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“Quem nao traz na alma a imensidao do pampa se perde na pequenez de sua

propria existéncia.”

“Isto nos sabemos.
Todas as coisas estdo ligadas
Como o sangue
Que une uma familia...
O Homem nao tece a teia da vida;

Ele ¢ apenas um fio.

Tudo o que faz a teia,
Ele faz a si mesmo”

Ted Perry — Inspirado no chefe Seattle

“Todo fazer € um conhecer e todo conhecer é um fazer.”

Maturana & Varela
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RESUMO

Durante as ultimas décadas os estudos do sistema purinérgico concentraram seu
foco de atengdo nas acdes dos derivados da adenina (como adenosina ¢ o ATP). Seus
efeitos, receptores, agonistas e antagonistas encontram-se muito bem estabelecidos dentro
do sistema nervoso central. Os resultados obtidos com os diversos estudos dos derivados da
guanina trazem uma nova perspectiva para o estudo do sistema purinérgico. Os
nucleotideos derivados da guanina sdo classicamente associados ao sistema de transmissao
de sinal transmembrana via proteinas G. Além disto, suas acdes extracelulares sobre o
sistema nervoso central, especificamente sobre o sistema glutamatérgico, t€ém tornado essa
classe de moléculas uma nova fronteira no estudo da neuroprote¢do. Estas moléculas
também sdo capazes de promover processos trofico e mitoticos nas células do SNC,
promover a liberacdo de fatores de crescimento e estimular o influxo de cdalcio nos
astrocitos.

Entretanto, suas agdes sobre o sistema glutamatérgico sdo o alvo principal deste
trabalho. Os derivados da guanina, especialmente a guanosina, sdo capazes de estimular a
captacao de glutamato em cultura de células astrocitarias e em fatias de tecido cerebral.
Atuam como anticonvulsivantes pelas mais diversas vias de administracdo, e ainda
possuem efeito amnésico. O aumento provocado na captacdo de glutamato parece ser
realizado especificamente pela guanosina, uma vez que os nucleotideos necessitam ser
hidrolisados para exercerem tais efeitos. Assim a guanosina acaba assumindo um papel
importante na neuroprote¢do contra os efeitos de concentragdes extracelulares toxicas de

glutamato no SNC. Nosso trabalho demonstra que a guanosina também ¢ a real efetora do
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efeito anticonvulsivante apresentado pelo GMP, uma vez que o uso de inibidores da
conversao de GMP para guanosina leva a uma diminui¢do do seu efeito. Ainda, a guanosina
aumenta a Vmax da captacdo de glutamato em fatias, o que indicaria um maior contingente
de transportadores presentes na membrana da célula ou uma menor taxa de turnover dos
mesmos. Esse efeito nos transportadores parece permanecer mesmo depois que a guanosina
¢ retirada do meio de incubacdo. Os efeitos demonstrados pela guanosina in vitro foram
confirmados em experimentos ex vivo. Além disso, a concentragdo de purinas no liquor dos
ratos tratada ndo demonstrou aumentos significativos ap6s a administracdo i.c.v. de
guanosina ou GMP. Essa acao pode indicar que a guanosina dispara algum mecanismo que
aumente o tonus glutamatérgico por um periodo maior do que o tempo de exposigdo a ela.
Essas acdes da guanosina devem ser desempenhadas através de seu receptor. Nossos
resultados apontam para um novo receptor no sistema purinérgico, sensivel a guanosina e
adenosina, mas nao antagonizado por cafeina e ATP. Esse receptor parece ter proteinas G
acopladas, uma vez que o GTP-N foi capaz de inibir a unido de guanosina ao receptor. Esse
receptor deve responder de acordo com a purina que estiver ligada a ele, pois a adenosina e
a guanosina tém agdes diversas e muitas vezes contrarias no SNC. O sitio de unido parece
ser preferencialmente astrocitario, o que ajudaria a explicar as a¢des encontradas para a
guanosina na captagdo de glutamato. Somando-se todas as agdes ja descobertas para a
guanosina e as suas mais variadas formas de proteger o cérebro de excesso de glutamato
extracelular, € impossivel tratar a guanosina apenas como uma molécula coadjuvante no

sistema purinérgico.

VIII



APRESENTACAO

Essa tese traz uma breve introducao que trata do sistema glutamatérgico, enfocando
o seu funcionamento geral, e ainda uma revisdo sobre o papel da guanosina no sistema
purinérgico, focando principalmente as suas agdes sobre o sistema glutamatérgico.

Na seqiiéncia, apresentamos os objetivos do nosso trabalho e os resultados obtidos.
A apresentacdo dos resultados se dard na forma de artigos cientificos. Em seguida faremos
uma discussdao geral dos resultados obtidos em conjunto com as conclusdes do nosso
trabalho. A secdo das referéncias bibliograficas traz apenas os artigos utilizados na

introducao, discussao e conclusdes.



1-INTRODUCAO

1.1 — O Sistema glutamatérgico

O aminodcido glutamato ¢ o principal neurotransmissor excitatorio do sistema
nervoso central (SNC) de mamiferos, estando presente na maioria das sinapses centrais
(Ozawa et al., 1998). O glutamato atua nas mais diferentes fung¢des cerebrais, tais como
aprendizado e memoria, cognicdo e na formacdo de redes neurais durante o
desenvolvimento e o envelhecimento (Collingridge & Lester, 1989; Izquierdo & Medina
1997; Ozawa et al., 1998; Castellano et al., 2001, Segovia et al., 2001). Além de
desempenhar um papel fundamental em véarios processos fisiologicos, em algumas
situagdes patologicas existe uma hiperativacdo do sistema glutamatérgico que leva a
toxicidade celular, chamada de excitotoxicidade (Lipton & Rosemberg, 1994).

O glutamato ¢ sintetizado a partir de diversos precursores, sendo 0os mais comuns a
glutamina, o oxalacetato e ainda através de outros aminoacidos por transaminagdo
(Fonnum, 1984). Nao ha nenhuma comprovagao de que alguma dessas vias seja especifica
para a formacdo de glutamato, que serd usado como neurotransmissor ou para outras
funcdes metabodlicas. O armazenamento de glutamato no sistema nervoso central, que sera
utilizado como neurotransmissor, ¢ realizado pelas vesiculas que se encontram nos
terminais pré-sinapticos. Essas vesiculas podem concentrar 10 vezes mais glutamato do que

os niveis encontrados normalmente no citosol dos terminais pré-sinapticos (Maycox et al.,



1990). Esse armazenamento ¢ a forma como diferenciamos o glutamato quanto a sua
utilizagdo. Quando ocorre a despolarizagdo dos terminais pré-sinapticos glutamatérgicos, o
glutamato que se encontra nas vesiculas ¢ liberado para a fenda sinaptica, por exocitose
dependente da concentragdao de célcio citosolico (Nicholls & Atwell, 1990, Vesce et al.,
1999). O glutamato, uma vez liberado na fenda sinaptica, vai interagir com seus receptores
localizados nas membranas pré- e pds-sinapticas e também nas membranas gliais (Gallo &
Ghiani, 2000; Scannevin & Huganir, 2000).

Para realizar as suas agdes no SNC, o glutamato se une a uma multiplicidade de
proteinas conhecidas como receptores. Esses receptores por sua vez estdo divididos em
duas classes: ionotropicos e metabotropicos (Conn & Pin 1997; Ozawa et al., 1998). Os
receptores ionotropicos (iIGluR) sdo canais que permitem a passagem de ions especificos
quando ativados (Ozawa et al., 1998) e foram subdivididos em N-metil-D-aspartato
(NMDA), a-amino-3-hidroxi-5-metil-4-isoxazol-acido propionico (AMPA) e 4cido cainico
(KA), de acordo com a sensibilidade a agonistas. Os receptores NMDA sdo canais com
grande permeabilidade a Ca®", baixa permeabilidade a Na” e K. Possui ainda uma cinética
da abertura lenta. O receptor NMDA apresenta diversos sitios de modulagdo para a
abertura do canal: um sitio para o glutamato ou NMDA, um sitio para o co-agonista glicina
(insensivel a estricnina), um sitio dentro do canal sensivel a unido de bloqueadores (MK-
801, quetamina), um sitio para as poliaminas e sitios para o zinco € o magnésio (Ozawa et

