindptica € comumente mediada pela liberacdo de mensageiros quimicos
(neurotransmissores) do neurdnio pré-sindptico e subsequente reconhecimento destas
moléculas por receptores especificos nas células alvo pds-sindpticas apropriadas (Nicholls,
1993).

Estudos em jun¢do neuromuscular de rd demonstraram que os neurotransmissores
sdo liberados do terminal pré-sindptico em ‘quanta’, por um mecanismo dependente do
influxo de cdlcio no terminal nervoso (Katz, 1967). A microscopia eletronica de tecido
nervoso central e periférico revelou a presenca de pequenas organelas, de tamanho
uniforme e tendo aproximadamente 50 nm de didmetro, localizadas nos terminais nervosos,
denominadas vesiculas sindpticas (De Robertis, 1964). Estas estruturas acumulam
ativamente neurotransmissores, por um processo dependente de ATP.

Quando os terminais pré-sindpticos recebem um potencial de acdo, ocorre a
despolarizagdo da membrana sindptica, com consequente influxo de fons célcio através dos
canais de cdlcio sensiveis a voltagem (Nicholls, 1993). A seguir, as vesiculas se fundem a
membrana plasmdtica neuronal e ocorre a liberagdo do glutamato para a fenda sindptica,
por exocitose (Bennet & Scheller,1994) (Figura 1). Uma vez liberado, este pode exercer

suas acOes através da ligacdo aos receptores ionotrépicos e/ou metabotrépicos,
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principalmente pds-sindpticos, promovendo influxo de fons ou desencadeando a produgdo

de segundos-mensageiros «

Glutamato

Glutamina
sintase

Modulagdo da liberagdo
por autoreceptor

o . Neurdnio pds sindptico
Neurdnio pré-sindptico

Receptor pds sinaptico

Transportador
vesicular

Transportador de )
membrana "/f-

plasmética

Fig. 1 - Neurotransmissao glutamatérgica. Abreviaturas: Glu, glutamato; Gln, glutamina; AG,

glutaminase

O glutamato € o aminodcido livre mais abundante no sistema nervoso central
(SNC). A maior parte do glutamato presente no tecido nervoso (70 %) apresenta fungdes
metabdlicas (preponderantemente biossintese de proteinas, entre outras) idénticas as
exercidas por este aminodcido nos outros tecidos (Dingledine & McBain, 1994). Além

dessas fungdes, o glutamato € o principal neurotransmissor excitatério de mamiferos,

participando em diversas fungdes cerebrais, como cogni¢do, aprendizado e memoria e
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plasticidade neural (Collingridge & Lester, 1989; Izquierdo, 1994; Ozawa et al., 1998,
Danbolt, 2001).

Além disso, o glutamato também promove alteracoes de longa duragdo na
excitabilidade neuronal, como a indu¢do da potenciacdo de longa duracdo (LTP), na
transmissdo sindptica em neur6énios do hipocampo e do cortex visual, e a depressdo de
longa duracdo (LTD) no cerebelo e cortex visual (Artola & Singer, 1987; Ito, 1989). Por
outro lado, é amplamente conhecido que a excitagcdo excessiva dos receptores
glutamatérgicos pode provocar dano ou morte neuronal, processo denominado de
excitotoxicidade (Olney et al.,1978; Olney et al., 1980). Este mecanismo tem sido
frequentemente relacionado com dano neural isquémico (Choi & Rothman, 1990; Olney,
1990), a doencas neurodegenerativas agudas, como a epilepsia (Dingledine et al., 1991;
Price, 1999), hipdxia, andxia e traumatismo craniano; e doencgas neurodegenerativas
crOnicas, como a doenga de Alzheimer, a sindrome de Huntington, processos neurolégicos
relacionados a infeccdo pelo virus HIV, encefalopatia hepatica (Beal et al., 1986; Lipton &
Rosenberg, 1994; Price, 1999), além de doencas genéticas, como a homocisteintria, a
hiperprolinemia e a hiperamonemia (Dingledine et al.,1991; Meldrum & Garthwate, 1991;
Lipton & Rosenberg, 1994; Price, 1999; Obrenovitch et al., 2000; Maragakis & Rothstein,
2004 ).

O glutamato pode ser sintetizado a partir de numerosos precursores, tais como: i)
outros aminodcidos, por transaminacdo, ii) oxaloacetato ou 2-oxoglutarato produzidos pela
oxidac¢d@o da glicose no ciclo de Krebs, iii) glutamina, pela acdo da glutaminase, iv) outras
vias menos importantes, a partir da ornitina e prolina (Fonnum, 1984). No entanto, ainda
nao se pode afirmar que alguma destas vias seja especifica para o “pool” neurotransmissor

deste aminodcido. A compartimentalizagdo entre “pools” metabdlico e neurotransmissor €
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realizada través da captacdo e armazenamento do glutamato neurotransmissor em vesiculas
sindpticas, as quais podem acumular concentracdes dez vezes maiores (100 mM) que as
normalmente encontradas no citosol dos terminais pré-sindpticos (10 mM) (Nicholls &
Atwell, 1990) .

Este fato é de crucial importancia por permitir que as vesiculas sindpticas sejam
rapidamente preenchidas durante periodos de alta atividade, sem deplecdao do “pool” deste
neurotransmissor nos terminais nervosos (Maycox et al., 1990). O cérebro possui uma
grande quantidade de glutamato (aproximadamente 5-15 mmol/kg de peso, dependendo da
regido), mas somente uma pequena fracdo deste total € mantido extracelularmente. A
concentracao nos fluidos extracelulares e no liquor estd normalmente em torno de 3-4 UM e
10 uM, respectivamente. Consequentemente, o gradiente de concentracao de glutamato
através da membrana plasmdtica € muito grande. A maior concentracdo deste
neurotransmissor € encontrada dentro dos terminais nervosos (Danbolt, 2001). Assim, a
distribui¢do do glutamato neste equilibrio dindmico (liberagdo e captacdo) é fundamental
para a acdo deste neurotransmissor, j4 que ndo existem enzimas extracelulares que
metabolizem glutamato com alguma eficiéncia (Johnston, 1981).

A diversidade funcional do glutamato como neurotransmissor é devida a grande
variedade de receptores existentes, que podem ser classificados de acordo com suas
propriedades farmacoldgicas e fisiologicas (Ozawa et al, 1998). De uma forma geral, estes
sdo divididos em duas classes: receptores ionotrépicos e receptores metabotrépicos (Figura
2).

Os receptores ionotrdpicos (iGIluR) sdo canais 10nicos que permeiam a passagem de

cations especificos, e sua ativagdo promove a despolarizagdo da membrana sindptica,
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desencadeando uma resposta excitatoria. Estes se subdividem, de acordo com a sua
sensibilidade a agonistas, propriedadaes farmacoldgicas e fisioldgicas, em receptores N-
metil-D-aspartato (NMDA), 4cido o-amino-3-hidréxi-5-metil-4-isoxazol propidnico
(AMPA) e 4cido cainico (KA). Todos os subtipos de receptores sdo ativados por glutamato,
porém cada um deles € ativado seletivamente por um agonista diferente. Embora os
recetores 1onotropicos glutamatérgicos sejam divididos nas trés subclasses ja referidas,
estudos de clonagem molecular e de expressdo génica tém revelado uma diversidade muito
maior (Ozawa et al.,1998). Os receptores AMPA e KA sdo entidades distintas, no entanto,
como eles ndo podem ser claramente distinguidos pelo uso de agonistas ou antagonistas,
geralmente recebem a denomina¢do comum de receptores ndo-NMDA. Os receptores
AMPA sdo amplamente distribuidos no SNC, com predominio nas regides do hipocampo,
regides CAl e CA3 do giro denteado e na camada molecular do cerebelo (Cotman et al.,
1995; Ozawa et al.,1998). Estes receptores medeiam a neurotransmissdo excitatéria rapida
e sdo canais com grande permeabilidade a Na" e K* e, principalmente, com baixa
permeabilidade a Ca*. Os receptores KA ainda ndo tem sua funcdo bem definida, porém
sabe-se que, ao contrario dos receptores AMPA, sdo potencialmente permedveis a fons Ca*
(Ozawa et al.,1998).

Os receptores NMDA estdo amplamente distribuidos em todo o cérebro e também
medeiam a neurotransmissao excitatéria no SNC, porém por vias diferentes dos receptores
AMPA. Sao caracterizados por serem altamente permedveis aos ions Ca*?, possuirem
cinética de abertura lenta e dependente de voltagem, ou seja, a ativacio do receptor NMDA
e o influxo de fons através deste, s6 ocorrem se a membrana neuronal for previamente

despolarizada, por exemplo, através da ativagdo de receptores do tipo AMPA, permitindo a
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saida de fons Mg*?, que bloqueiam este canal quando a membrana neuronal encontra-se em
estado de repouso (Edmonds et al., 1995).

Embora a ativacao dos receptores NMDA ocorra mais lentamente do que a ativagao
dos receptores AMPA, esta se prolonga por um periodo maior apds a liberacdo de
glutamato na fenda sindptica. Além do sitio de ligacdo para glutamato/NMDA, possuem
também sitio para ligacdo do co-agonista enddgeno glicina, sitio para unido de
bloqueadores (por exemplo, MK-801) e sitios regulatérios miltiplos (redox, zinco,
poliaminas) (Martin et al., 1995; Sucher et al., 1996; Ozawa et al., 1998). Como a
neurotoxicidade glutamatérgica é mediada, principalmente, por um grande influxo de ions
Ca™, a ativacio excessiva destes receptores tém sido altamente relacionada 2
excitotoxicidade e danos subsequentes, como a morte neural (Ozawa et al., 1998).

Os receptores metabotrépicos (mGluR) estdo acoplados as proteinas ligantes de
nucleotideos da guanina (proteinas G) e modulam a atividade de efetores intracelulares,
como a adenilato ciclase e fosfolipase C, responsdveis pela producdo de segundos-
mensageiros (AMP ciclico, diacilglicerol e inositol-3-fosfato), os quais ativam e/ou inibem
diversos eventos de sinalizacdo celular (Ozawa et al., 1998; Waxham, 1999, Bear et al,
2001). Até o momento, oito receptores metabotropicos foram clonados (mGIuR1 a
mGluR2) (Conn & Pin, 1997). Devido a falta de ligantes especificos, sua classificacdo
farmacologica foi dificultada. Assim, estes receptores estdo subdivididos em trés grupos, de
acordo com a identidade de sua sequéncia de aminoacidos, afinidade por ligantes e
segundos-mensageiros aos quais estdo acoplados (Conn & Pin, 1997; Kommers et al.,
1999). Em relacdo a sua localizacdo, os receptores metabotropicos estdo presentes em
ambos os terminais pré- e pds-sindpticos, bem como nas células gliais, e sua ativacido pode

promover efeitos inibitdrios ou excitatérios (Ozawa et al., 1998).
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Para o término do processo de neurotransmissao varios eventos, incluindo a retirada
do neurotransmissor da fenda sinédptica ou sua degradacdo metabolica estdo envolvidos. Em
relacdo ao glutamato, os eventos de retirada do neurotransmissor da fenda sindptica sdo de
maior relevancia devido ao fato de ndo haver enzimas extracelulares que o catabolizem.
Portanto, o processo principal de término da transmissdo sindptica € a recaptacdo do
neurotransmissor pelas células neurais vizinhas, pela propria célula liberadora e por células
gliais (Rudnick, 1998). Este processo é realizado por carreadores de alta afinidade,
dependentes de sddio, localizados na regido perisindptica e principalmente na glia (Nicholls
& Atwell, 1990; Robinson & Dowd, 1997, Andreson & Swanson, 2000, Maragakis &
Rothstein, 2004).

O glutamato captado pela glia pode ser metabolizado por duas diferentes rotas: i)
transformado em glutamina, pela acdo da glutamina sintetase, ou ii) convertido em O-
cetoglutarato, por desaminac@o pela glutamato desidrogenase ou transaminag¢do por uma
transaminase, que serd metabolizado através do ciclo do 4cido tricarboxilico, produzindo
em ultima instancia lactato (Danbolt, 2001). Ambos, lactato e glutamina sdo liberados no
fluido extracelular e podem entrar nos neurdnios. Seguindo o clédssico ciclo
glutamina/glutamato, apds a glutamina ser transportada para os neurdOnios, esta €
novamente convertida em glutamato pela enzima mitocondrial glutaminase. O glutamato
resultante poderd ser novamente captado pelas vesiculas sindpticas, passando a fazer parte
do “pool” neurotransmissor (Danbolt, 2001).