al., 1998). Quando a membrana neuronal estd em repouso, o canal do receptor NMDA



encontra-se bloqueado por Mg®". A ativagdo do receptor NMDA e o influxo de ions so
ocorrem se a membrana neuronal for previamente despolarizada, por exemplo através dos
receptores AMPA, permitindo a saida do Mg”" do canal. Alguns eventos neurotoxicos do
glutamato sdo mediados por um grande influxo de Ca*", o que faz o receptor NMDA um
alvo para alguns estudos referentes a excitotoxicidade (Ozawa et al., 1998). Os receptores
AMPA s3o canais com alta permeabilidade ao Na" e K', com menor permeabilidade ao
Ca®", enquanto os receptores do tipo KA sio bastante permeaveis ao Ca®" (Cotman et al.,
1995). Os receptores AMPA estao amplamente distribuidos no SNC, mas com uma maior
incidéncia nas regides do hipocampo e na camada molecular do cerebelo (Ozawa et al.,
1998). Os receptores iGIluR do tipo AMPA e KA sdo responsaveis pela ativagdo rapida da
neurotransmissao excitatoria no SNC. Os receptores metabotropicos (mGIluR) pertencem a
uma familia de receptores que interagem com proteinas ligantes de nucleotideos da guanina
(proteinas G), que modulam a produgdo de efetores intracelulares, como através da
adenilato ciclase e da fosfolipase C, responsaveis pela producao de segundos mensageiros
(AMPc, diacilglicerol e inositol-3-fosfato), que por sua vez ativam e/ou inibem diversos
eventos celulares (Conn & Pin, 1997; Ozawa et al., 1998). Os receptores mGluR podem ser
ativados por ibotenato, quisqualato, 1S,3R-ACPD (1S,3R-aminociclopentano-
1,3dicarboxilato) e L-AP4 (L-2-amino-4-fosfonobutirato), e estdo subdivididos em
subgrupos de acordo com a semelhanga na sua seqiiéncia de aminoacidos (Pin & Duvoisin,

1995) e sua sensibilidade a agonistas e respostas celulares envolvidas. Esses receptores



estdo localizados em ambos os terminais pré- e pds-sinapticos, bem como em células gliais,
¢ sua ativagao pode promover efeitos inibitorios ou excitatorios (Ozawa et al., 1998).

Apo6s a promogao de influxo i0nico nas células pos-sinapticas e/ou a modulacao da
producao de segundos mensageiros, o glutamato precisa ser removido da fenda sinaptica
por sistemas de transporte dependentes de Na', localizados principalmente nas células
astrocitarias (Robinson & Downd, 1997; Anderson & Swanson, 2000; Danbolt, 2001;
Amara & Fontana, 2002). Devido a auséncia de sistemas enzimaticos para metabolizarem o
glutamato na fenda sinaptica, os sistemas de captacdo de glutamato sdo responsaveis pela
inativagdo da agdo glutamatérgica. Os transportadores de glutamato sdo os seguintes:
GLAST/EAATI1, GLT-1/EAAT2 (transportadores gliais), EAAC1I/EAAT3 (transportador
neuronal), EAAT4 (transportador predominante em células de Purkinje no cerebelo) e
EAATS (transportador encontrado na retina) (Kanai & Hediger, 1992; Pines et al., 1992;
Storck et al., 1992; Fairman et al., 1995; Arriza et al., 1997; Danbolt, 2001). Apods a
captagdo astrocitaria, o glutamato pode ser metabolizado por duas diferentes vias: a
formacao da glutamina ou ser convertido a a-cetoglutarato. A transformagdo em glutamina
¢ realizada pela acdo da glutamina sintetase, enquanto que a formagao do a-cetoglutarato ¢
feita por desaminacdo através da glutamato desidrogenase ou ainda pela agdo de
transaminases. A glutamina e o o-cetoglutarato sdo liberados no fluido extracelular e
podem ser captados pelos terminais pré-sinapticos neuronais. A glutamina ¢ transportada

para os neurdnios, convertida pela glutaminase a glutamato, este por sua vez ¢ captado



pelas vesiculas sinapticas e liberado novamente, recomecando o processo. Esse caminho do
glutamato, passando pela sua transformacdo em glutamina, sua captagdo pelos neurénios e
sua transformagdo novamente em glutamato, ¢ conhecido como ciclo glutamato/glutamina

(Anderson & Swanson, 2000; Danbolt, 2001; Amara & Fontana, 2002).

1.1.2 — A neurotoxicidade do glutamato

Olney e colaboradores (1970, 1978) observaram que altas doses de glutamato e seus
agonistas provocavam dano e até mesmo a morte celular no SNC. Desta forma
introduziram na literatura o termo excitotoxicidade para a morte neuronal provocada pela
estimulacdo excessiva provocada pelo glutamato nos seus receptores. O papel do glutamato
como mediador de excitotoxicidade parece estar relacionado ao aumento de Ca®’
intracelular causado pela estimulacdo excessiva de seus receptores e a subseqiiente perda da
homeostase do Ca”" intracelular (Meldrum, 1994, Sattler & Tymianski, 2000). O aumento
nos niveis de Ca’" intracelular leva ao desencadeamento de uma série de eventos que
incluem um aumento na producdo de espécies reativas de oxigénio, maior influxo de calcio
e sodio e aumento do consumo de energia, culminando na morte neuronal (Dawson et al.,
1991; Dubinsky & Rothman, 1991; Lei et al., 1992; Lafon-Cazal et al., 1993; Lipton &
Rosenberg, 1994; Ozawa et al., 1998, Sattler & Tymianski, 2000). Entretanto, o

comprometimento dos transportadores de glutamato gliais GLAST e GLT-1 tem merecido



destaque, desde quando experimentos com cultura de células neurais demonstraram que a
morte neuronal por glutamato era atenuada quando neurdnios eram co-cultivados com
astrocitos (Rosenberg et al., 1992). Atualmente, estd claro que os transportadores de
glutamato astrocitarios sdo os principais responsaveis pela manutencdo da homeostase
celular, uma vez que eles regulam os niveis extracelulares de glutamato na fenda sinaptica
(Anderson & Swanson, 2000; Tanaka, 2000; Gegelashvili et al., 2001; Danbolt, 2001,
Amara & Fontana, 2002). Em estudos anteriores, em que os transportadores GLT-1 e
GLAST nao s3o expressos, foi observada uma maior susceptibilidade a epilepsia e
neurodegeneragdo nos camundongos testados (Tanaka et al., 1997; Watase et al., 1998). A
ndo expressao dos transportadores GLAST ou GLT-1 produz um aumento dos niveis
extracelulares de glutamato e danos neuronais caracteristicos de excitotoxicidade
(Rothstein et al., 1996). Com todas essas evidéncias, tem-se estabelecido que os
transportadores gliais sdo indiscutivelmente os responsaveis pela manutencdo dos baixos
niveis extracelulares de glutamato e por prevenir uma neurotoxicidade que possa ser
causada por este aminoacido, sendo que aos transportadores neuronais caberia a funcao de
carrear o glutamato para fins de modulagdo sindptica e metabolismo (Amara & Fontana,
2002).

As mortes celulares observadas em determinadas patologias no SNC como
isquemia cerebral, esclerose lateral amiotrofica, Doenga de Alzheimer, trauma cerebral,

epilepsia, intoxicagdes por metais pesados, etc, foram relacionadas a comprometimentos



nos transportadores gliais GLAST e GLT-1 (Rothstein et al., 1992; 1995; Tanaka, 1997;
Lipton, 1999; Aschner et al., 1995; 2000; Honig et al., 2000; Danbolt, 2001; Maragakis &
Rothstein, 2001). Existem diversos protocolos onde podemos encontrar preparagdes
passiveis de serem utilizadas para o estudo do transporte de glutamato, desde a cultura de
astrocitos, passando pela utilizagdo de fatias de cérebro de animais ou mesmo por
preparagdes conhecidas como sinaptossomas (Frizzo et al., 2001, 2002; Leal et al., 2001).
O fendmeno da modulagdo dos transportadores de glutamato torna-se um fator importante
para o estudo do desenvolvimento dos danos neurotoxicos causados pelo excesso de
glutamato na fenda sindptica. Dessa maneira, diversos trabalhos tratam do estudo da do
transporte de glutamato no SNC, mostrando que a captacdo de glutamato pode ser afetada
por fatores de crescimento, pelo proprio glutamato, derivados da guanina e também por
algumas neurotoxinas (Swanson et al., 1997; Leal, et al., 2001; Danbolt, 2001; Frizzo et al.,
2001, 2002; Gegelashvili et al., 2001; Tavares, et al., 2002; Emanuelli et al., 2003). Dessa
forma o estudo de mecanismos de modulagdo parece ser a chave para prevengao dos danos

neurotdxicos causados pelo glutamato em condig¢des nao fisioldgicas.

1.2 — Os derivados da Guanina

Os nucleotideos derivados da guanina (intracelulares) sao classicamente associados

ao sistema de transmissdo de sinal transmembrana via proteinas G (Gudermann et al.,



1997). A unido de neurotransmissores, ou agonistas aos seus receptores metabotropicos,
leva a formacdo de complexos ativos proteinas G/GTP. Quando ativadas por GTP, as
proteinas G exercem dois efeitos simultaneos: modulam a atividade de efetores e diminuem
a afinidade do agonista unido ao receptor (Morris & Malbon, 1999). A adenilato ciclase,
fosfolipase C e os canais i6nicos estdo entre os efetores modulados por neurotransmissores,
através de sistemas que operam com proteinas G (Gudermann et al., 1997). No SNC, esta
forma de transducdo do sinal celular esta associada a subtipos de praticamente todos os
receptores estudados: dopaminérgicos, glutamatérgicos, serotoninérgicos, purinérgicos,
gabaérgicos, entre outros (Morris & Malbon, 1999). Estudos sobre a especificidade
mostram que os nucleotideos derivados da adenina ndo interagem com proteinas G
(Gudermann et al., 1997).

Além da agdo intracelular em proteinas G, existem evidéncias que indicam que os
derivados da guanina podem atuar do lado externo da membrana plasmatica celular, sem o
envolvimento de proteinas G. Estudos sobre os efeitos dos derivados da guanina sobre a
unido do glutamato e agonistas foram feitos em preparagdes de membrana plasmatica e
demonstraram que GTP, GDP e GMP, e em alguns casos GMP ciclico, inibiram a unido de
glutamato, KA, L-AP4 e NMDA a seus receptores (Monahan et al., 1988; Baron et al.,
1989; Yoneda et al., 1990; Souza & Ramirez, 1991; Gorodinsky et al., 1993; Migani et al.,
1997; Ramos et al., 1997; Rubin et al., 1997A). Esses estudos foram realizados em

preparagdes de membrana onde estavam presentes componentes pré- € pos-sinapticos, bem



como células gliais, ndo sendo possivel determinar em quais componentes da sinapse 0s
derivados da guanina estariam inibindo a unido de glutamato e de seus agonistas. Os
derivados da guanina também inibem a unido de KA mesmo em condi¢cdes onde a
participacdo da proteina G pode ser minimizada (Souza & Ramirez, 1991; Barnes et al.,
1993; Paz et al., 1994), e ainda inibem a unido de antagonistas de glutamato, um efeito que
nao ¢ modulado pelas proteinas G (Monahan et al., 1988; Baron et al., 1989; Barnes et al.,
1993). Os derivados da guanina se mostraram capazes de inibir a unido do glutamato e
agonistas a seus receptores em preparagdes onde estd presente apenas a por¢ao pos-
sinaptica (densidade pos-sinaptica) (Porciuncula et al., 2002). Além de atuarem sobre a
unido de glutamato e seus agonistas, os derivados da guanina atuam sobre a captacao
astrocitaria do glutamato (Frizzo et al., 2003). Somados aos efeitos sobre sistema
glutamatérgico, os derivados da guanina exercem um papel importante nos que diz respeito
aos processos reparatorios mediados por astrocitos no SNC, e ainda possuem efeitos
troficos e mitdticos nos neurdnios e em células da glia (Ciccarelli et al., 2000; Rathbone et
al.,1999). Recentemente, foram preliminarmente descritos sitios de unido especificos para
guanosina em preparagdes de membranas de cérebro de ratos (Traversa et al., 2002). Como
podemos observar, as mais diversas fungdes sdo desempenhadas pelos derivados da
guanina, mas nessa tese abordaremos de uma maneira mais contundente os efeitos

relacionados ao sistema glutamatérgico.
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1.2.1 — As acoes dos derivados da Guanina no SNC

Alguns trabalhos importantes vém sendo realizados no sentido de elucidar o papel
exercido pela guanosina no SNC. Em culturas de astrocitos, a exposi¢cdo a condigdes de
hipoxia associada a hipoglicemia (isquemia in vitro) eleva a concentragdo extracelular da
guanosina em aproximadamente quatro vezes, sendo esta elevacdo maior e mais prolongada
do que a elevacdo nos niveis de adenosina (Ciccarelli et al., 1999). In vivo, a isquemia
cerebral produz um aumento dos niveis de guanosina de cerca de 140% por mais de uma
semana apods a injuria (Uemura et al., 1991). Além disso, um estudo de microdialise no
talamo de ratos demonstrou que a despolarizagdo in vivo por K, cainato e ouabaina elevam
a concentracdo de guanosina e adenosina (Dobolyi et al., 2000). Com relacdo a efeitos
fisiologicos, a guanosina exerce efeitos tréficos e mitdticos em células neurais, na faixa de
concentragdo de 30 a 300 uM (Rathbone et al., 1999). Esses efeitos parecem ser mediados,
em parte pela adenosina ja que sdo atenuados por antagonistas de receptores de adenosina
do tipo P1 e pela enzima adenosina deaminase (Ciccarelli et al., 2000). Além disso, foi
demonstrado que a guanosina promove a liberagdo de adenosina de astrdcitos (Ciccarelli et
al., 2000). Por outro lado, a propria adenosina ndo é capaz de mimetizar o efeito da
guanosina na sua totalidade, e parte do efeito da guanosina ndo ¢ inibido por antagonistas
P1 e pela adenosina deaminase (Rathbone et al., 1999; Ciccarelli et al., 2000). A guanosina

parece ainda possuir uma acao antiapoptotica (Di lorio et al., 2004), diferente da agdo
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encontrada para a adenosina (Di lorio et al., 2002). O efeito antiapoptotico da guanosina
esta relacionado com a ativagao de vias de comunicagdo intracelulares, como a da PI3-
quinase/AKT/PKB em culturas de astrocitos. A guanosina ainda € capaz de proteger células
da linhagem SH-SYS5Y contra a apoptose provocada pela proteina B-amildide (Pettifer et
al., 2004). Ciccarelli e colaboradores (2001) descreveram o papel importante dos astrocitos
nos processos reparadores que ocorrem no cérebro e mais recentemente descreveu-se um
efeito remielinizante da guanosina na medula espinhal de ratos e levando ainda a
recuperacdo da fun¢do perdida com a desmielinizacdo (Jiang et al., 2003). O GTP atua
sinergisticamente com o EGF para estimular o crescimento de neuritos em células da
linhagem PC12 (Gysbers & Rathbone, 1996) e esse efeito envolve a via da ERK e ainda a
mobilizagdo de Ca*" intracelular (Guarnieri et al., 2004). A guanosina também estimula o
crescimento de neuritos em células PC12 através da ativacdo da heme oxigenase e aumento
do GMPc intracelular (Bau et al., 2005). A guanosina aumenta os niveis intracelulares de
Ca*" livre em astrocitos de maneira similar & adenosina, a diferenca entre os efeitos esta na
velocidade de desensibilizacdo a droga (Chen et al., 2001). Esse aumento independe dos

niveis de calcio extracelulares e poderia ser exercido via receptores A3 (Chen et al.,2001).
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1.3 — Interacdes entre o sistema glutamatérgico e os derivados da Guanina

Uma outra visdo dos derivados da guanina diz respeito as suas acdes sobre o sistema
glutamatérgico. Os derivados da guanina bloqueiam respostas celulares a agao de glutamato
ou seus agonistas tais como: inibem a quimioluminescéncia induzida por glutamato
(Regner et al., 1998), bloqueiam o influxo de calcio induzido por NMDA em retinas de
pintos (Burgos et al., 2000), diminuem a fosforilagdo de GFAP e o aumento de AMP¢
induzido por glutamato em preparacdes em que os nucleotideos da guanina nao penetram
no espaco intracelular (Tasca et al., 1995; Tasca & Souza, 2000). No entanto, os efeitos dos
nucleotideos da guanina sobre os receptores glutamatérgicos ndo sdo particularmente
potentes, ocorrendo geralmente na faixa de 100 uM a 1 mM (Monahan et al., 1988; Baron
et al., 1989; Tasca et al.,, 1995; Regner et al., 1998; Burgos et al., 1998). Em estudos
comportamentais o0 GMP ¢ capaz de reverter o efeito facilitador do glutamato na tarefa de
esquiva inibitoria (Rubin et al., 1996; 1997B).