Esta captacdo vesicular € realizada através de carreadores de baixa afinidade,
independentes de sédio, porém dependentes de um gradiente transmembrana préton-

eletroquimico gerado por uma ATPase (V-ATPase) (Fig. 1). Este gradiente € constituido
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por dois componentes: um potencial de protons (ApH) e um potencial elétrico (AW). A
captacdo de glutamato € dirigida principalmente pelo AW, enquanto a captagdo de GABA e
glicina € dirigida por ambos os constituintes: ApH e AY (Fykse & Fonnum, 1996; Liu &
Edwards,1997; Rudnick, 1998). A presenca de cloreto interfere na capta¢do de glutamato
pelas vesiculas sindpticas. Neste caso, existe um efeito bifasico em relagdo a concentragao
de cloreto: ativacdo do transporte de glutamato na presenca de baixas concentracdes (2-8
mM) e inibi¢do com altas concentragdes (>20 mM) (Tabb et al., 1992; Fykse & Fonnum,
1996; Wolosker et al., 1996). O funcionamento harmdnico dos mecanismos acima descritos
¢ fundamental para que os neurotransmissores sejam removidos do meio extracelular e
armazenados de forma adequada, estando disponiveis para novamente serem liberados na
fenda sindptica, apds despolarizacdo da membrana.

Atualmente, usando técnicas de clonagem molecular, ja foram identificados cinco
subtipos de transportadores de glutamato: GLT-1, GLAST, EAACI1, EAAT4 e EAATS
(Tanaka, 2000; Maragakis & Rothstein, 2004). Em relagdo as suas localizagdes, GLAST
(ou EAATI, em humanos) € expresso em células gliais € em neurdnios, € € o principal
transportador de glutamato presente durante o desenvolvimento do SNC. GLT-1 (ou
EAAT2, em humanos) é exclusivamente localizado em astrécitos, e € responsavel por
aproximadamente 90% de todo o transporte glutamatérgico no tecido adulto. Outro
transportador importante para a recaptacdo do glutamato é EAAC1 (ou EAAT3, em
humanos), de expressdo exclusivamente neuronal, muito presente nas membranas pos-
sindpticas. EAAT4 restringe-se as células de Purkinje do cerebelo e EAATS € encontrado

em fotoreceptores e células bipolares da retina. Recentemente, identificou-se uma classe de
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transportadores glutamatérgicos responsavel pelo acimulo de glutamato em vesiculas pré-
sindpticas: VGLUT1-3 (Maragakis & Rothstein, 2004).

Estudos com animais knockout para estes transportadores corroboram a fundamental
importancia da recaptacdo astroglial do glutamato. A perda de fungcdo ou a expressao
reduzida de GLAST ou GLT-1 produziram elevadas concentracdes extracelulares de
glutamato, neurodegeneracdo caracteristica de excitotoxicidade e paralisia progressiva. A
expressao reduzida de EAACI ndo resultou em concentracdo extracelular de glutamato
elevada, porém observaram-se eventos epilépticos (Rothstein et al., 1996; Maragakis &
Rothstein, 2004).

Considerando-se o envolvimento destes neurotransmissores em vdrias patologias,
vemos que anormalidades pré- ou pds-sindpticas, sozinhas ou em associa¢do, podem ter
efeitos lesivos ao sistema nervoso central, o que justifica a busca de um melhor

entendimento destes sistemas transportadores.

I.2- MODULACAO DO SISTEMA GLUTAMATERGICO PELOS DERIVADOS DA
GUANINA.

Os derivados da guanina, incluindo os nucleotideos (GTP, GDP e GMP) e o
nucleosideo (guanosina) sdo purinas que exercem intimeras funcdes intracelulares, como
fonte de energia para sintese proteica nos ribossomas, controle do movimento vesicular nas
células, e sdo responsdveis pelo ciclo ativacdo/inativagdao das proteinas G (Bourne et al.,
1990; Hepler & Gilman, 1992; Morris & Malbon, 1999).

Evidéncias atuais indicam que além das fungdes acima citadas, os derivados da
guanina também modulam o sistema glutamatérgico agindo diretamente em sitios

receptores na membrana plasmdtica, sem o envolvimento de proteinas G (Tasca et al.,
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1995, Tasca et al., 1998, Tasca et al,, 1999). Além disto, tem sido demonstrado que os
nucleotideos e nucleosideo da guanina exercem efeitos troficos em células neurais
(Rathbone et al., 1999; Francisco et al., 2004).

Em estudos in vitro observou-se que os nucleotideos, inclusive seus andlogos
rigidos, inibem a ligacdo de glutamato e andlogos (Baron et al., 1989; Paz et al., 1994;
Burgos et al., 1998), previnem o dano isquémico (Frizzo et al., 2002; Oliveira et al., 2002)
e estimulam a captac@o de glutamato por astrécitos e fatias (Frizzo et al., 2001; Frizzo et
al., 2002; Frizzo et al., 2003), num processo claramente envolvido em neuroprotecao.
Além disso, foi demonstrado que derivados da guanina (GUO, GMP, GTP, GDPj-S e
GppNHp) sdo capazes de modular a captacdo vesicular glutamatérgica, de maneira tempo-
e concentragdo- dependente. GUO, GMP, GDPB-S ¢ GppNHp 1 mM inibiram a captagio
vesicular nos tempos iniciais de incubacdo (1,5 e 3 min); porém usando-se 10 min de
incubacdo (steady-state, onde a velocidade de influxo e efluxo de glutamato sdo
equivalentes), somente GTP e GppNHp 5 mM foram efetivos (Tasca et. al., 2004).

Acdes neuroprotetoras destes nucleotideos também foram observadas in vivo.
Usando modelos de epilepsia induzida por agentes glutamatérgicos (agonistas NMDA) em
ratos e camundongos, foi demonstrado que GMP e guanosina foram capazes de reduzir o
aparecimento das convulsdes observadas (Baron et al, 1989; Schmidt et al, 2000; Lara et
al, 2001; Soares et al, 2004; Vinadé et al, 2003; Vinadé et al, 2005). Adicionalmente,
recentes estudos em nosso grupo evidenciam que os efeitos anticonvulsivantes atribuidos
ao GMP sao, na verdade, resultantes da conversiao do nucleotideo monofosfatado (GMP) ao

nucleosideo (guanosina), por acdo da enzima ecto-5’-nucleotidase (Soares et al., 2004).
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GMP também mostrou-se neuroprotetor contra a morte celular mediada via receptor
NMDA em striatum de ratos (Malcon et al., 2000), reduziu o dano neuronal em fatias de
hipocampo submetidas a hipéxia (Regner et al., 1998) e hipoglicemia (Molz et al., 2005),
além de proteger contra a toxicidade induzida por kainato em preparagdes de retina de aves
(Burgos et al., 1998). Efeitos ansioliticos e amnésicos foram observados em animais
submetidos a tratamento cronico com guanosina (Vinadé et al., 2003, Vinadé et al., 2004;
Vinadé€ et al., 2005).

Apesar do avan¢o no entendimento da interagdo dos nucleotideos da guanina com o
sistema glutamatérgico, o exato mecanismo desta modulacdo ainda ndo € perfeitamente
elucidado. A demonstracdo de que os nucleotideos da guanina agem como antagonistas
glutamatérgicos, através da inibicdo de eventos fisioldgicos estimulados por glutamato,
pode levar a hipétese de que eles sejam neuroprotetores enddgenos, devido a inibi¢do de
eventos neurotoxicos induzidos por glutamato, ou neuromoduladores, por influenciarem

nas respostas de neurotransmissores.

1.3- ACIDO QUINOLINICO (AQ)

O 4cido quinolinico (AQ), um metabdlito endogeno do triptofano, € encontrado na
natureza em muitos organismos, desde bactérias até humanos (Gholson, 1966; Isquith &
Moat, 1966). Quimicamente, este composto é conhecido como dcido piridina-2,3-
dicarboxilico. O anel aromatico piridinico € praticamente inerte; assim, o AQ é muito
estavel nos tecidos e fluidos bioldgicos. Além disso, este composto possui duas carboxilas,
0 que permite a formagdo de complexos com fons divalentes (Sharma,89). Devido a esta
afinidade, € possivel que certas agdes do AQ sejam atribuidas ao complexo quinolinato-

metal.
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A rota das quinureninas € a principal rota periférica de metabolismo do triptofano
em mamiferos, e ocorre principalmente no figado. Sua principal fungdo € a biossintese de
nicotinamida adenina dinucleotideo (NAD"). J4 em 1963, estudos mostraram que o AQ
participa na biossintese do cofator NAD" no figado (Nishiuka & Hayaishi, 1963; Gholson,
1964). Além disso, sabe-se existir também uma rota extra-hepdtica, cuja fung¢do até o
momento ndo é conhecida.

Até 1981 acreditava-se que o AQ era um metabdlito fisiologicamente inativo do
triptofano. Seu potencial fisiolgico e significancia farmacoldgica sé foram reconhecidos
com a descoberta de sua habilidade em ativar seletivamente os receptores glutamatérgicos
NMDA (Stone, 2000). A importancia do AQ como uma neurotoxina foi primeiramente
evidenciada por Lapin (1978), onde demonstrou-se que a administracdo de AQ em
camundongos causava convulsdes. Entretanto, a presenca de convulsdes per se ndo era
suficiente para classificar o AQ como uma neurotoxina, j& que vdrias patologias, inclusive
aquelas ndo originadas no SNC, apresentam este sintoma. Estudos eletrofisiolégicos
revelaram que o AQ se une a sitios de unido dos aminodcidos excitatérios, normalmente
ativados por glutamato e aspartato, sendo um agonista excitatorio (Stone & Perkins, 1981).
Mais tarde, Schwarcz e colaboradores (1983) administraram AQ diretamente no estriado de
ratos e observaram um padrdo anatdmico e bioquimico de neurotoxicidade semelhante
aquele encontrado na doenga de Huntington. A partir desses achados, esta neurotoxina tem
sido usada para estudos in vivo, simulando esta doenca.

Estudos usando o modelo de injec@o estriatal indicam que a toxicidade de AQ ¢é
mediada por receptores glutamatérgicos do tipo N-metil-D-aspartato (NMDA), ja que a

administragdo periférica de MK-801, um antagonista nao-competitivo de receptores
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NMDA, foi capaz de proteger contra a neurotoxicidade intraestriatal do AQ (Beal et al.,
1988; Foster et al., 1988).

A neurotoxicidade do AQ tem sido demostrada in vivo e in vitro, entretanto, sua
origem celular e sua concentragdo tecidual ndo estdo bem definidas. Analiticamente, este
tem sido determinado radioenzimaticamente (Foster et al., 1986) e por cromatografia
gasosa com espectrometria de massa (Wolfensberger et al., 1983; Moroni et al., 1984a;
Heyes & Markey, 1988). Evidéncias indicam que o AQ nao € sintetizado por todo o tecido
cerebral normal, mas sim por uma populacdo de macréfagos residentes, que pode constituir
0,1 % do cérebro (Heyes et al., 1992a; Reinhard et al., 1993; Saito et al., 1993b). Estima-se
que o cérebro, em condi¢cdes normais, possua concentracdes na faixa de 50-100 pmol/g de
AQ (Wolfensberger et al., 1983; Heyes & Markey, 1988). Niveis aumentados de AQ no
cérebro e liquor, da ordem de micromolar, ja foram encontrados em humanos apds
traumatismo cranio-encefélico (Bell et al., 1999), doengas inflamatérias do SNC (Heyes,
1996) e pacientes aidéticos (Heyes et al., 1989, 1991ab; Stone, 2001), principalmente
naqueles pacientes com infec¢des oportunistas.

O aumento de AQ também esta relacionado com vérios estados infecciosos, tanto
bacterianos como virais. Se microorganismos estimulam a sintese de AQ por liberacdo de
citocinas, ativadoras indolamina 2,3-dioxigenase, doengas autoimunes, como a esclerose
multipla, também podem ser associadas com niveis aumentados desta neurotoxina (Heyes
et al., 1992b, Stone, 2001). A secrecdo de AQ por células ativadas do sistema imune é
importante, na medida em que existem evidéncias de ativacdo de receptores
glutamatérgicos por citocinas (Stone, 2001). Outro achado importante é que o AQ induz ao
aumento da peroxidacdo lipidica (Rios & Santamaria, 1991), e este fato pode ser

responsdvel pela desmieliniza¢do observada na esclerose multipla, neuropatia mielo-6ptica
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subaguda e mielopatia associada ao HTLV. Doengas metabdlicas também podem ser
associadas com niveis elevados de AQ. Heyes sugeriu que as lesdes neuroldgicas
observadas na acidemia glutérica tipo I podem ser, pelo menos em parte, relacionadas com
aumento desta substancia (Heyes, 1987).