Nosso grupo de pesquisa tem apontado, a partir de varios trabalhos, para um
possivel papel neuroprotetor dos derivados da guanina contra as desordens do sistema
glutamatérgico (excitotoxicidade) e ainda a processos fisioldogicos que envolvam esse
sistema. Trabalhos demonstram que o GMP e a guanosina sdo capazes de prevenir
convulsoes provocadas pelo acido quinolinico, administrado no ventriculo lateral de

cérebro de camundongos e ratos, (Schmidt et al., 2000). Também quando administrada por
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via oral cronica ou agudamente administrada, (Lara et al., 2001; de Oliveira et al., 2004;
Vinadé¢ et al., 2003, 2004) a guanosina ¢ capaz de atuar como anticonvulsivante. O GMP
ainda protegeu as células de lesdo induzida por acido quinolinico em estriado de ratos
(Malcon et al., 1997). Os nucleotideos da guanina (GMP, GDP e GTP) sdo capazes de
proteger culturas de neur6nios hipocampais e corticais dos efeitos excitotoxicos do NMDA
e KA, efeito que a guanosina ndo consegue repetir (Morciano et al., 2003). Ainda o GMP ¢
capaz de proteger fatias de hipocampo de ratos submetidas a privacdo de glicose e a
modelos de neurotoxicidade induzidos por glutamato e outros agonistas glutamatérgicos
(ionotropicos e metabotropicos), diminuindo a liberacdo de lactato desidrogenase nestas
fatias (Molz et al., 2005). Os derivados da guanina ainda sdao capazes de afetar a captacao
vesicular de glutamato, entretanto o efeito inibitdrio encontrado parece nao depender do
potencial eletroquimico vesicular, excecao feita ao GTP (Tasca et al., 2004).

Recentes trabalhos demonstraram que a guanosina quando testada na tarefa de
esquiva inibitoria apresentou efeitos amnésicos semelhantes aos antagonistas
glutamatérgicos (Roesler et al., 2000; Vinadé et al., 2003, 2004, 2005), bem como protegeu
as fatias corticais dos efeitos deletérios da privacdo de glicose e oxigénio, e estimulou a
captacdo de glutamato em culturas de astrocitos (Frizzo et al., 2001; 2002). Estudos
complementares demonstraram que a guanosina parece ser a principal responsavel pelos
efeitos estimulatérios na captacdo de glutamato exercido pelos derivados da guanina

(Frizzo et al., 2003). Os efeitos da guanosina, via oral cronica, parecem nao estar
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relacionados com os receptores purinérgicos tradicionais, uma vez que a cafeina nao foi
capaz de reverter o efeito amnésico da guanosina (Vinade et al, 2004). Essa auséncia de
acdo da cafeina esta de acordo com outros estudos que mostram que ela também nao
consegue reverter os efeitos anticonvulsivantes da guanosina, quando esta ¢ administrada
oralmente (Lara et al., 2001). O efeito sobre a captagdo de glutamato parece ser especifico
da guanosina, uma vez que os nucleotideos precisam ser hidrolisados para exercer esse
efeito, e que nao ocorre efeito aditivo quando testados em conjunto com a guanosina
(Frizzo et al., 2003). Ainda, os derivados da adenina ndo apresentam nenhum efeito
significativo sobre o parametro de captagdo do glutamato em astrocitos (Frizzo et al.,
2003). O efeito sobre a captacdo se repete em fatias de cérebro de ratos em condicdes
normais € ainda a guanosina protege as fatias quando submetidas a condi¢des de privacao
de glicose e oxigénio, provavelmente por aumentar a captagdo de glutamato (Frizzo et al.,
2002). A administragdo cronica de guanosina via oral também ¢é capaz de aumentar a
captagdo de glutamato em fatias corticais de cérebro de ratos, e ainda o nivel de guanosina
no fluido cérebro-espinhal encontra-se aumentado no grupo tratado, quando comparado
com o grupo controle (Vinade et al., 2005). A acdo sobre a captagdo ainda parece ser
especifica sobre o sistema de captacdo do glutamato, uma vez que a guanosina nao
consegue aumentar a captagao astrocitaria do GABA (Frizzo et al., 2003). Recentes estudos
demonstraram que, como na captagdo, os efeitos anticonvulsivantes dos nucleotideos

derivados da guanina sdo exercidos a partir da sua hidroélise, uma vez que compostos pouco
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hidrolisaveis como o GTP e o GDP rigidos ndo sdo capazes de prevenir convulsoes, efeito
nao encontrado quando se utilizam seus analogos, o GTP e o GDP (Schmidt et al., 2005). O
aumento provocado pela guanosina na captagdo de glutamato parece depender da idade,
uma vez que os efeitos da guanosina foram observados em culturas de astrocitos com 10
dias in vitro e nao em 40 dias (Gottifried C., et al., 2002). Esse efeito parece se repetir em
modelos mais complexos, uma vez que em fatias de ratos de diferentes idades, a guanosina
so0 estimulou a captacdo de glutamato em ratos de 10 dias de vida e ainda seu efeito
apresentou-se como dependente da estrutura cerebral utilizada (Thomazi et al., 2004).

Essa especificidade em relagdo a captacdo do glutamato, e ainda a valorizagdo por
ser um efeito exclusivo dos derivados da guanina, parece confluir para um novo status para
os derivados da guanina. J& que se lembrarmos que em momentos de desajustes do SNC
(hipoxia/isquemia), as purinas sdo liberadas, veremos que a guanosina ¢ liberada em maior
quantidade e a sua concentracdo permanece maior por mais tempo (Ciccarelli et al., 1999;
Uemura et al., 1991). Além disso, a hidrélise dos nucleotideos purinérgicos no fluido
cérebro-espinhal, tem uma V. € um K, maiores para os derivados da Guanina, quando
comparamos as velocidades de hidrolise do GDP e ADP, condig¢do essa associada a um
sabido aumento na liberacdo de purinas em condigdes de insulto neuronais, indica a
formacao de uma quantidade maior de guanosina e GMP (Portela et al., 2002). Somando-se
a esses aspectos, os efeitos exercidos exclusivamente pela guanosina e nao pela adenosina,

como efeito antiapoptotico (Di Orio et al., 2002, 2004), e os efeitos sobre o sistema
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glutamatérgico (Frizzo et al., 2003). Podemos inferir um papel diferenciado para a
guanosina no campo do sistema purinérgico, a parte dos efeitos classicamente associados a
adenosina. Além disso, essas novas fungdes parecem ter papéis importantes dentro das
funcdes fisiologicas classicas associadas aos derivados da guanina. Prova disso € o recente
trabalho que apresenta uma hipotese sobre o papel de que alguma deficiéncia no
metabolismo dos derivados da guanina, especificamente da guanosina, pode estar associada
com anormalidades no neurodesenvolvimento, na neuromodulacdo e neurotransmissao
associados com a sindrome de Lesch-Nyhan (Deutsch et al., 2005). Essa hipotese tem sua
base tedrica nos nossos trabalhos ja citados, onde a guanosina ¢ um modulador do sistema

glutamatérgico, fisiologicamente, e em situagdes de insulto.
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2 - OBJETIVOS

Essa tese tem como objetivo geral o estudo da modulagao do sistema glutamatérgico
exercida pelas purinas derivadas da guanina, principalmente sobre o transporte de
glutamato. Esse estudo se deu com objetivos especificos que foram traduzidos nos artigos
que fazem parte dos resultados dessa tese. Os objetivos especificos dessa tese sao:

a) Determinar qual das purinas derivadas da guanina ¢ responsavel pela acdo
anticonvulsivante encontrada em um modelo de convulsdo induzido pela
administracdo i.c.v. do 4cido quinolinico.

b) Realizar um estudo cinético dos efeitos da guanosina sobre a captagdo de
glutamato em fatias de cérebro de ratos.

¢) Determinar os efeitos da guanosina ex vivo e comparar com os efeitos in vitro.

d) Verificar a existéncia de um sitio de unido para guanosina em preparagdes de

membraans plasmaticas no SNC.
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3 -RESULTADOS

Os resultados dessa tese serdo apresentados na forma de artigos cientificos enviados
para publicagdo em revistas cientificas internacionais. Os artigos serdo organizados de

acordo com os objetivos especificos apresentados para essa tese.
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3.1 - ARTIGO I

Artigo publicado no Brain Research 1005:182-186 (2004)
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Abstract

Studies on the purinergic system normally deal with adenine-based purines, namely, adenine nucleotides and adenosine. However, a
guanine-based purinergic system may also have important neuromodulatory roles. Guanine-based purines exert trophic effects on neural
cells, protect brain slices in a model of hypoxia and stimulate glutamate uptake. In vivo, both guanosine 5'-monophosphate (GMP) and
guanosine (GUO) protected against seizures. In this study, we investigated if the anticonvulsant effect of GMP is mediated by guanosine and
if guanosine or GMP treatments were able to increase adenosine levels. Intraperitoneal (i.p.) treatments with 7.5 mg/kg GMP or guanosine
prevented 50% of seizures by quinolinic acid (QA) and increased guanosine cerebrospinal fluid (CSF) levels around twofold and threefold,
respectively; GMP and adenosine levels remained unchanged. Intracerebroventricular treatment with 960 nmol GMP prevented 80% of
seizures and the 5'-nucleotidase inhibitor «-p-methyleneadenosine 5'-diphosphate (AOPCP), when injected 3 min before, reduced this
anticonvulsant effect to 30% protection as well as significantly decreased the conversion of GMP into guanosine measured in the CSF. This
study shows that the previously reported effect of GMP as an anticonvulsant seems to be related to its ability to generate guanosine through

the action of ecto-5-nucleotidase.
© 2004 Published by Elsevier B.V.