Outra patologia na qual provavelmente existe envolvimento do AQ é o coma
hepdtico, situacdo resultante de faléncia hepatica. A andlise dos niveis de AQ no liquor e no
cortex frontal revelaram niveis de AQ 7 vezes maiores no liquor e 3 vezes maiores no
cortex dos pacientes afetados do que no dos controles (Moroni et al., 1986). O mecanismo
deste aumento ndo estd elucidado, mas niveis plasmaticos elevados de 3-
hidroxiquinurenina, também encontrados no coma hepético ( Pearson & Reynolds, 1991),
sugerem um possivel bloqueio da rota hepética, talvez envolvendo a enzima quinureninase.
Este derivado hepdtico, a 3-hidroxiquinurenina, pode atravessar a barreira hematoencefélica
e ser um substrato para o aumento de AQ (Erickson et al., 1992).

Dados obtidos a partir de estudos em ratos sugerem haver um aumento dos niveis
cerebrais de AQ dependente da idade (Moroni et al., 1984b). Ratificando esta hipdtese,
medidas de AQ no liquor de humanos apresentaram uma correlagdo positiva com a idade
(Heyes et al., 1992b). Entretanto, o AQ parece ndo estar elevado no cérebro ou liquor de
pacientes com doenca de Alzheimer (Sofic et al., 1989; Heyes et al., 1992b).

Além de efeitos téxicos diretos sobre os neurdnios, o AQ pode induzir disfuncio
mitocondrial, o que pode ser um fator que contribui para a neurodegeneracio (Bordelon et
al., 1997). A neurotoxicidade produzida pelo AQ pode ser devida também, ao menos em
parte, pela formacdo de espécies reativas de oxigé€nio, ji que estudos demonstraram que
antioxidantes como a melatonina foram efetivos no bloqueio da atividade neurotéxica do

AQ (Stone, 2001).
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Assim, neste trabalho buscou-se elucidar os mecanismos envolvidos na acgdo

neurotéxica do AQ, bem como comprovar o a acdo neuromoduladora e/ou neuroprotetora

dos derivados da guanina sobre estes eventos.
I.4- OBJETIVOS

Sabendo-se que, (i) o aminodcido glutamato € o principal neurotransmissor
excitatorio no Sistema Nervoso Central, sendo relacionado ndo somente a eventos
fisiol6gicos, mas também com eventos patolégicos quando de sua acdo sobre seus
receptores; (ii) que o acido quinolinico , até muito pouco tempo atrds considerado apenas
um metabdlito inativo do triptofano, tem se mostrado uma potente neurotoxina envolvida
em muitas patologias e suas consequéncias neuroldgicas ainda permanece com seu papel
fisiolégico e mecanismo de a¢do nao perfeitamente elucidado; (iii) e que muitas evidéncias
sugerem que os derivados da guanina estejam envolvidos na modulagdo de respostas

glutamatérgicas, foram estabelecidos os seguintes objetivos:

1- Verificar a acdo do acido quinolinico nos processos de captacdo e liberacdo de
glutamato em sinaptossomas, bem como sobre a captacdo astrocitdria de

glutamato.

2- Verificar qual o mecanismo envolvido na inibi¢do da captacdo vesicular de
glutamato por 4cido quinolinico, bem como verificar se os derivados da guanina

exercem algum efeito modulatdrio no sistema de transporte vesicular.

3- Verificar se o dcido quinolinico e outros agentes usados para induzir convulsdes

em modelos experimentais alteram o transporte vesicular de glutamato.

4- Verificar se a a¢do vesicular do 4cido quinolinico in vitro pode ser observada

também quando este € usado experimentalmente in vivo, e se os nucleotideos da
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guanina possuem alguma acdo modulatdria sobre este sistema, seja in vitro ou in

vivo.

5- Verificar se o dcido quinolinico, in vivo, exerce alguma interferéncia nos

processos de captacdo e liberagdo de glutamato em sinaptossomas.
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II. RESULTADOS



Capitulo 1

Quinolinic acid stimulates synaptosomal glutamate release and inhibits glutamate uptake

into astrocytes.

Neurochem. Int, 40: 621-627, 2002.
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[ H]Hummete mlese wes mezmured acconding 1o
blignac &t al. (1999), with mv=er modificaticons. Symep-
tosomal praparrations weme incuhamd m HBES, pH 7.4,
for 13mn ot 3750 = the powsance of 1-[*F] ghtmmaie
{fmal comcsoirztion, J000kI). Aliquots of labeled = —n.al::-:-
soroas (1.4 me proteim) weoe cammfuged &t 13,000 < g for
lmin Sepemetees: were discanded, and the palles: nwme
wasbed 4 tmoes in HESS by ceninfugation 2t 13,000 = g
for lzom an 450 In eodar to measaze the basal mlaase of
v " Hlghttz=ceriz, e fnal pallat was resuspendad iz HBES
and tocubated for &) 5 2t 3740 in e abeoce (cowel) or
pressoce of A (Q1-10zaM). Izcobation was teminated
by imome dizte cunsiSogation (L6000 = p foo | mun at 4700,
EaEoactiity present In sepematms: and pellats wees sep-
aramaly deterzezed w2 Wallac sotillatoz counar. The
raleaised 1" H] glufamoate wes calculated 25 a perceztags of
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tha total amoe=t of rmdiclabsl in the synpmsomal prepa-
rafiom at the siet of e monbation pared. BT -stinmilaced
L H]ghiianass raleass was assessed as descoibed for basal
malema, axcapt that the ncobation medony conjaned S0 mhi
ECI (Wall decrsassd accoodingly} in ordar to indoce synzp-
oozl depolarizasoz. The afact of TQA L —'I'.'I|:|'_.._l
L E]ghutzraes ralazse Eoen mzamnoscms] preparatios:
tha abeance of Ca®* was performed in 2 medium xs de-
scoibed abors, o 2t Cally was omited whils 2!
EGTA vas addad.

25, Promry doriiod arrocyil cullunes

The prinzzzy coctical astrocyse colioes were prapansd =
dascribed by Sornsom at 2l (1997, with minor modifica-
tioms. The cormcal Ssee of mewborn s was dissociated
macEamcalhy. Discocizad calls wars washed, sapesded m
Lulbecco’s modified Faglss modrone with 10% fat2l boine
serza (FOS) and plated in 24wl Sines culhme plates
an spprooimens demaity of 5 107 calls/can’. Cultunes wee
meintened iz 3 bumidified, % OO, imcsheter at 37C
Tiw madiim wes awchangad weskly At coofiusecs {days
1313 10pM oylomoe aabizeside wes added 2=d afiar
4B b s moodiven was raplaced with medions contaiming 3%
FBE and 0.13mM dbarmd opclic AMP (SeAMP). Ad-

dition of dBeAMP 1o the meda mdnced the sxprassion of

o

ELT-1 2= increased the sxpreasdon of GLAST (Swansom
afal, 1897) Culomas wans used at 23-30 drys in vima

2.8, L-Il'.I NG Pt agintatar iy el cuifends

Ghtaeate ik nes meanred 25 dascoibed by Leal
st 2l (2000). BreSv, the culture medi: were mplaced
with a moEfied HESS conteizizg 2 mM ghucoss buffared
to pH 72 with Je=M PIPES, in the zhsemcs or presancs
of QA (05-10mMl). The upkie wes strted by adding
001 wiifml o-[Hjghetareie phis 100 pb of unlabeled
ghrtamats to sach culturs wall. Uhaks vas wominzied afar
Trmin of moubaten (37500 by nesking call culhures tevics
wit ice-cold HESS, folloasd inmosdizsaly by cell Iysis m
15N Kale10.05% byl mlfes. Nenspacific nptake was
mearred in FESS commieg choli=g chlmmde meed of
Kall Aliquocs ware mksn fir sciniliafion coeniing and
proiei asseys (Lowry et 2l 19310

27 Masrriminl of Lactafe Sebainogimass (DO actsainy

In ordar fo emhen S =wsity of e fzapicsomal
pregarations mod asmocyte call cdterss afar tha Emcrbation
in tha prassocs of QA am aliquot of the = PRI T
witdran= and frozen for deteeminzticn of LOH laskzga
LIE acviny was evelazned by wazg a= asszy kit (Dol
Fsagants, Braxl) whick =azsured the anweur of 2 colored
somplex darfred Som the HADH formmd by the: ezmy=mtic
TeaoSE TREEg A fpecTophotommitic medtod (310=ns).

2.8 Sraliificdy dealvids

Seatisricel mgzmiScanre was aswnsad by cos-wary anaduis
of varance (AROVA), followsd by Dunce="s emiltple re=gm
teat whan 2pproprizte. A value of P = 0.0% wes comaidared
siamemcally cigeifica=r

3. Eesuls

A). Effecy of (34 o phaloviab npfals
1] .r|11.|'|.ll-'m.lrr|_|.' e peraiions

In ordes to @l whedar QA4 intecfars wad
the merromel presmepnoc glubeevone opeaka, we asszved
L-[¥H] ghiisreas mpaks mio mi brain symeapiosomeal propa-
mtioms. Fig 1 shoan that G4 (in a2 cozcsoirahon me=ge
from 0.1 10 10mkd) bad =o afect om ghotmans wptaks fmo
my=apoeons whes compared 1o contral

3.2, {rlilawiats Arlaas Frion smdpoadnn) nepardiions
Tha sffect of QA o o[ H]ahotenis mlees iz basal
[Fhymiclogcal exzzcelldar K™ coocantation) or -

polarzzed (H0z=M ECT) comdifices war amhznd. QA
{0.1-10=M) did mot ale K©-storded gommete re-

L1
1]
(L]

g proiein mime)

Cilu uptake (penpl. m

2% coneenirmion (mbd)

Fig 1. B of 4 on -7 gloismats cpoics i Besn pymapeeacm an
af cstm DA wae ceed e b orcanbston mmgs Som [ d 10ad
Clkamrs meaks o grpraassd o preireg al predee " min . Duis os
wean=S KM lem o méapmdent op=nrans pardzmisd i mplcaia
Nemmamaaly sgpehizeret JifurnncE W cheaeeel Fbwean cenirzl and
e i the presarce of &
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e concentragion {mbd )

I I R

N ik

g, I Bl of (A o md ard KT sneeiaied L [7H gleiseai sdleams Irem mi beo spoptcecman. O4 ww med o ke coscentwacn g Bar
21t tim KT mamelesd ke was chiered by g A0 KCT i iBe mosdsmien meede Cllrtwaese rolows s acmesmd B0 pencanmge o el
mebracknty ooraei DOra o memn = 5.5 W om Bz indespmvdent sapanessis prricmed @ Splcais. The seebed (o) mpemsenis s cay egreboarily
diftereai rom ibe coaod groang (el celans @ D sbesrcs of AL P < DA%, By ARMIVA folloesd By Droaar’s srlogs mege s

leass. Howeese, § e=d 102 4 increessd hasz] ghofs-
mzte ralsese sigmificamshy fom 1828 to 2B%, respectivaly
{Fig. I

In ordsr fo detemming T -dependence of QA efec
oo oo Mgt waleass, smapececme] preparabons
wara =cobated i the shsence of T2t (in tha [racance
of 2mhi ECTA) (Fig. 33 Control ralsass wes not affectad
by ths absance of T2, Howsver, both JA-=dnced and
E* -stimmlated o Hlglutzenie relsass ware sbolisbed in
the absznm of Ca?+.

A3 T ireofvemes of MG secaprons

T aleo drwstizated S effect of divedciping (WE-EQ0D),
2 monconpenTie enfrgonist of MBICA recoptor, on basal
-] "Hlgluteeroie ralease (For. 4. ME-BIL (5 uM) did not
modify ghramate el per 5s, ut conplesaly abolichad
the (A-indeced |10z} ghotamane rleasq, mogeetng tha
the sdect of QA wes swmaried v NMDA mcephors. Tes
effect of NBIDA (50 pbd) oo basal ghramate mlsas vas
oo mestigeied (Fiz- 7). KRMDA also stiomlated gheamemn
raleass ooz 12 to [ 7%, without afecting JA-ndnced gu-
tammvie raleass, mdceizyg that both compoe=ds probably
eXErt T Ardons dtrongh the sAmme Tecepior

A4 Efeer af P o gl apfake (ks Aslrodeins

T also estigeied fw aSem of A oo ghoamene wp-
teiw imbo primary asmocyie call oulterss. Fig. & shows thas
QA demeamd the ghemam uphke mo asTocytes (meaxi-
noam =kihineon of #1%) at the s2=w conconmatons which it
increaed gluizeoie ralass Som nmaptosome] prepartions
(frome JooMd QAY (Frg. 1Y

A%, Mearwnemiin? of LR faskaps

Svzapeosonmal propamatoss axd asmocyis call ouloirss did
no? show =y Sgnificant kezkage of the oyosclic meckar
LT after incubations with 5 apd 10edd QA (dxtz nor
shoom)), mdiceiing et this compound did wot S plasma
merhrnes = our sy conditions

4. Thscomiom
Evidence mggests ther A is associaied with nauroned
demezge thooogh the ewemcmetoz of e poskyoephc

FADA subtyps of Flobmeis recepiors (fr a2 . e
Smone, 2001 Smisml sdmimsmzton of QA is associzied
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Fig. 1. Bt of D abrce of cilcram oo tha relasss of o7 1 gl cierads
hmmmumqw_ww#ﬂ
armcanEsnze. 10mb LA wan el cordibong wme oh-
inE by meraaing LU conzanmmien W= ADmEL I cllorer-mad madram
e rlswn of glebmaie wwn pelormed wiibost additen of CnCh wned
i e prosarcs af BFTA (2o | Cllramwis robeus 10 saprassd o gar-
carings o teinl mdisckvaty oavael Do ere mme 2 5.0 M. Som T-10
1] wen Tha kel (1
e e Ly e s i o L
i Tha whmezs of ALP < S04 The “m'i'lﬂf"'_ﬂ"""':.:'
dffarer from da groep: Bigh K7 i De pressss of {
F oz 00, by ARCOWA lﬁ-lllﬂ;r Irmcan’s welEpd mogs i

L

Toraeal DA IDmME  PRED S en oS -ED

Ol re |nse (%% of total)

Fig. A Effeck of W83 oe1-{7 1) ghriasots rabees mekeod by Q4 o
=it MR srnapiacrde. HK-B00 2 pA) e nmeyed I e shereE o
F--u#ﬂulq.l. IR ald ralasaid 17 R B BF PRISARSREH o
corlmd. Duis are wean2 5. 0H, By st sebpasder

crmaed troEmplicsise. Tha sweks] (o) represscie waiues
lrﬂﬂrnﬁ-hilnnﬂp'qlhﬂd-lu‘lﬂ—u
F oz 003 by ARNCYVA Bllzewd by Dercen s srlopks rags .

ol 1

Lilag e bease % ol waial)

ol . Wk

O ok S aaled 4 P [k

Fig. % Eflect of WA 20 11 H| glotwsoin relmss Dduced by A Soen
SNt bem PEENERETa. MEDA (O0MN | vl nmeel i e bR of
Emae ol Frmb QA Cloamsts selawesd o aogpremed of ol méize-
aury corlimt ol om raan LM Irzm mz crlip=rianl mp=ATaiy
parmaed m ooplorEe The mmbel o) ceprescly vose egrahicanCy
chiforey? From fie conial groop (baml celass i de swesse of DA
oz QS I:-:r.i.mﬂn-rlll:‘l Pereas’s melepls mogs e

wik oeurmocity azd deslopment of azclogical dam-
2ge whick seeambles et obsarved n Efanhngton’s Ssease
2o probtably meults Som sxcwsie BMMIDA recapior act-
vation (Beal st al., 18815 Balcon ot al., LE8T) Mosworar,
intraceeebooieaticadar mmaction of Q..l I=dures RITTEE
(Lapin, 1978 Schomidt f al., 2000; Lara ot 2, 2001} &=
this coztae:, imemeasing (A Jevsls in carebrospinel fiuid o
micromsolar comcsmtrations mery b of erologicel szt
icazes (Sall gt 2l., 1589 In cxperzoanis aimed to imest-
Rie doswraspomss sifects, we staried wik nmoromsclar A
concezmrtions. The obsarved sfects weoe obmined from
Sl whoch iz kigher fhan physiopathologicad cozcsnim-
tioms. Howauar, = oo axparinsmets we used ozly 10mMd
QAL becmss dhis conoenitios provided 2 meams to moas-
tigaie the mackamsza Sor (A tesdcty, bassd oo an appeuecs
pewrionsly raported (Reintard ot 21 1954}

Crar reselts shoar dhet = pympiosoaml
ach at presynaptc meambrmes by stzmlating #u:l:untn
mmmmmmuharm

inhitatory effect of QA oo gluleeie upteke i=be symptic
vasicles {Tavames of al., 2000, This discepezcy zoery be at-
trisuted to spacifc chamacterstics amd frectiomal difarances
btwan o premy=apec and vesicula glubeote cahars,
25 thoss relaied to depsodencs on energy, ghotamete afzry
DCrelole, 20017
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L O

Crlw updnke om glind cells (%6 of control}

I |
[[1]

(A comeceniraim | ||.!'-[I

g & Effect of & on 1-[TH] gramste opake by sdreops ool coborss O wan ceedl o the corcovmmiim mage far 08 & 10 (Meicrais

ppledcs W romaied B pErcanbge of cominel {100 Deis o mea =5 EUH. Bor ex pdapomdent oopnmers paromed m mpkersa The spebed (1e)
ey vl egrebcasly dffices Tom ibs corned greep Or S e of (A F oo 301 by ANDWS Sllowed by Demeas's melepls mogs e

A stimmlated syneptesome] ghitamads raleass in hasal
conditions, uf bad ze efect i e presszos of dapolariz-
ing K™ coocantrations. operanity, mesoring C2° T ions
tom the medum egualh abolisked both EC+-sinmlased
ezd A-induced ghiiznsrs raleass. Thess datz could w=di-
cate thet (A mdures synaposomel :I:p:-lmu:n: H'Lra...-zh
mechomizm|s) -J.n[:-n:m:l: oo exogsnos LT, This Ca®*
dapezdezcy could reSect an a5 of this =eEwimon on

motidliztion of the fomed vesioler glutevabs, meead of

raleasing ghatamate from a cybosolic pocl, akbough we
canemct totalhy eochida the role of glopmat oieselic comsi-
broioe fo dhis Q4 stmrelainry effect. o additiom, oer nesnlis
indicans thee i
pramyzapsic WA recapions, becauss ME-201 comypletaly
zcliubed QA-induced ghuenecs releass apd WBDA pre-
sextod simslar stimulaoey oSect, which wes oo addshu

with QA A recant smdy denwopstrated ot aciveten of

presveaptic NLDA autorscepaces mev pronnds 3 posihe
faiback o= presymaphc g ghrtanzas ralasse mymaposonal
prapanafions | Brsukal ot 2L, LOHEE), -'I.-:::l.ln:-l:L'_t Comzick
ezd Siome Erw denensiried 'I]:ur o vive, (A, = othsr
ghrtanans g, 15 abls to stnrelyie tha edhi of axdogs-
nos gletmate and 2paa, this edfuct was alwo abokishad
try FMDA axfagomists (Connick amd Stoma, 12EE).
Additionally, cor ks alse indicaie thae Q-‘l stronghy
ichibited ghitamats wptske by astrocyles, which &
ponsidersd ©he muost Dmporiant process o pamain e
axtracallulzs ghriamess alow toxic cozcenirtions. Ceo-
siderzble afizotion kas bean focused o= the mechomizms

s wifact cooumed through dhe achatioz of

that regnlate meeral call menthrans ghotanease trameporiars,
since oumarcas daiz bnw beqn published indicating thas
inhibetion, mopameRet o revecsal of dthis STezsport ystem
mry conimie e increzsing the laval of sxtracelbolar gli-
te=eriz. Morecrsr, & well domemmemted that imepesment of
ghiamsse iramspoct, spacially by asmocyiss, is imahwed
the developeant of 2ot o progesive INUTCdsRERTRETY
procasses (Rotkstain ot al, 195€; A=derson and Swanson,
2000; Maragakis and Rothstein, 2001).

The zbssoce of sigzshcazt LTEH I;a:ia_ni after E=culbertion
of synapinsoenes and armocyies with (A mggssts that in-
rraasad giummaie raleass 2nd =ribiton of ghrames wpike
#re =t dus to impairmsat of plaseza menhrans miegrity

The antanced synaptosomal ghitanwads raleass associabed
with intobrtion of ghatamate uptaks imo 2smocyies mdured
by QA conld conidbet to mcraess suracallular ghtamat
concurTsons, which nitmetely kads to ovesinulasos of
the ghriametargic rysienz. These afects may ba melied io ke
naurofomicEy obearied when @4 organic acid accunmlates
in the brain. Tharebors, fe naurctoxic sffects of QA coald
be armbuicd to thean altematns or additional sies of action
oo the glusmate tramsport Systens.
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Capitulo 2
Guanine Based Purines Abolish The Inhibitory Effect of Quinolinic Acid on Uptake of

Glutamate by Synaptic Vesicules From Rat Brain.

Artigo em revisdo para submissao.

38



Guanine Based Purines Abolish The Inhibitory Effect of Quinolinic
Acid on Uptake of Glutamate by Synaptic Vesicules From Rat

Brain.

Rejane G. Tavaresl, Carla 1. Tascaz, Candice E. S. Santosl, Carlos S. Dutra-Filho'

and Diogo O. Souza®®A,

1Departamento de Bioquimica, Instituto de Ciéncias Bdésicas da Sadde, Universidade
Federal do Rio Grande do Sul, Rua Ramiro Barcelos, 2600 anexo, 90035-003 Porto Alegre,
RS, Brasil.

*Departamento de Bioquimica, Centro de Ciéncias Bioldgicas, Universidade Federal de

Santa Catarina, Trindade, 88040-900 Florian6polis, SC, Brasil.

A Corresponding Author

Address correspondence to:

Diogo Onofre Souza

Departamento de Bioquimica

Instituto de Ciéncias Bésicas da Satde
Universidade Federal do Rio Grande do Sul
Rua Ramiro Barcelos, 2600 (Anexo)
90035-003, Porto Alegre, RS, Brasil.
Telephone number: +55-51 316-5558
FAX number: +55-51 316-5535
E-mail: diogo@ufrgs.br

39



Abstract

Quinolinic acid (QA) is an endogenous and potent neurotoxin associated with a number of
important neurological diseases. The uptake of neurotransmitters to synaptic vesicles is an
important event involved in the storage and release of neurotransmitters. In this work we
investigated the mechanisms of QA action in vesicular glutamate uptake and a possible
interaction of Guanine Based Purines (GBPs) in this effect. Results show that QA inhibits
the vesicular glutamate uptake in a time- and concentration-dependent manner. Moreover,
we investigated the action of QA in a vacuolar H'-ATPase, responsible for provision of the
energy to generation of a proton eletrochemical gradient that drives a glutamate uptake.
QA not affect the ATP hydrolysis by V-ATPase, neither proton electrochemical gradient.
formation. The maximum velocity of the initial rate of glutamate uptake was decreased by
QA. GBPs [guanine, guanosine, GMP, guanosine-5’-0O-2-thiodiphosphate (GDPB-S) or 5’-
guanylylimidodiphosphate (GppNHp)] prevent specifically this inhibition induced by QA
in the vesicular uptake, while adenosine-monophosphate (AMP) or inosine-monophosphate
(IMP) were ineffective. This findings might be related to the neurotoxic effects of QA and

GBPs might be a neuroprotective function.

Key Words: Quinolinic acid; Glutamate; Guanine Based Purines; Synaptic vesicles; Rat

brain.
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Introduction

Glutamate is the main excitatory neurotransmitter in mammalian CNS, involved in
processes such as plasticity, learning and memory, and neural development (Ozawa, 1998;
Danbolt, 2001). Additionally, when glutamate concentrations increase in the synaptic cleft,
it may be neurotoxic, as observed in acute (hypoxia, ischemia, brain traumatism) or
chronic (neurodegenerative disorders) pathologic processes (Lipton e Rosenberg, 1994;
Ozawa, 1998; Maragakis e Rothstein, 2001).