Theme: Disorders of the nervous system
Topic: Epilepsy: anticonvulsivant drugs

Keywords: Glutamate; Seizure; Guanosine; GMP; Quinolinic acid; Anticonvulsant

1. Introduction

Studies on the purinergic system normally deal with
adenine-based purines, namely adenine nucleotides (e.g.,
ATP) and adenosine [20]. Others and we have suggested
that a guanine-based purinergic system also has important
neuromodulatory roles, which, similarly to the adenine-
based purinergic system, are exerted by guanine nucleotides
and the nucleoside guanosine (GUO). Of particular impor-
tance for the modulation of the purinergic system is the
conversion of extracellular nucleotides to nucleosides,
which regulates the relative concentrations of purines in

* Corresponding author. Tel.: +55-51-3316-5558; fax: +55-51-3316-
5540, +55-51-3316-55356.
E-mail address: diogo@ufrgs.br (D.O. Souza).

0006-8993/$ - see front matter © 2004 Published by Elsevier B.V.
doi:10.1016/j.brainres.2004.01.053

the synaptic cleft and therefore their physiological roles.
The enzymes responsible for the breakdown of GTP and
GDP include one of the isoenzymes of the ecto-NTDPase
family, whereas the conversion of guanosine 5’-monophos-
phate (GMP) into GUO by the action of ecto-5-nucleoti-
dases, which are also the enzymatic chain responsible for
breakdown of adenine nucleotides [19].

In particular, in vitro studies have shown that GMP and
GUO exert trophic effects on neural cells [3,13], protect brain
slices in a model of hypoxia [5] and stimulate the removal of
extracellular glutamate by astrocytes [4—6]. In vivo, both
GMP and GUO protected against seizures induced by the
glutamatergic agents, quinolinic acid (QA) or a-dendrotoxin
(a-DTX) inrodents [1,10,15,17]. In these studies, the relative
contribution of the conversion of GMP for GUO has not been
addressed. Recently, our group demonstrated that glutamate
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uptake by astrocyte cultures was increased by GUO and by
guanine nucleotides, but the inhibition of the breakdown of
GMP into GUO, through addition of the ecto-5'-nucleotidase
inhibitor a-B-methyleneadenosine 5'-diphosphate (AOPCP),
prevented the effect of guanine nucleotides. Also, a poorly
hydrolysable guanine nucleotide (GMP-PNP) failed to stim-
ulate glutamate uptake, reinforcing the hypothesis that GUO
is the final mediator of such effects of guanine nucleotides
[6]. Another issue that has been addressed is the relative
contribution of adenosine to the effects of GUO. Whereas
adenosine may participate in the trophic effects of GUO
[3,13], nonselective adenosine receptor antagonists, such as
caffeine and theophylline, did not affect the effects of GUO
on glutamate uptake [4] and on seizures [10].

In this study, we investigated if the anticonvulsant effect
of GMP [10,15,17] is mediated by GUO and if in vivo GUO
or GMP treatments were able to increase adenosine levels.
To this end, we measured purine levels in the cerebrospinal
fluid (CSF) of rats injected intraperitoneally (i.p.) with GMP
and GUO as well as evaluated the anticonvulsant effect of
GMP injected i.c.v. with or without pretreatment with the
ecto-5'-nucleotidase inhibitor AOPCP.

2. Materials and methods
2.1. Materials

Guanosine (GUO), guanosine 5'-monophosphate (GMP),
«, P-methyleneadenosine 5'-diphosphate (AOPCP), MK-
801 (MK) and quinolinic acid (QA) were obtained from
Sigma (St Louis, MO, USA). The anesthetic sodium thio-
pental was obtained from Cristalia (Itapira, SP, Brazil). All
solutions were dissolved in saline (NaCl 0.9%) and buffered
with 0.1 N NaOH or 0.1 N HCI to pH 7.4 when necessary.
All other chemicals were of analytical reagent grade and
purchased from local suppliers.

2.2. Animals

Male adult Wistar rats (250-350 g) were kept on a 12
h 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. Surgical procedure

Animals were anesthetized with sodium thiopental (40
mg/kg, 1 ml/kg, i.p.). In a stereotaxic apparatus, the skin of
the skull was removed and a 27-gauge 9-mm guide cannula
was unilaterally placed at 0.9 mm posterior to bregma, 1.5
mm right from the midline and 1.0 mm above the right
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 acrylic
cement. In the experiments, performed 72 h after surgery,
we used for i.c.v. infusion a 30-gauge cannula that was fitted
into the implanted guide cannula and connected by a
polyethylene tube to a microsyringe.

2.4. Treatments

2.4.1. Treatment 1

Rats were pretreated with an i.p. administration of
vehicle (saline 0.9%), MK-801 (0.5 mg/kg), a noncompet-
itive NMDA receptors antagonist used as anticonvulsant in
seizure models induced by over stimulation of the gluta-
matergic system [10,15], or three different doses (0.75, 2.0,
7.5 mg/kg) of GUO or GMP. After 30 min, an i.c.v.
infusion of QA 39.2 mM (4 pl, 156.8 nmol) was per-
formed, which produced tonic—clonic seizures within ap-
proximately 1 min in all rats. Animals were observed for
10 min in Plexiglas chambers for the occurrence of tonic—
clonic seizures lasting more than 5 s [9]. Animals not
displaying seizures during these 10 min were considered
protected. Methylene blue (4 pul) was injected through the
cannula and animals without contrast in the lateral brain
ventricle were discarded.

2.4.2. Treatment 2

Another group of rats was treated similarly with i.p.
administration of GUO and GMP; however, after 30 min,
rats were anesthetized with sodium thiopental (40 mg/kg, 1
ml/kg, i.p.) and placed in a stereotaxic apparatus, where the
CSF was drawn (40—60 pl per rat), for measuring GUO,
GMP and adenosine, by direct puncture of the cisterna
magna with an insulin syringe (27 gaugeXx1/2 in length),
as described elsewhere [12]. All samples were centrifuged
12,000X g in an Eppendorf centrifuge 5402 during 5 min to
obtain cell-free supernatants and stored in separate tubes in
—70 °C until the quantification of purines.

2.4.3. Treatment 3

Rats were treated with an i.c.v. infusion of vehicle (saline
0.9%) or AOPCP 50 mM (5 pl, 250 nmol). After 3 min, an
i.c.v. infusion (4 pul) of vehicle or 120 or 240 mM GMP (480
and 960 nmol, respectively) was made, followed 5 min latter
by an i.c.v. infusion of either 4 pl of vehicle or 39.2 mM QA
(156.8 nmol), the lowest dose causing seizures in all control
animals. The observation procedures for seizures and the
protection parameters were the same as described above.

2.4.4. Treatment 4

In other set of experiments, rats were treated with an
i.c.v. infusion of 5 pl of vehicle or 50 mM AOPCP. After 3
min, an i.c.v. injection of 4 ul of vehicle or 240 mM GMP
was made and the animals were observed for 5 min. Then,
CSF was collected for measuring guanosine and GMP and
treated as described before.
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Fig. 1. Anticonvulsant effect of GUO and GMP i.p. against quinolinic acid
in rats. All the animal groups were treated with QA (156.8 nmol in 4 pl)
i.c.v. Either vehicle, MK801 or various doses of GUO and GMP were
administered i.p. 30 min before i.c.v. injection of QA. The animals were
then observed for 10 min for the occurrence of tonic—clonic seizures.
n=10—12 animals per group. *»<0.05 (Fischer’s exact test), as compared to
vehicle group.
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Fig. 2. Lp. administration of GUO and GMP increase GUO levels in CSF of
rats. Animals received different doses of GUO (A) and GMP (B) and the
levels of purines in the CSF were measured (n=5 for both treatments) 30
min later. As represent GUO levels, Os are GMP levels, and Os are
adenosine levels. (*) indicates difference from control, p<0.05.

2.5. HPLC procedure

HPLC analyses of purines were performed with aliquots
obtained of the cell-free supernatants from CSF. The mea-
surement of purines was done according to Frizzo et al. [6].
Briefly, separation was carried out with a reverse phase
column (Supelcosil LC-18, 25 cmx4.6 mm, Supelco) in a
Shimadzu Instruments liquid chromatograph (100 pl loop
valve injection). The elution was carried out applying a
linear gradient from 100% of solvent A (60 mM KH,PO,
and 5 mM of tetrabutylammonium phosphate, pH 6.0) to
100% of solvent B (70% 100 mM KH,PO,4 and 5 mM of
tetrabutylammonium phosphate, pH 6.0, plus 30% acetoni-
trile) over a 40-min period (flow rate at 1.2 ml/min). The
amount of purines was measured based on the absorption at
254 nm. The retention time of standards was used as
identification and quantification parameters.

2.6. Statistical analysis
Statistical analysis between groups was performed by the
Fisher exact test for the occurrence of seizures. Others

analysis performed were ANOVA followed by Duncan’s
test when necessary and Student’s #-test for comparison
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Fig. 3. AOPCP reduces the protection of GMP against quinolinic acid
induced seizure. For procedure details, see Materials and methods section.
For each group, n=>10. (**) indicates a difference from control
(Sal+Sal+AQ) at p<0.01, and (*) indicates a difference from same control
at p<0.05.
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between groups with and without AOPCP. All results with
p<0.05 were considered significant.

3. Results

In accordance with previous reports, i.p. administration
of GMP or GUO dose-dependently prevented the induction
of seizures by quinolinic acid, reaching a 50% protection at
7.5 mg/kg (Fig. 1). Interestingly, when we measured purine
levels in the CSF of rats 30 min after the i.p. treatment with
7.5 mg/kg GUO or GMP (Fig. 2A and B, respectively),
GUO levels increased around twofold and threefold for
GUO and GMP, respectively, but GMP and adenosine levels
remained stable.

In order to further evaluate the contribution of guanosine
on the anticonvulsant effect of GMP, we established the
protocol of i.c.v. route of GMP administration. Using this
route, GMP exerted a significant and dose-dependent pro-
tection (up to 80%) against seizures induced by quinolinic
acid (Fig. 3). Lc.v. treatment with the 5-nucleotidase
inhibitor AOPCP had no influence on seizures induced by
quinolinic acid, but when injected 3 min before i.c.v. GMP,
it inhibited the anticonvulsant effect of GMP (Fig. 3) to
around 30% of protection. In order to confirm the involve-
ment of rapid in vivo conversion of GMP to GUO, we
measured purine levels 5 min after i.c.v. GMP administra-
tion with and without pretreatment with AOPCP. As
expected, compared to the control group, the relative pro-
portion of GMP over GUO in the CSF was significantly
increased by the administration of AOPCP (Fig. 4). When
purines were i.c.v. administered, their absolute levels varied
considerably among rats: GUO and GMP levels for AOPCP
group were 67.7+£47.2 and 203.2+119.0 uM, respectively;
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Fig. 4. AOPCP treatment alters the proportion of GUO and GMP levels in
the CSF of rats treated with GMP. Animals are treated with (n=11) or
without (n=10) AOPCP and received GMP 240 mM (980 nmol). (*)
indicates a difference from groups with p<0.05.

and for the group without AOPCP were 233.3+106.7 and
13.234+2.38 uM for GUO and GMP respectively. Thus, the
results were expressed as the ratio of GMP/GMP+GUO.

4. Discussion

Recent studies on the extracellular effects of guanine
nucleotides and GUO, along with evidence of specific
binding sites [16], have strengthened the proposal of an
independent guanine-based purinergic system in addition to
the adenine-based purinergic system. In particular, GUO has
been shown to exert in vitro trophic [13] and neuroprotec-
tive activity [5] as well as to stimulate glutamate uptake [4—
6]; in vivo GUO has been shown to present anticonvulsant
and amnesic effects in rodents [10,14,15,17]. The fact that
both GMP and GUO were similarly effective in some of
these actions, along with the presence of the converting
enzyme ecto-5'-nucleotidase, prompted the hypothesis that
GUO could be the mediator of GMP actions, which was
confirmed in vitro for stimulation of glutamate uptake [6].
Because transport of nucleosides has been evidenced in
intestinal cells [11], and they are transported across the
blood brain barrier via a carrier-mediated process in cerebral
microvessels [8], it is reasonable that guanosine can be
active orally. Additionally, in previous works of our group,
using guanine based purines in similar protocols, we dem-
onstrated that neither guanosine nor GMP affects the body
temperature [10,17]. The results of the present study suggest
that also the in vivo anticonvulsant effect of GMP requires
its hydrolysis to GUO, as shown by the increase of GUO
after i.p. GMP administration and the significant inhibition
of both GMP hydrolysis and its anticonvulsant effect by the
ecto-5'-nucleotidase inhibitor AOPCP.

The protocol used in this study has the limitation that the
assessment of seizures and purine levels in the CSF had to
be performed separately. However, it is interesting to note
that AOPCP was not fully effective in either parameter
because after AOPCP administration, 20—30% of rats
showed both lack of seizures after i.c.v. treatment with
GMP and considerable GUO levels after i.c.v. treatment
with GMP. This may be due to an uneven distribution of
AOPCP and/or GMP after i.c.v. administration. Additional-
ly, we could postulate that GMP itself may present less
anticonvulsant activity, or that AOPCP could not optimally
inhibit ecto-5-nucleotidases using such protocol, allowing
significant levels of GUO to be formed. Zhang et al. [18]
showed that AOPCP injected into the rat prepiriform cortex
produce generalized seizures, in contrast to our observations
with i.c.v. injections of AOPCP, making the site of injection
a likely explanation for this difference. In addition, to our
knowledge, this is the first time that AOPCP treatment was
used to affect in vivo behavioral responses to guanine-based
purines, which reinforces the relevance of AOPCP in studies
involving purine nucleotides and nucleosides in vivo. An-
other limitation of our study is that GUO receptor antago-
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nists are not available, which would more directly assess the
requirement of GUO production for GMP to exert its
anticonvulsant effect.

As regards the involvement of adenosine on the effects of
GUO, different experimental approaches have yielded
conflicting results. GUO treatment has been shown to
increase extracellular adenosine levels in astrocyte cultures
and to induce proliferative effects that were partially
inhibited by treatment with adenosine deaminase and aden-
osine receptor antagonists [2], pointing to some involvement
of adenosine on GUO effects. In contrast, other guanosine
effects as enhancement of neurite outgrowth in PC12 cells
were not affected by adenosine receptor antagonists [7],
which is also the case for the effect of guanosine on
glutamate uptake [4], seizures induced by quinolinic acid
[10] and impairment in inhibitory avoidance task (unpub-
lished observations). In the present study, i.p. administered
GUO and GMP, which latter produced GUO, failed to
increase adenosine levels in the CSF.

Reinforcing the demonstration that the conversion of
GMP to GUO seems to play a crucial role on its effects
on glutamate uptake by astrocyte cultures [6], our results
demonstrate that this conversion is also necessary for the in
vivo model of convulsions because AOPCP diminished the
protective effect of GMP. Importantly, the specificity of
GUO an in vivo paradigm is relevant due to complexity of
model used and is in line with results obtained with cell
cultures.

In conclusion, this study shows that the previously
reported effect of GMP treatment as an anticonvulsant
seems to be related to its ability to generate GUO through
the action of ecto-5'-nucleotidase. Therefore, administration
of GMP may also be an effective strategy to increase GUO
levels in future studies of possible therapeutic actions of
GUO. In addition, most of the effects of GMP and GUO
seem to be independent of adenosine, reinforcing the notion
of a specific guanine-based purinergic system.
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SUMMARY

1. The effect of guanosine on L-[*H] glutamate uptake was investigated in brain corti-
cal slices within physio-pathological range of glutamate (1-1000 «M). In these conditions,
glutamate uptake was significantly enhanced in slices treated with 100 ©M guanosine only
at 100 and 300 uM glutamate (44 and 52%, respectively).

2. Evaluation of kinetic parameters showed that guanosine affected significantly only
uptake Vinax (23%).

3. The guanosine withdrawal did not abolish its significant effect on glutamate uptake
when 100 or 300 4M glutamate were used (an increase of 66 and 35%, respectively).

4. These results support the hypothesis of a protective role for guanosine during exci-
totoxic conditions when glutamate levels are enhanced (e.g. brain ischemia and seizures),
possibly by activating glutamate uptake. Moreover, our results may contribute to understand
the antiexcitotoxic mechanism of guanosine on glutamate transport, giving new information
concerning its mechanism of action.

KEY WORDS: glutamate uptake; excitotoxicity; neuroprotection; guanosine; slices.

INTRODUCTION

Glutamate is the major excitatory neurotransmitter in the mammalian central ner-
vous system (CNS), acting on ionotropic and metabotropic receptors to play several
essential physiological roles, such as learning and memory, neural development and
aging (Ozawa et al., 1998; Izquierdo et al., 1999; Meldrum, 2000; Segovia et al., 2001).
Considering that the extent of receptor stimulation depends on glutamate concentra-
tion in the surrounding extracellular fluid, the extracellular glutamate concentrations
must be kept under physiological levels. In fact, a kind of toxicity called excitotoxicity,
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which is involved in the pathogenesis of various acute and chronic brain diseases, can
be triggered if glutamate receptors are overstimulated (Greene and Greenamyre,
1996; Ozawa et al., 1998; Lee et al., 1999; Meldrum, 2000). Therefore, glutamate is
responsible, e.g., for the “paroxysmal depolarizing shifts” characteristically recorded
intracellularly in association with epileptic discharges (Meldrum et al., 1999), and has
long been recognized to play a key role in the pathology of ischemia (Nishizawa,
2001).