The synaptic actions of glutamate are terminated by its uptake from the synaptic cleft,
through two transport systems: (i) a high affinity Na*-dependent carriers, located in the cell
membranes of neural and glial cells, and (ii) a low affinity Na'-independent carriers,
located in the membrane of synaptic vesicles, that is driven by a vacuolar H-ATPase (V-
ATPase), located in the vesicles membrane (Naito e Ueda, 1985; Wolosker et al, 1996) .
These both carriers, simultaneously store glutamate in synaptic vesicles and decrease
enormously its concentration in synaptic cleft (Fykse and Fonnum, 1996; Danbolt, 2001).
Under normal physiological conditions, glutamate stored inside the synaptic vesicles is
released from synaptic vesicles in the nerve terminal by a Ca+2-signaled exocytotic
mechanism, when the pre-synaptic membranes are further depolarized. Hence, the
modulation of glutamate uptake from the synaptic cleft by glial cells has been shown to be
essential for modulation of the physiological and pathological effects of glutamate.

The intracellular roles of guanine based purines (GBPs) in events such as transmembrane
signal transduction, protein synthesis, protein translocation into the endoplasmic reticulum,
cell diferentiation and proliferation, and guidance of vesicular traffic within cells, have
been already described (Bourne et al, 1990; Hepler at al, 1992). GTP/GDP modulate
transmembrane signal transduction by binding to G-proteins, coupling neurotransmitters
receptors to cell effectors (Morris and Malbon, 1999). Extracellular guanine-based purines
(GBPs), namely the nucleotides GTP, GDP, GMP and the nucleoside guanosine have been
shown to exert trophic effects on neural cells (Rathbone et al, 1999) as well to modulate of
the glutamatergic system. Concerning their effects on the glutamatergic activity in vitro,
GBPs inhibit the binding of glutamate and analogs (Baron et al, 1989; Burgos et al, 1998;
Paz et al, 1994), prevent cell responses to excitatory amino acids (Baron et al, 1989; Paz et

al, 1994) and increase the glutamate uptake by astrocytes, a process involved in
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neuroprotection (Frizzo et al, 2001; Frizzo et al, 2002; Frizzo et al, 2003). In vivo, GBPs
protected against seizures induced by glutamatergic agents in rats and mice (Baron et al,
1989; Lara et al, 2001, Schmidt et al, 2000, Soares et al, 2004; Vinadé et al, 2003; Vinadé
et al, 2005). Additionally, GBPs present amnesic and anxiolytic effects in mice (Vinadé et
al, 2003; Vinadé et al, 2004; Vinadé et al, 2005). These behavioral effects seem to be
related, at least partially, to antagonism of the glutamatergic system. GBPs also inhibit cell
responses evoked by glutamate or its analogues by acting on the outside of cell membranes
without the involvement of G-proteins (Tasca et al., 1995; Regner et al., 1998; Tasca et al.,
1998; 1999a, 1999b).

Quinolinic acid (QA), an endogenous metabolite of tryptophan, is a potent endogenous
neurotoxin. The neurotoxic role of QA, first demonstrated by Lapin (1978), who showed
the convulsive effect of QA administration to mice (Lapin, 1978), is exerted via
glutamatergic receptors in CNS. Accumulation of QA in the brain seems to be involved in
the ethiopatogeny of convulsions and occurs in patients with hepatic encephalopathy,
acquired immune deficiency syndrome (AIDS)-related neurological disorders, Huntington’s
disease and in glutaric aciduria type I (Reinhardt et al, 1994; Stone, 2001). However, in
spite of its involvement in many diseases, the molecular mechanisms linking QA and brain
damage are far from understood.

Considering, i) the role of synaptic vesicles in the clearance of glutamate, modulating its
physiological and neurotoxic roles; ii) the attributable neuroprotective effect of GBPs
against glutamate toxicity; and iii) the neuropathological effects caused by accumulation of
QA, in this study we investigated the effect of GBPs on the inhibitory effect of QA on
glutamate uptake into rat brain synaptic vesicles, aiming to clarify the underlying

mechanisms of neurotoxicity/neuroprotective actions of these endogenous compounds
MATERIAL AND METHODS
Animals

Male Wistar rats (3 months, 200-250 g) maintained on a 12 hour light-12 hour dark

schedule at 25°C, with food and water ad libitum, were obtained from our local breeding
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colony. The “Principles of laboratory animal care” (NIH publication n® 85-23, revised

1985) were followed for all the experiments.

Materials

Quinolinic acid, AMP, IMP, ATP, L-glutamate, guanine, guanosine (GUO), GMP,
guanosine-5’-O-2-thiodiphosphate (GDPB-S), 5’-guanylylimidodiphosphate (GppNHp),
and Bafilomycin A; were all purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.).
L-[G-*H]Glutamate (57.0 Ci/mmol) was obtained from Amersham International
(Buckinghamshire, U.K.). Acridine orange, oxonol V and carbonylcyanide-p-
(trifluoromethoxy)phenylhydrazone (FCCP) were kindly provided by Dr. L. de Meis. All
other chemicals were of analytical grade and were purchased from standard commercial

suppliers.

Synaptic vesicles preparation

Synaptic vesicles were isolated from rat brains as described by Fykse and Fonnum
(1988). Homogenates (10% wt/vol) from two whole rat brains were made in 0.32 M
sucrose, 10 mM Mops-Tris (pH 7.4), and 1 mM EGTA and centrifuged for 10 min at 800 g
(Sorvall RC-5C). The pellet was suspended, homogenized and spun again, and both
supernatants were pooled and centrifuged for 30 min at 20.000 g to obtain crude
synaptosomal fractions (P;). The crude synaptosomal fractions were osmotically shocked
by resuspension in a small volume (approximately 0.8 ml/g of fresh tissue) of 10 mM
Mops-Tris (pH 7.4) containing 0.1 mM EGTA and centrifuged at 17.000 g for 30 min. The
remaining supernatant containing synaptic vesicles were subjected to a discontinuous (0.4
M and 0.6 M) sucrose density gradient centrifugation at 65.000 g (Optima L Preparative
Ultracentrifuge - SW28 rotor) for 2 h. Synaptic vesicle fractions were isolated from the
bottom of the 0.4 M sucrose band and stored at -70° C. In order to evaluate a possible
contamination by plasme membrane vesicles, we performed control incubations with the
addition of high sodium concentrations, since glutamate uptake by plasme membranes is
Na*-dependent. In none of the synaptic vesicle preparations the uptake was increased by
sodium ions (data not shown). Additionally, we performed the electronic microscopy of our

preparation, were we observed the purity of synaptic vesicles preparation. Protein
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concentration was determined by the method of Lowry et al. (1951), using bovine serum

albumin as standard.

Glutamate Vesicular Uptake

Uptake was performed as described by Wolosker et al. (1996) and detailed by
Tavares et al. (2000; 2001). Briefly, standard uptake medium were composed by 10 mM
Mops-Tris (pH 7.4), 4 mM KCl, 140 mM potassium gluconate, 0.12 M sucrose, 2 mM
MgCl, 2 mM ATP, 50 uM L-glutamate, 3 uCi/ml L-[*H]glutamate.. In experiments
performed to study the QA effect, 0.01 to 10 mM QA was added in the uptake medium. In
order to evaluate the action of GBPs, 100 nM to 1 mM of guanine, guanosine, GMP,
GDPB-S or GppNHp were added in the uptake medium. AMP or IMP were used in
concentration of 1 mM. Uptake was started by the addition of synaptic vesicles (40-50 pug
of protein/tube), carried out for 1.5 to 10 min at 35° C, and the reaction was stopped by
rapid filtration of the assay medium through 0.45 um Millipore filters. The filters were
quickly flushed with three times 4 ml of 10mM Mops-Tris (pH 7.4) at room temperature.
Glutamate uptake was corrected for nonspecific binding, which was measured in the

absence of ATP. Radioactivity was counted in a liquid scintillation counter.

Measurement of ATPase activity

ATP hydrolysis was assayed in standard uptake medium, as described above, in the
absence of radioactive glutamate. Vesicles were pre-incubated for 10 minutes in the
presence of 1 uM Bafilomycin A; (Bafilomycin-sensitive ATPase) or not for evaluation of
total Mg*-ATPase. Synaptic vesicle preparations were added to reaction medium
containing 50 UM glutamate and QA (0.5 to 10 mM), and incubated for 10 min at 35° C.
Reaction was stopped by the addition of trichloroacetic acid 10 % (vol/vol). Samples were
chilled on ice for 10 min and 100 pl aliquots were withdrawn for assaying the released
inorganic phosphate (Pi) through the method of Chan et al. (1986), using malachite green as
the color reagent. Controls with addition of the synaptic vesicle preparation after

trichloroacetic acid were used for correcting non-enzymatic Pi releasing.
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Electrochemical proton gradient

Fluorescence measurements were made at 25° C in a F-3010 Hitachi fluorescence
spectrophotometer using pH and potential-sensitive probes as described previously
(Maycox et al, 1988; Cidon and Sihra, 1989). The proton gradient (ApH) was determined
by measuring the fluorescence quenching of acridine orange (2 uM) at 492 (excitation) and
537 nm (emission). The transmembrane potential (AY) was determined by measuring the
fluorescence quenching of oxonol V (1.5 uM) at 617 (excitation) and 643 nm (emission).
The reaction was started by the addition of 2 mM ATP to a 1.5 ml cuvette containing 100
png synaptic vesicle protein/ml, 10 mM Mops-Tris (pH 7.0), 140 mM KCI (for ApH
measurement) or 140 mM potassium gluconate (for A¥Y measurement). The reaction was

stopped by the addition of the protonophore FCCP to a final concentration of 10 uM.

Statistical analysis
Results were analyzed by one-way ANOVA followed by Duncan’s multiple-range

test when appropriate.

Results

In a previous study we demonstrated that Quinolinic Acid (QA) inhibited vesicular
uptake of glutamate when incubated for 10 min (steady-state). In order to clarify the
mechanism of this inhibition, we performed a time course analyses (ranging from 0.5 to 10
min) by using 1 mM QA (Fig. 1). In the presence of 50 uM glutamate, QA displaying an
inhibitory effect from 1.5 min. The effects of increasing concentrations (0.1 to 10 mM) of
QA on the initial rate (1.5 min) of glutamate uptake was studied (Fig. 2). QA inhibited the
glutamate uptake significantly from 0.5 mM.

The kinetic parameters were determinated, using Linewever-Burk analysis. When
assaying glutamate uptake for 10 min incubations, the Kj, values observed were not
different in the absence or presence of 1 mM QA: 0.73 £ 0.18 mM and 0.69 £ 0.24 mM,
respectively. However, V.. values for vesicular glutamate uptake were significantly

decreased from 4.31 + 0.79 nmol/mg protein.min™ to 2.62 % 0.52 nmol/mg protein.min™ in
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the presence of 1 mM QA (Fig 3). Thus, QA appears to act as noncompetitive inhibitor
with respect to glutamate. In order to verify whether the inhibitory effect of QA could be
due to an effect on the V-ATPase, we measured the activity of the vesicular Bafilomycin-
sensitive ATPase, enzyme involved in the uptake by generation of energy. Activity of total
vesicular Mg**-ATPase also was measurement for functional control of the synaptic
vesicles preparation. We observed that QA from 0.5 to 10 mM did not affect the ATP
hydrolysis by Bafilomycin-sensitive V-ATPase in the vesicle preparations, indicating that
inhibitory effect of QA was occurring probably through action on glutamate carrier (Fig. 4).
The formation of a proton gradient (ApH) and transmembrane potential (Ay) are necessary
to drive glutamate uptake. The evaluation of this electrochemical proton gradient showed
that 1 mM QA did not alter the proton gradient or transmembrane potential (data not
shown).

Previous studies from our group demonstrated importance of guanine based purines
(GBP) in the modulation of the glutamatergic responses. Fig 6 shows the interaction
between 0.5 mM QA and GBP (100 nM to 1 mM) on vesicular glutamate uptake. The
inhibitory effect caused by 0.5 mM QA was reversed from of all GBP used (GUA, GUO,
GMP, GDPB-S or Gpp(NH)p), in concentration from 10 uM to 1 mM. We have previously
demonstrated that GBP caused a delay in vesicular glutamate uptake, however at 10 min.
incubations, no GBP alone affected the glutamate uptake (data not shown). Adenine or
inosine derivatives (AMP or IMP) did not revert the inhibition induced by 0.5 mM QA on
the vesicular glutamate uptake (Fig. 7), indicating a specific modulatory effect of guanine

derivatives on QA-induced vesicular glutamate uptake inhibition.
Discussion

Brain synaptic vesicles actively accumulate glutamate from the cytosol by a process
driven by a transmembrane electrochemical proton gradient generated by a Mg**-ATPase.
This uptake is mainly driven by the membrane potential (Rudnick, 1998). Glutamate uptake
in synaptic vesicles were shown to occur in many animal species, as fish, avians (Roseth
and Fonnum, 1995) and rats (Roseth et al, 1995). This system can be modulated by

endogenous or exogenous compounds; the inhibition of glutamate uptake into synaptic
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vesicles by an endogenous cytosolic factor (Lobur et al, 1990) or nitric oxide (Wolosker et
al, 1996) and by exogenous factors, as mitochondrial uncouplers and ionophores, some
dyes (Wang e Floor, 1998; Ogita et al, 2001), or some pesticides (Vaccari et al, 1999) and
also by glutamate analogs, including naturally occurring amino acids (Fykse et al, 1989),
have been demonstrated. The impairment of this uptake lead to increased concentrations of
extracellular glutamate, which can evoke excitotoxic actions. Therefore, the clearance of
extracellular glutamate must be precisely modulated (Fykse et al, 1989; Rudnick, 1998).