There is a general consensus concerning the role of adenosine in the CNS as
an inhibitor of excitatory neurotransmission and as a neuroprotective agent during
ischemic- and seizure-induced neuronal injury (Brundege and Dunwiddie, 1997).
Nevertheless, compared to adenosine’s well-established endogenous neuroprotec-
tive actions, the role of guanosine in the CNS has been less well characterized. How-
ever, it is noteworthy that extracellular concentrations of both nucleosides increase
after depolarization (Dobolyi et al., 2000) as well as after in vivo (Uemura et al.,
1991) and in vitro ischemia (Ciccarelli et al., 1999), conditions where glutamate is also
released (Meldrum et al., 1999; Nishizawa, 2001; Phillis and O’Regan, 2003). More-
over, several studies showed a protection by guanosine against glutamate-receptors
overstimulation (Schmidt et al., 2000, 2004; Lara et al., 2001; Oliveira et al., 2004;
Vinadé et al., 2003, 2004; Soares et al., 2004) probably via its activation of glutamate
uptake (Frizzo et al., 2001, 2002, 2003). However, the mechanisms involved with its
neuroprotective and stimulatory effects are unknown. Therefore, the purpose of this
study was to investigate if the nucleoside guanosine could affect kinetic parameters
of glutamate transport. Additionally, we also investigated if guanosine effect would
be maintained after its withdrawal.

METHODS

Animals and Reagents

Ten-day-old Wistar rats of both genders were used. The animals were main-
tained under controlled light and environmental conditions (12:12 h light-dark cycle,
22+ 1°C) and had free access to food and water. The experimental protocols were
approved by the Ethics Committee for Animal Research of the Federal University
of Rio Grande do Sul, Porto Alegre, and followed the “Principles of Laboratory An-
imal Care” (NIH publication 85-23, revised 1985). The animals were decapitated,
their brains immediately removed and submerged into Hank’s balanced salt solution
(HBSS). Cortices were dissected and coronal slices (0.4 mm) were obtained from
the parietal area using a Mcllwain tissue chopper, being separated with the help of a
magnifying glass. All reagents were of PA. purity and unless otherwise stated were
purchased from Sigma (St Louis, MO).

Guanosine Treatment

The effect of guanosine was assessed in two different conditions: (a) when
guanosine was present during pre-incubation (60 min) and glutamate uptake (7 min)
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periods and, (b) only during pre-incubation time. In the last situation, after 60 min
of exposure, guanosine was removed from the incubation medium by one wash with
1 mL of HBSS, before uptake assay. During the pre-incubation period the plates
were maintained in a humidified atmosphere of 95% air and 5% CO, at 35°C.

Glutamate Uptake

Uptake was assessed by adding 0.33 uCi mL~! L-[2,3-°H] glutamate (Amer-
sham) with 1-1000 M unlabeled glutamate in HBSS at 35°C. Incubation was
stopped after 7 min by two ice-cold washes with 1 mL. HBSS immediately followed by
addition of 0.5N NaOH, which was kept overnight. Aliquots of lysates were taken for
determination of intracellular content of L-[2,3-°H] glutamate through scintillation
counting. In order to determine the actual glutamate uptake, parallel experiments
were done under ice and using N-methyl-D-glucamine instead of sodium chloride
in the incubation medium, being subtracted from the uptake at 35°C. All experi-
ments were performed in triplicate. Determination of protein was assessed using the
method described by Peterson (1977).

Statistical Analysis

Data were analyzed using one-way ANOVA for multiple group comparison.
Post-hoc analysis was carried out by Duncan multiple range test. Guanosine effect
was analyzed using Student’s t-test. Values of P < 0.05 were considered statistically
significant.

RESULTS

Stimulation of Glutamate Uptake by Guanosine

Considering our previous results showing that guanosine stimulates glutamate
uptake in vitro (Frizzo et al., 2001, 2002, 2003), we investigated the profile of
guanosine effect on a broad range of glutamate concentration (1-1000 ©M) in
rat cortical slices. Figure 1 shows that the basal specific uptake of glutamate was
significantly stimulated by 100 M guanosine at 100 and 300 uM glutamate con-
centrations. At 100 uM glutamate, the basal uptake (0.123 4 0.012) was enhanced
up to 44% (0.177 £0.005) and at 300 uM (0.232 + 0.012) it was increased up to
52% (0.353 £ 0.015). In lower and higher concentrations no stimulatory effect was
observed.

Effect of Guanosine on Glutamate Uptake Kinetic Parameters

In order to determine whether this stimulation mediated by guanosine could
modify kinetics parameters of the glutamate transport, we analyzed the results using
Eadie-Hofstee plot. Asshown in Fig. 2, treatment with guanosine caused a significant
increase in glutamate transport capacity (Vmax) (up to 23%) but had no effect on the
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Fig.1. Glutamate uptake in cortical slices with and without treatment with 100 ©M guanosine (Guo).
Inset shows values among 1-30 uM glutamate (GLU). Data are expressed by mean + SEM of 10
independent experiments. *P < 0.01, by unpaired Student’s t-test when compared with respective
slices untreated.

apparent glutamate Kp,. Values of the calculated kinetics parameters are depicted in
Table 1.

Effects on Glutamate Uptake After Guanosine Withdrawal

In attempt to verify whether the guanosine-stimulatory effect observed persisted
after removal of the nucleoside, slices exposed to 100 uM guanosine by 60 min
were washed before glutamate uptake assay. In these set of experiments we used
only glutamate concentrations that presented significant effects (100 and 300 uM).
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Results depicted in Fig. 3 show that the increase evoked by guanosine on glutamate
uptake remained after its withdraw, by 66 and 35% respectively.

DISCUSSION

Cerebral tissue contains huge amounts of glutamate, but only a tiny fraction
of it is normally present extracellularly. Despite its several brain functions in CNS
(Ozawa et al., 1998; Izquierdo et al., 1999; Meldrum, 2000; Segovia et al., 2001),
glutamate at extracellular excessive concentrations can function as an excitotoxin,
inducing neuronal injury and death (Ozawa et al., 1998; Lee et al., 1999; Meldrum,
2000; Maragakis and Rothstein, 2004). In this context, astrocytic glutamate trans-
porters play an important role in maintaining extracellular glutamate concentrations

TableI. Kinetics of L-[*H] Glutamate Uptake into Cortical Slices

Treatment Vimax (nmol mg=! min~1) Ky, (uM)
Control 0.469 £+ 0.04 214 £ 8
100 M guanosine 0.576 + 0.05* 206 +19

*P < 0.05, by unpaired Student’s ¢-test when compared treated
with untreated groups.
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Fig. 3. Effect of guanosine pre-treatment on glutamate up-
take. Slices treated with 100 M guanosine (Guo) by 60 min
were washed before addition of L-[*H] glutamate (GLU)
and compared with respective controls. Data are expressed
by mean + SEM of six independent experiments. *P < 0.05,
**P < 0.001, by unpaired Student’s ¢-test when compared with
respective group.

below neurotoxic levels (Anderson and Swanson, 2000; Danbolt, 2001). Thus, the
balance between physiological and pathological conditions is provided by a sophis-
ticated modulatory system. Indeed, it has been shown that glutamate uptake can be
stimulated by guanosine (Frizzo et al., 2001, 2002, 2003), by glutamate and analogs
(Gegelashvili et al., 1996; Duan et al., 1999; Munir et al., 2000) as well as by synthetic
neuroprotective compounds (Asai et al., 1999; Shimada et al., 1999).