The intracellular roles of guanine based purines (GBP) in many events have
been already described ( for a review, see Bourne et al, 1990). GTP modulates
transmembrane signal transduction by binding to G-proteins, leading them to the
active state; an intrinsic GTPase activity of G-proteins produces GDP, which remains
bound to G-proteins in their inactive state (Hepler and Gilman, 1992). Moreover,
recents studies suggested that neuroprotective GBPs effects against toxic
overstimulation of the glutamatergic system were exerted specifically by guanosine or
through the conversion of guanine nucleotides to guanosine (Soares et al, 2004).
Several reports have suggested that QA 1is associated with neuronal damage, through the
overactivation of NMDA subtype of glutamate receptors. Striatal administration of QA may
be associated with neurotoxicity and development of neurological damage resembling
consequences observed in Huntington’s disease (Beagles et al, 1998). Recently we
demonstrated that QA inhibits the vesicular glutamate uptake, without interfering on
GABA or glycine uptake (Tavares et al, 2000), stimulates the glutamate synaptosomal
release and inhibits the uptake in astrocytes (Tavares et al, 2002).
The inhibition time and concentration-dependent of vesicular glutamate uptake produced by
QA may be related to the mechanisms involved in neurotoxicity induced by this compound,
besides NMDA receptor stimulation. The absence of some inhibitory effect on vesicular
ATPase activity indicates that QA is acting directly on the vesicular carrier, were normally
glutamate binds. By inhibiting vesicular glutamate uptake, QA might alter the synaptic
turnover of glutamate.

QA inhibitory effect on vesicular glutamte uptake was reversed by GBP.
Considering that QA is an endogenous neurotoxin, these results point to an additional site

of GBP action as neuroprotective compound. This is a important evidence that GBP may be
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neuroprotectors by acting in other sites than glutamatergic receptors in neural cell
membranes. The ineffectivity of AMP or IMP on QA inhibition could indicate some

specificity of guanine purines as compared with other purines.
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Legends

Figure 1: Effect of QA on time-course of glutamate uptake into rat brain synaptic vesicles.
QA 1 mM was incubated in the presence of 50 uM L-[*H]glutamate, for 0.5 to 10 min at
35° C. Results are expressed in mean + S.E.M. (nmol.mg protein™.min™") and represent 6
separate experiments from different synaptic vesicles preparations. Incubations were

performed in triplicates. *Indicates means significantly different from the control group,

p<0.05.

Figure 2: Effect of increasing QA on glutamate uptake into synaptic vesicles. QA from
0.01 to 10 mM was incubated for 1,5 min at 35° C in the presence of 50 pM L-
[*H] glutamate. Results were expressed in mean * S.E.M. (nmol.mg protein”.min"") and
represent 6 separate experiments from different synaptic vesicles preparations. Incubations
were performed in triplicates. *Indicates means significantly different from the control

group, p<0.05.

Figure 3: Effect of increasing glutamate concentration on glutamate uptake into rat brain
synaptic vesicles in the absence or presence of 1 mM QA. Lineweaver-Burk analysis in 10
min incubations displaying the K, values in the absence or presence of 1 mM QA: 0.73 £
0.18 mM and 0.69 = 0.24 mM, respectively. V. values were 4.31 = 0.79 nmol/mg
protein.min™ and 2.62 * 0.52 nmol/mg protein.min™ (p<0.05). Data represent means of 12
separate experiments carried out in triplicate. Standard deviations did not reach 20% of the

values of means.

53



Figure 4: Effect of increasing QA concentrations on Bafilomycin-sensitive V-ATPase
activity in the rat brain synaptic vesicles. QA ( 0.5 to 10 mM) was incubated for 10 min at
35° C in the presence of 2 mM ATP and standard incubation medium. Data represent
means £ S.E.M. of 4 separate experiments carried out in triplicate. *Indicates means

significantly different from the Total V-ATPase activity, p<0.05.

Figure 5: Effect of GBP (guanine, guanosine, GMP, GDPB-S or Gpp(NH)p) (100 nM to 1
mM) on glutamate uptake into rat brain synaptic vesicles. The incubation lasts for 10 min at
35° C in the presence of 50 uM glutamate plus 0.5 mM QA. Data represent means of 6
experiments carried out in triplicate. Standard errors did not reach 20% of the values of

means. *indicates means significantly different from the control group, p<0.05.

Figure 6: Effect of AMP or IMP (I mM) on glutamate uptake into rat brain synaptic
vesicles. The incubation lasts for 10 min at 35° C in the presence of 50 uM glutamate plus
0.5 mM QA. Results were expressed in mean + S.E.M. (nmol.mg protein'l.min'l) and
represent 6 separate experiments from different synaptic vesicles preparations. Incubations
were performed in triplicates. *indicates means significantly different from the control

group, p<0.05.
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Abstract

Glutamate is the main neurotransmitters, mediating excitatory synaptic events. Giving the
relevance of glutamate in epileptogenesis and the role of animal models in understanding
epilepsy pathogenesis, the aim of this study was to investigate the effects of in vivo
administration of several convulsant agents on glutamate uptake by synaptic vesicles in
rats. Animals were treated with vehicle (saline 0.9%), QA (quinolinic acid) 156.8 nmoles,
kainate 30 mg/kg, picrotoxin 6 mg/kg, PTZ (pentylenetetrazole) 60 mg/kg, caffeine 150
mg/kg or MES (maximal transcorneal electroshock) 80 mA. All convulsants induced
seizures up to 100 % of animals but only QA stimulated glutamate uptake by synaptic
vesicle. This study provided new evidence on the role of QA on glutamate synaptic vesicle

uptake in rats.

Keywords: Epilepsy, seizures, quinolinic acid, glutamate uptake, synaptic vesicles.
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1 - Introduction:

Glutamate, by acting via ionotropic and metabotropic receptors, is the main
excitatory neutransmitter in mammalian central nervous system (CNS), being essential for
its normal function [1]. However, overstimulation of the glutamatergic system such as
increasing concentrations of glutamate in the synaptic cleft has been implicated in the
pathogenesis of several acute and chronic brain diseases such as epilepsy [1-4]. An altered
glutamate neurotransmission will lead to an excess of excitation, which may play a pivotal
role in the initiation and/or spread of abnormal discharges that can result in seizures [5].

Glutamate is taken up and stored for neurotransmission in synaptic vesicles by a
Mg(2+)-ATP dependent process. The main driving force for vesicular glutamate uptake is
the transmembrane potential [6]. Upon substantial increase in the intracellular free calcium
concentration, synaptic vesicles fuse with the plasma membrane and release their
neurotransmitter contents, initiating synaptic neurotransmission [6,7]. Altered transport
properties (i.e. increased glutamate uptake activity) could be related to an enhanced
excitatory neurotransmission, which can lead to seizure behavior [8].

A great variety of animal models have been used in epilepsy research in the last 40
years [9]. These range from electrical induced seizures to genetic models of epilepsy in rats
and mice [8,9]. These models have proved to be useful in understanding of the pathogenesis
of epilepsy and testing the anticonvulsant properties of agents given systemically [9].
Quinolinic acid (QA), an agonist of N-methyl-D-aspartate (NMDA) receptors and
glutamate releaser, induces seizures, has been proposed to be involved in the etiology of
epilepsy [10,11] and has proven to be a useful animal model of seizures involving the
glutamatergic system. Other toxic agents such as kainate, picrotoxin, pentylenetetrazole
(PTZ), caffeine and maximal transcorneal electroshock (MES) promote seizures, provide
adequate animal models to study epilepsy and may modulate, at least partially, the
glutamatergic system [9].

Giving the relevance of glutamate in pathological processes such as epilepsy, the
potential modulation of glutamatergic neurotransmission by synaptic vesicles and the
pivotal role of animal models in understanding the epilepsy pathogenesis, the aim of this

study was to investigate and compare the effects of in vivo administration of several electral
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and chemical convulsant agents on glutamate uptake by synaptic vesicles from rat brain.

2 - Material and methods:
2.1. Drugs
QA, kainate, picrotoxin, PTZ and caffeine were obtained from Sigma Chemicals (St Louis,
MO, USA). L-[’H]Glutamate (57.0 Ci/mmol) was purchased from Amersham International
(UK). The anesthetic sodium thiopental was obtained from Cristdlia (SP, Brazil). All
solutions were dissolved in saline 0,9% and buffered with 0,1 N NaOH or 0,1 N HCI to pH
7,4 when necessary.
2.2. Animals

Male adult Wistar rats (250-350 g) were kept on a 12 hour light/dark cycle (light on
at 7:00 am) at a constant temperature of 22 + 1°C. They were housed in plastic cages (five
per cage) with commercial food and tap water ad libitum. Our institutional protocols for
experiments with animals, designed to minimize suffering and limit the number of animals
sacrificed, were followed throughout.
2.3. Animal models of seizures
2.3.1 Quinolinic acid-induced seizures

Animals were anesthetized with sodium thiopental (40 mg/kg, 1 ml/kg, i.p.). In an
stereotaxic apparatus, the skin of the skull was removed and a 27 gauge 9 mm guide
cannula was placed at 0.9 mm posterior to bregma, 1.5 mm right from de midline and 1.0
mm above the lateral brain ventricle. Through a 2 mm hole made at the cranial bone, the
cannula was implanted 2.6 mm ventral to the superior surface of the skull, and fixed with
jeweler acrylic cement. Experiments were performed 72 hours after surgery. A 30 gauge
cannula was fitted into the guide cannula and connected by a polyethylene tube to a
microsyringe. The tip of the infusion cannula protruded 1,0 mm beyond the guide cannula
aiming the lateral brain ventricle. Animals were treated with an i.c.v. infusion of either 4
pL of vehicle (saline 0.9%) or QA (39,2 mM, the lowest dose causing seizures in all control
animals). Rats were observed in plexiglas chambers for the occurrence of tonic-clonic
seizures lasting more than 5 seconds [12]. Ten minutes after first seizure, rats were sacrified

by decaptation and brain used for synaptic vesicle preparation. Animals not displaying
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tonic-clonic seizures during the first 10 minutes of behavior observation were discarded
from synaptic vesicle preparation.
2.3.2. Kainate-induced seizures

The kainate model has been described previously [13]. In summary, animals
received a single i.p. dose of vehicle (saline 0.9%) or kainate (30 mg/kg) and observed for
60 minutes for the ocurrence of seizures. Ten minutes after the first seizure, rats were
sacrified by decaptation and brain used for sinaptic vesicle preparation. Only animals that
reached generalized motor seizures were used for the synaptic vesicle preparation.
2.3.3. Picrotoxin-induced seizures

Picrotoxin seizure model has been described in detail previously [14]. Rats were
treated with a subcutaneous (s.c.) infusion of vehicle (saline 0.9%) or picrotoxin (6 mg/kg)
and observed for 60 minutes for the presence of clonic seizures. Ten minutes after the first
seizure, rats were sacrified by decaptation and brain used for sinaptic vesicle preparation.
Animals not displaying clonic seizures during these 60 minutes were discarded from
synaptic vesicle preparation..
2.3.4. PTZ-induced seizures

A single i.p. injection of PTZ induces seizures in rats as described previously [15].
Rats were treated with an i.p. infusion of vehicle (saline 0.9%) or PTZ (60 mg/kg) and
observed for 60 minutes for the presence of tonic-clonic seizures. Ten minutes after the first
seizure, rats were sacrified by decaptation and brain used for sinaptic vesicle preparation.
Animals not displaying tonic-clonic seizures were discarded from synaptic vesicle
preparation.
2.3.5. Caffeine-induced seizures

As previously described [18], i.p. administration of caffeine can induce seizures in
rodents. In this study, rats recieved an 1.p. injection of vehicle (saline 0.9%) or caffeine
(150 mg/kg) and observed for 60 minutes for the presence of clonic seizures. Ten minutes
after the first seizure, rats were sacrified by decaptation and brain used for sinaptic vesicle
preparation. Animals not displaying clonic seizures were not included in the synaptic
vesicle preparation.

2.3.6. Maximal transcorneal electroshock (MES)-induced seizures
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Seizures induced by transcorneal electroshock has been described in detail
previously [16,17]. Rats were challenged via saline-soaked copper electrodes to a bilateral
transcorneal stimulation of a constant current of 80 mA. The tonic hind-limb extension was
taken as the end-point for seizure activity. Ten minutes after the first seizure, rats were
sacrified by decaptation and brain used for sinaptic vesicle preparation. Animals not
displaying tonic seizures (hind-limb extension) were discarded from synaptic vesicle
preparation.

2.4. Synaptic vesicles preparation

Synaptic vesicles were isolated from rat brains as described elsewhere [19]. Two whole
brains were homogenized (10% wt/vol) in a buffer containing 0.32 M sucrose, 10 mM
Mops/Tris, pH 7.4, and 1 mM EGTA and centrifuged twice for 10 min at 1000 x g. Both
supernatants were pooled and centrifuged for 30 min at 20,000 x g to obtain the crude
synaptosomal fraction (P2). This fraction was osmotically shocked by resuspension in 10
mM Mops/Tris, pH 7.4, containing 0.1 mM EGTA (~0.8 mL/g of fresh tissue) and
centrifuged at 17,000 x g for 30 min. The supernatant containing synaptic vesicles was
subjected to 0.4 M and 0.6 M sucrose density gradient centrifugation at 65,000 x g for 2 h.
The synaptic vesicle fraction was isolated from the 0.4 M sucrose band and stored at —70
°C.

2.5. [’H]Glutamate uptake by synaptic vesicles

Uptake experiments were performed in a standard medium (final volume of 200 pL)
composed of 10 mM Mops/Tris, pH 7.4, 4 mM KCl, 140 mM potassium gluconate, 0.12 M
sucrose, 2 mM MgCl,, 2 mM ATP, with 50 uM [H]glutamate (3 uCi/mL), as previously
described [20]. Incubation was carried out for 10 min at 35° C, and stopped by rapid
filtration of the suspension through 0.45 pum Millipore filters. The filters were quickly
flushed three times with 4 mL of 10 mM Mops/Tris, pH 7.4, at room temperature. Specific
uptake was calculated by discounting the uptake measured in the absence of ATP.
Radioactivity was measured with a Wallac scintillation counter.

2.6. Measurement of protein content
Protein content was determined according Lowry [21], using serum bovine albumin

as standard.
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2.7. Statistical analysis

For behavioral data, statistical analysis between groups was performed by the Fisher
exact test for the occurrence of seizures. For synaptic vesicles preparation, statistical
significance was assessed by ANOVA followed by Duncan’s multiple range test when
appropriate. All synaptic vesicle experiments were performed at least in triplicates and the

mean was used for the calculations. All results with p<0.05 were considered significant.

3 — Results

An acute i.c.v. administration of QA (156,8 nmoles) induced seizures in 90% of
animals. Kainate (30 mg/kg 1.p.) and caffeine (150 mg/kg 1.p.) caused seizures in 83% and
85% of rats, respectively. Picrotoxin (6 mg/kg s.c.), PTZ (60 mg/kg i.p.) or maximal
electroshock (80 mA) produced seizures in all animals (Figure 1). Neither s.c., i.p. nor i.c.v.
admistration of saline produced seizures in rats.

We also studied the effects of in vivo administration of the convulsant agents on the
vesicular uptake of glutamate. I.c.v. administration of QA was able to stimulate the uptake

of glutamate, an effect not reproduced by any other convulsant (Figure 2).

4- Discussion:

This study shows that an acute in vivo i.c.v. administration of QA induces seizures
and increases glutamate uptake into synaptic vesicle from rat brain. This effect seems to be
exclusively related to QA, since a similar acute administration of kainate, picrotoxin, PTZ,
caffeine or MES did not affect glutamate uptake into synaptic vesicle.

Glutamate accumulation into synaptic vesicles is a vital step in glutamate synaptic
transmission. The up-regulation of glutamate storage capacity could lead to an increase in
quantal size and play a role in modulation of glutamate transmission efficiency [22].

As evidenced previously, prolonged depolarization of synaptosomes leads to an
increase in vesicular glutamate content [22] and glutamate uptake by synaptic vesicles is
increased in a brain region-specific manner in epileptic mice, probably in response to
overstimulation of glutamatergic system [8]. Thus, disturbance in glutamate-accumulating

vesicles may occur as a consequence of repeated seizure activity. Since glutamatergic
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synapses and the vesicular glutamate uptake system are widely distributed in the CNS, it is
reasonable that abnormal vesicular accumulation or transport function may have a pivotal
role in seizures induced by glutamatergic agents such as QA [8].

Although QA is an endogenous NMDA agonist and presents effects impaired by
NMDA antagonists [23,24], it has been proposed to stimulate the release of glutamate, an
effect that could be related, at least partially, to its convulsant effect [25]. Guanine-based
purines are compounds known to induce astrocytic glutamate uptake and protect against
seizures induced by QA in rodents [23,24,26]. Thus, it is tempting to presume that
glutamate release induced by QA could be directly related to an up-regulation of glutamate
storage capacity in synaptic vesicle. However, remains uncertain if QA-induced glutamate
uptake is the initial cause, an effect of seizure activity or represent the cause of continued
seizures by augmenting glutamate synaptic strength [22], since in vitro administration of
QA inhibits glutamate uptake into synaptic vesicles from rat brain [27].

In vitro administration of kainate was not uptaken by synaptic vesicle and was a
non-competitive inhibitor of the glutamate uptake [28]. No increase in dialysate glutamate
content was detected during picrotoxin-induced seizures, even when the K" concentration
in the perfusion medium was raised to 50% above that measured previously during
paroxysmal activity [29]. In mice, GABA antagonists such as bicuculline and picrotoxin
were unable to change levels of aspartate, glutamate, GABA and taurine in nerve endings
[30]. Also, administration of PTZ did not change forebrain concentrations of amino acids
[31]. Systemic administration of caffeine increased locomotor activity but did not increase
extracellular levels of glutamate [32]. Sodium-independent binding and sodium-dependent
glutamate high affinity uptake were measured in hippocampal membranes of rats
administered electroshock seizures. There were no differences in these glutamatergic
synaptic markers among electroshocked or kindled animals [33].

Altogether, these findings indicate that seizure activity is not necessarily accompanied by
an overall increase in extracellular glutamate concentration and QA effects on glutamate
uptake may be related specifically to its mechanism of action in spite of other convulsants.
Increased glutamatergic excitation in epilepsy may result from other abnormalities such as
increased density of glutamate receptors, enhanced activation subsequent to reduced

modulation, or sprouting of glutamatergic synapses [14,29].
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5- Conclusion

In conclusion, this study provided new evidence on the role of QA-induced seizures
on glutamate synaptic vesicle uptake in rats in vivo. This effect seems to be not mediated by
other neurotransmitter systems since neither the non-NMDA agonist kainate, the GABA
antagonists picrotoxin or PTZ, the adenosine receptor antagonist caffeine nor the electrical

stimulus affected the synaptic vesicle glutamate uptake.
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Legends:

Figure 1 — Seizures induced by vehicle (saline 0.9%), QA (quinolinic acid — 156.8 nmoles),
Kainate (30 mg/kg), picrotoxin (6 mg/kg), PTZ (pentylenetetrazole — 60 mg/kg), caffeine
(150 mg/kg) or MES (maximal transcorneal electroshock — 80 mA). n = 6 — 10 animals per

group. * = p < 0.01 (Fisher exact test), as compared with other groups.

Figure 2 — Effects of in vivo administration of vehicle (saline 0.9%), QA (quinolinic acid —
156.8 nmoles), Kainate (30 mg/kg), picrotoxin (6 mg/kg), PTZ (pentylenetetrazole — 60
mg/kg), caffeine (150 mg/kg) or MES (maximal transcorneal electroshock — 80 mA) on
glutamate uptake into brain synaptic vesicles. Glutamate uptake is expressed as nmol.mg of
protein™.min"'. Data are mean * SD. * = p < 0.01 (ANOVA followed by Duncan’s multiple

range test), as compared with vehicle group.
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III. CONSIDERA COES FINAIS



H4 mais de 40 anos, Lucas demonstrou que glutamato, quando injetado
sistemicamente, causava degeneracao da retina (Lucas,1957). Em 1967, Olney mostrou que
o glutamato extracelular pode causar lesdes no sistema nervoso central (Olney, 1969); apds
publicou sua hipdtese de ‘excitotoxicidade’ para a agcdo do glutamato (Olney, 1971).
Atualmente, vdrios estudos sugerem que este mecanismo glutamatérgico de
excitotoxicidade estd envolvido na fisiopatologia de muitas alteracdes neuroldgicas,
incluindo as doencgas neurodegenerativas. Além disso, outras evidéncias tém sugerido a
participacdo do dano oxidativo, de alteracdes na homeostase do cdlcio e do
comprometimento metabdlico nos mecanismos patolégicos das doencgas neurodegenerativas
(Ying, 1996). Todos estes comprometimentos no metabolismo celular podem ser
provocados pelo excesso de ativacdo dos receptores glutamatérgicos (Pellegrini-Giampietro
et al., 1990; Lafon-Cazal et al., 1995).

Até o momento, muitas excitotoxinas enddgenas e exdgenas tém sido estudadas,
como o AQ e o préprio glutamato; porém, seus mecanismos de acdo ndo estdo
completamente elucidados (Reynolds Jr. et al., 1997). Baseado no conceito de
excitotoxicidade, e em resultados obtidos em nosso laboratério que demonstraram ser o AQ
um inibidor da captacdo de glutamato em vesiculas sindpticas (Tavares et al, 2000),
buscou-se investigar se este também apresentava efeitos sobre os sistemas transportadores
presentes nas membranas pré- e pds-sindpticas, através da avaliacdo dos processos de
captagio e libera¢do de glutamato em sinaptossomas, j4 que estes transportadores Na'-
dependente representam um papel importante na manuten¢do do equilibrio dinamico da
concentracdo glutamatérgica intra e extracelular, impedindo a agdo toxica deste

neurotransmissor.
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In vitro, observamos que somente o processo de liberagdo de glutamato ¢é
estimulado em presenca do AQ. Buscando-se verificar se esta liberacio aumentada de
glutamato ocorria por despolarizagdo via influxo de fons Ca*?, estudou-se o efeito do AQ
em sinaptossomas ja despolarizados (em presenca de alta concentracdo de ions K¥) e
também em presenca de EGTA, um agente conhecidamente quelante de fons Ca*>. Nestas
situacdes, AQ nado induziu nenhum aumento adicional da liberacdo de glutamato, além de
ter seu efeito estimulatério completamente abolido quando da auséncia de fons Ca*
exogenos. Além disso, utilizando-se um antagonista do receptor NMDA, o MK-801, o
efeito do AQ também deixou de ser observado, o que ratifica que a acdo do AQ ocorre via
ativacdo de receptores glutamatérgicos do tipo NMDA (Stone, 2001).

A consequéncia primdria de wuma inibicdo na captacdo vesicular de
neurotransmissores seria a deplecdo das suas reservas vesiculares, reduzindo a liberacao
deste neurotransmissor na fenda sindptica de maneira dependente de fons Ca** (induzida
por despolarizagdo). Além disso, caso as vias de metabolizagdo intracelular do
neurotransmissor ja se encontrem saturadas, a inibicdo desta captagdo vesicular poderia
causar ainda um aumento na sua concentracdo intracelular. No entanto, as consequéncias
finais da inibicdo da captacdo vesicular parecem depender ainda do funcionamento dos
transportadores presentes na membrana plasmdtica, onde poderiamos especular que um
aumento na concentragdo intracelular poderia resultar em liberacdo espontinea de
glutamato através da inversdo do sentido de transporte deste neurotransmissor pelos
transportadores de membrana plasmatica (dependentes de fons Na*). A proposicdo deste
mecanismo nos parece razodvel considerando as diversas evidéncias de que déficits na
producgdo celular de energia favorecem a reversdo do fluxo de neurotransmissor por este

transportador (Sdnchez-Prieto & Gonzélez, 1988; Szatowski et al., 1990).
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Atualmente sabe-se que a efetiva retirada do glutamato do meio extracelular € feita
pelas células gliais (Anderson & Swanson, 2000). Interessantemente, investigando o efeito
do AQ na captacio de glutamato em astrocitos, encontramos uma diminui¢do significativa
da mesma, ou seja, torna-se plausivel a hipétese de que um acimulo de glutamato da fenda
sindptica, resultante da combinagdo de liberacdo sinaptossomal aumentada e de um retardo
ou diminui¢do da eficiéncia de retirada do glutamato do meio extracelular via astrécitos
seja um fator colaborador para os efeitos neurotéxicos do AQ. Evidéncias indicando serem
os receptores NMDA a via preferencial de acdo do AQ despertaram a curiosidade: é
possivel haver alguma forma de modulagdo desta acao?

Nosso grupo tem demonstrado que os derivados da guanina, incluindo os
nucleotideos e também o nucleosideo guanosina, inibem repostas fisiol6gicas do glutamato,
como a fosforilagdo da proteina marcadora de astrdcitos, GFAP (Tasca et al., 1995) bem
como respostas excitotoxicas, exercendo assim um papel neuroprotetor. Pode-se citar, entre
os varios efeitos observados, a ag¢do protetora contra a morte celular induzida via receptor
NMDA em striatum (Malcon et al., 1997), a reducdo da ocorréncia de convulsdes induzidas
via ativagdo de receptores NMDA em modelos experimentais (Schmidt et al., 2000 ; Lara
et al., 2001, Vinadé et al., 2003), além de efeitos comportamentais amnésicos e ansioliticos
(Vinadé et al., 2003; Vinadé et al., 2005).

Evidéncias recentes sugerem que a agdo anticonvulsivante observada é devida a
acdo do nucleosideo guanosina, resultante da hidrélise enzimdtica do GMP (Soares et al.,
2004). Além disso, estes parecem exercer funcdo neurorregulatéria ou neuromoduladora
em vesiculas sindpticas (Tasca et al., 2004). Corroborando estes processos ja descritos, em
nosso estudo tanto os nucleotideos da guanina como o nucleosideo, preveniram o efeito

inibitério sobre a captacdo vesicular de glutamato induzida por AQ. E importante ressaltar,
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que ao contrdrio de outras respostas glutamatérgicas estudadas, no caso da captacdo
vesicular, os derivados da guanina estdo agindo em um sitio intracelular, compartimento
onde estdo normalmente disponiveis.

A utilizagc@o de AQ por administragdo i.c.v. em modelos experimentais para inducio
de convulsdes, ja estd bem caracterizada (Lapin ef al., 1978). Utilizando-se este modelo,
estudos subsequentes foram realizados para um melhor entendimento tanto da acdo do AQ
quanto da acdo dos derivados da guanina. Resumidamente, verificamos que vesiculas
sindpticas provenientes do cérebro de animais que convulsionaram apresentam uma
capacidade de captacdo glutamatérgica aumentada e captacio GABAérgica diminuida.

Em relagdo ao glutamato, vemos que este efeito € contrario aquele observado in
vitro, porém recentes evidéncias demonstram que o volume de neurotransmissor estocado
em vesiculas apresenta-se aumentado em situacdes de despolarizacdo sinaptossomal via
influxo de fons Ca*™ (Bole et al., 2002), o que é perfeitamente compativel com o
mecanismo de acdo do AQ via receptores NMDA. Soma-se a isso o fato de que, nos
estudos in vivo, temos ainda a participagdo de outros sistemas de transporte envolvidos,
principalmente os transportadores astrocitirios e sinaptossomais, € nao somente o0
transportador vesicular, como nos estudos de captacao vesicular in vitro.

Outro estudo usando animais geneticamente modificados, com predisposi¢do ao
aparecimento de convulsdes, também demonstrou que a captacdo vesicular de glutamato
estd aumentada nos animais que apresentaram eventos convulsivos. Assim, estes achados
nos permitem sugerir que o “quanta” vesicular de glutamato envolvido na neurotransmissao
pode ser modulado, e que este fato ndo seja a causa inicial das convulsdes, mas sim um
efeito da mesma, ou ainda um fator contribuinte para a manuten¢do da atividade epiléptica

(Lewis et al., 1997).
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Também nos estudos in vivo o efeito modulatério dos derivados da guanina foi
observado. Schmidt er al. (2000) ja haviam demonstrado que administracdo i.p. de
guanosina € GMP protegem os animais de convulsdes induzidas por AQ em até 80 %.
Adicionalmente, trabalhos recentes demonstraram que a convuls@o induzida por AQ neste
modelo pode também ser modulada por pré-condicionamento dos receptores NMDA, com
uso de doses subtoxicas desta substancias. Nesta situacdo, parece haver envolvimento nio
s6 dos receptores NMDA, mas também dos receptores adenosinérgicos do tipo A; (Boeck
etal.,2004).

Nossos resultados mostraram que a ocorréncia ou ndo de convulsdes modifica a
atividade de captagcdo vesicular. Nos animais onde foi observada uma prote¢do contra a
inducdo de convulsdes, os niveis de captacdo vesicular, tanto glutamatérgica quanto
GABA¢érgica, foram semelhantes aos encontrados nos animais controle. No entanto, nos
animais onde os derivados da guanina ndo foram eficientes na prote¢do contra a inducdo de
convulsoes, os niveis de glutamato e GABA encontraram-se, respectivamente, aumentados
e diminuidos, de acordo com os resultados previamente relatados. Pode-se sugerir, entdo,

que o efeito protetor dos derivados da guanina seja devido, pelo menos em parte, a

o

modulacdo e/ou regulacdo do transporte vesicular de neurotransmissores. Em relacdo

diminuicdo da captacdo vesicular de GABA observada neste estudo, pode-se relacionar a

(€N

mesma com 0 mecanismo convulsivo, onde um desbalango entre os neurotransmissores
observado (Allen et al., 2004; Bettler et al., 2004), ou ainda a agdo direta do AQ, ja que
estudos demonstraram que lesdes em consequéncia da administracdo de AQ no striatum
resultaram em considerdavel deplecdo de GABA (Maeda et al., 1997).

Outro achado interessante é que a captacdo glutamatérgica vesicular s6 se encontra

alterada no modelo de inducdo de convulsdo usando o agonista NMDA AQ, pois em outros
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modelos, usando dcido cainico, cafeina (modelo adenosinérgico), picrotoxina (modelo
GABA¢érgico), PTZ ou eletrochoque transcorneal, nenhuma alteragdo foi verificada.

Utilizando o mesmo modelo de inducdo de convulsdes por AQ, este possivel efeito
modulatério foi  também avaliado nos terminais pré- e pOds-sindpticos, usando-se
preparacdes de sinaptossomas. Observou-se que a liberagcdo basal de glutamato, estimulada
na presenca de AQ injetado i.c.v., retorna aos niveis do controle (salina 0,9 %) quando os
derivados da guanina sdo eficientes na protecdo contra a indug¢do de convulsdes.
Novamente pode-se pensar que este aumento na liberacdo sinaptossomal de glutamato
induzida por AQ, é causado por um influxo de Ca** e resultante despolarizagdo.

Outros estudos sugerem que os mecanismos envolvidos na acdo do AQ sejam bem
mais complexos, incluindo déficit energético (diminui¢do de producgdo e/ou utilizacdo do
ATP) por disfuncdo mitocondrial (Bordelon et al., 1997), producdo de radicais livres e
peroxidacdo lipidica (Santamaria et al., 2001). Embora cada um destes processos seja
distinto, efeitos sinérgicos parecem ocorrer.

Um mecanismo interessante de interligagdo entre os diversos efeitos das
neurotoxinas tem sido proposto por Alexi et al. (1998): toxinas mitocondriais agem
primariamente produzindo a deplecdo dos niveis de ATP. O resultado imediato do dano
mitocondrial é o aumento da producdo de radicais livres. O déficit energético resulta em
alteracdes na bomba de fons (Na",K'-ATPase) € nos canais i6nicos como o0s receptores
NMDA, promovendo influxo e conseqiiente acimulo intracelular de cdlcio com todos os
seus efeitos danosos inclusive a intensificacdo do processo de formacao de radicais livres.
Estes podem promover a morte celular por a¢do direta na membrana, destruindo proteinas e

oxidando o DNA. Embora os detalhes da interagdo entre os trés componentes deste
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mecanismo ndo sejam completamente elucidados, esta interacdo nos parece plausivel e
explicaria muitos dos efeitos observados na a¢do do AQ.

A presente demonstracio de que o AQ age alterando vdarios processos
glutamatérgicos, propicia um melhor entendimento dos complexos mecanismos envolvidos
na sua a¢do, bem como no desencadeamento e/ou manutencdo das convulsdes induzidas
por esta neurotoxina. A demonstra¢do de mais uma a¢do modulatéria e/ou neurorreguladora
dos nucleotideos da guanina frente a transmissdo glutamatérgica, também contribui para a
melhor compreensd@o dos mecanismos envolvidos na excitotoxicidade. Entretanto, ¢é
fundamental que estudos adicionais sejam realizados para determinar com clareza quais sao
os sitios de interacdo dos nucleotideos da guanina, seus possiveis receptores € um maior
detalhamento de sua funcdo sindptica, para que tenhamos uma melhor compreensdo do

papel destas substancias em situacdes fisioldgicas e patolégicas no sistema nervoso.
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IV. CONCLUSOES



O é4cido quinolinico in vitro estimula a liberagdo sinaptossomal de glutamato, sem
interferir na captacdo sinaptossomal do mesmo. Este efeito provavelmente seja devido a
acdo direta do 4cido quinolinico nos receptores NMDA, ja que antagonistas NMDA
(MK-801) aboliram o efeito estimulatério.

O 4cido quinolinico inibe a captagcdo vesicular de glutamato in vitro, de modo nao-
competitivo, dependente de tempo e concentragdo. Além disso, a atividade da V-
ATPase e a formacdo do gradiente préton-eletroquimico ndo sdo alterados, o que
reforca a provdavel acdo do 4cido quinolinico diretamente sobre o transportador
vesicular.

Os derivados da guanina exercem um efeito modulatério desta acdo do 4acido
quinolinico no transportador vesicular, ja que foram capazes de reverter o efeito
inibitério observado.

Este efeito mostrou-se especifico dos derivados da guanina, pois derivados da adenina
(AMP) e da inosina (IMP) ndo exerceram nenhum efeito modulatério.

Estudos in vivo, usando modelos experimentais de convulsio, mostraram haver
especificidade do 4cido quinolinico na estimulacio da captagdo vesicular de glutamato.
O 4cido quinolinico, in vivo, inibe a captagc@o vesicular de GABA.

MK-801, antagonista NMDA, preveniu tanto a ocorréncia das convulsdes, bem como o
estimulo da captag@o vesicular do glutamato, reiterando a a¢ao do acido quinolinico via
receptores NMDA.

Os derivados da guanina sdo efetivos na prevencdo da convulsido induzida por 4cido

quinolinico, e também na modulacdo de seu efeito sobre o transportador vesicular,
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abolindo tanto o efeito estimulatdrio da captagdo vesicular de glutamato, como o efeito
inibitdrio da captagdo vesicular de GABA.

Também nos estudos in vivo o acido quinolinico estimula a liberacdo sinaptossomal de
glutamato, sem interferir na captagdo sinaptossomal do mesmo. Quando houve
prevencao da convulsio induzida por dcido quinolinico pelos derivados da guanina, este

efeito estimulatério ndo foi observado.

A partir destas conclusdes, algumas perspectivas de estudo podem ser desenvolvidas,
como:

Avaliar a acdo do dcido quinolinico no efluxo vesicular de glutamato, buscando um
melhor entendimento de seu mecanismo de acgdo.

Usando modelos in vivo e in vitro, avaliar a acdo do 4cido quinolinico na captagdo de
glutamato em fatias de cérebro de ratos, bem como a acdo dos derivados da guanina
neste mesmo sistema.

Avaliar a atividade de enzimas antioxidantes, producdo de radicais livres e dano
mitocondrial em animais submetidos a convulsdo induzida por 4cido quinolinico, e
também naqueles protegidos por derivados da guanina.

Avaliar o tipo de morte celular, necrose ou apotose, em cérebros de animais submetidos

a concentragdes convulsivantes de dcido quinolinico.
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