Even though there are several studies showing neuroprotective actions of
guanosine against glutamatergic overstimulation (Schmidt et al., 2000, 2004; Lara
et al., 2001; Oliveira et al., 2004; Vinadé et al., 2003, 2004; Soares et al., 2004), the
mechanism involved is still unknown. One possible explanation could involve its
stimulatory effect on glutamate uptake, shown by different in vitro models (Frizzo
et al., 2001, 2002, 2003). Here the guanosine effect on glutamate uptake was in-
vestigated on a broad range of glutamate concentration (1-1000 uM). The fact
that guanosine presented stimulatory effect only at higher concentrations (100 and
300 uM) is relevant to its neuroprotective actions, and corroborates our previous
results (Frizzo et al., 2002). So it is reasonable to suppose that guanosine exerts
neuroprotective roles only when glutamate concentrations are getting higher, being
ineffective at physiological glutamate levels.
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Considering our results, guanosine-stimulatory role on glutamate uptake at
physio-pathological concentrations could be explained by its capacity of increasing
the uptake Vpnax, without affecting the affinity of glutamatergic receptors by gluta-
mate (Ky,). Other works using glutamate and analogs during a pre-treatment period
showed a stimulatory effect on glutamate uptake (Gegelashvili et al., 1996; Duan
et al., 1999; Munir et al., 2000), some of them by enhancement of uptake Vp,x and
involvement of transporter translocation to (or decreased removal from) the cell
membrane (Duan et al., 1999; Munir et al., 2000). Therefore, one might hypothesize
that the mediated increase in Vj,.x by guanosine could also be due to the increase
in the number of glutamate transporters in the cell surface (or in their catalytic effi-
ciency). Importantly, in the works that studied up-regulation of glutamate transport
substrate-induced, no significant alteration on K, values was observed, similar to
our results.

Here, we also observed that guanosine stimulatory effect remained after its
withdrawal, which is similar to results where glutamate pre-incubation was used to
up-regulate substrate-transport even after washing procedures (Duan et al., 1999).
Although we are sure that guanosine was removed from the incubation medium, and
that we are reproducing previous observations from the literature (Duan et al., 1999),
we cannot rule out the possibility that guanosine had not been completely removed
from the neurophil. Of note, the stimulatory effect on glutamate uptake presented
similar magnitude in the absence or presence of the nucleoside. Our results obtained
using slices strengthen previous findings with astrocyte cultures (Frizzo et al., 2001,
2003), given that it is a brain preparation where interactions among neural cells are
mostly preserved.

Thus, the results presented here provide new important information over pre-
vious works of our group: (i) indicate that the stimulatory effect of guanosine on
glutamate uptake was exerted on the transporter capacity (number of transporters?)
and (ii) indicate that the stimulatory effect remains (at least for short time) even
after the guanosine withdrawal (which reinforce that the guanosine effect could be
due to the recruitment of glutamate transporters to cells surface).

The ability to stimulate the uptake confers to guanosine a putative therapeutic
relevance by its anti-excitotoxic role.
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Abstract

The aim of this study was to determine the effect of guanosine on the glutamatergic
tonus in ex vivo and in vivo experiments. Thus, we studied if guanosine in vitro could affect
L-[’H]glutamate release, uptake and accumulation by synaptosomes, as well as vesicular
glutamate uptake. I.c.v. guanosine effects on the same parameters in ex vivo preparations
were also studied. Our results show an increase in synaptosomal release, synaptosomal
uptake, and vesicular uptake both in vitro and ex vivo assays. In vitro synaptosomal
accumulation was also increased. Our results indicated that effects in vitro of guanosine
could be reproduced in a more complex ex vivo study. We could suggest that guanosine

may reinforce the glutamatergic tonus.

Keywords: guanosine, glutamate uptake, glutamate release, synaptosomes, synaptic

vesicles, glutamatergic tonus.
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Introduction

Glutamate, the main excitatory neurotransmitter in the mammalian central nervous
system (CNS), plays important functions in several brain physiological and pathological
events. Glutamate participates in various plastic processes, being involved in ontogeny and
ageing, memory and learning, and formation of neuronal networks (1,2). However,
overstimulation of the glutamatergic system may lead to excitotoxicity, a phenomenon
involved in physiopathogeny of various acute and chronic disorders of the CNS (1-3).
Thus, the maintenance of extracellular glutamate concentrations below toxic levels is
essential for normal brain development and function.

The removal of glutamate from the synaptic cleft, which occurs through high
affinity of sodium-dependent membrane transporters located mainly in astrocytes, is a key
mechanism for modulation of glutamate actions, and also for maintaining its extracellular
concentrations under control (1). Inside astrocytes, glutamate is converted to glutamine,
which is transferred to presynaptic terminals (glutamate/glutamine cycle), where it is
converted again to glutamate and a low affinity Na'-independent carrier finally takes up
glutamate into synaptic vesicles. This mechanism counts to maintain the
glutamate/glutamine cycle activity, which is crucial for the glutamatergic synapses activity
and is responsible by most of energy used by these synapses (4).

Extracellular guanine based-purines (GBPs) modulate the glutamatergic system in
physiological and pathological conditions. GBPs inhibit cell responses to glutamatergic
ligands (5,6); GMP and guanosine (GUO) prevent seizures induced by quinolinic acid
(QA), kainate and a-dendrotoxin (7-10). Furthermore, the inhibitory effect of GBPs on the
binding of glutamate and analogs in different preparations from chick, rat and goldfish
brain was described (11-13). GBPs have been demonstrated to enhance glutamate uptake in

astrocyte cultures (14,15) and brain cortical slices (16). In addition, extracellular GBPs
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exert additional important functions such as inductors of trophic effects on neural cells and
astrocytes growth and proliferation (17).

The presence of nucleotides, nucleosides and their metabolites in cerebrospinal fluid
has been earlier described (18), and it has been shown that their concentrations are elevated
during ischemic events (19,20). In vivo, the extracellular concentration of purines depends
on a balance between the cell release and uptake as well as on extracellular metabolism
(17).

Recent works (9,15) established that the GBPs effects on glutamate uptake and as
anticonvulsants were exerted specifically by GUO, being the observed effects attributed to
other GBPs due to their conversion to GUO. As GUO effects persist in the presence of
classic purine receptor antagonists or nucleoside uptake inhibitors (14,17), it is reasonable
to presume that GUO effects involve specific membrane receptors in the brain (21).

Moreover, GUO has been shown to exert trophic effects on neural cells (17), to
preserve viability in mouse spinal cord cultures during chemical hypoxia (22), to promote
myelination and functional recovery in chronic spinal injury (23), and to stimulate neurite
outgrowth in PC2 cells (24).

The main objective of this study was to determine the effect of GUO on various
parameters of the glutamatergic system through in vitro studies and if the effect of
guanosine could be also observed in an ex vivo protocol. Accordingly, we investigated in
rats if: (i) GUO in vitro affects L-[’H]glutamate release from synaptosomes; (ii) GUO in
vitro affects the synaptosomal and vesicular L-[’H]glutamate uptake; (iii) in vivo acute
unilateral intracerebroventricular (i.c.v.) administration of GUO (4ulL/660uM) affects

synaptosomal L-[*H]glutamate release and uptake.

Experimental Procedures

Animals and reagents
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Two month old Wistar rats (180-250g) were maintained at 25°C on a 12:12h
light/dark cycle (lights on at 06:00 h), with tap water and standard lab chow (Guabi, Santa
Maria, RS, Brasil) ad libitum. They were housed in plastic cages (five per cage). Animals
were killed by decapitation, the brains rapidly removed and the cerebral cortices dissected.
Our institutional protocols for experiments with animals, designed to minimize suffering
and limit the number of animals sacrificed, were followed throughout the experiments.

L-[*H]glutamate (56 Ci/mmol) was from Amersham International, (UK), and other
chemicals were of analytical reagent grade. The anesthetic sodium thiopental was obtained

from Cristélia (Itapira, SP, Brasil).

Surgical procedure and i.c.v. infusion techniques

Animals were anesthetized with sodium thiopental (25 mg/kg, 2 mL/kg, i.p.). In a
stereotaxic apparatus, the skin of the skull was removed and a 27-gauge guide cannula was
placed 0.9 mm posterior to bregma, 1.5 mm right from the midline and 1 mm above the
lateral brain ventricle. The cannula was implanted through a 2 mm hole made at the cranial
bone, and fixed with jeweler acrylic cement. Experiments were performed 48 h after
surgery. A 30-gauge cannula was fitted into the guide cannula and connected by a
polyethylene tube to a 10 uL Hamilton syringe. The tip of the infusion cannula protruded
1.0 mm beyond the guide cannula aiming the lateral brain ventricle. We performed an i.c.v.
infusion of 4 uL of saline or GUO (660 uM) and rats were observed for 30 min in Plexiglas

chambers before being employed in synaptosomal or synaptic vesicle experiments.

Purines measurement (HPLC procedures)

Animals received an i.c.v. infusion of either 4ul of saline (control), GUO or GMP
(both 660 uM, 2.64 nmoles). After 30 min, these animals were anesthetized and placed in a
stereotaxic apparatus and the CSF was drawn (40-60 uL per rat) by direct puncture of the

cisterna magna with an insulin syringe (27 gaugex1/2" length), as described elsewhere (25).
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All samples were centrifuged to obtain cell-free supernatants and stored in separate tubes in
-70°C until the quantification of purines.

The quantification of purines in the CSF was performed in accordingly to Frizzo
(15). Briefly, HPLC analyses were carried out with a reverse phase column (Supelcosil LC-
18, 25 cm x 4.6 mm, Supelco) in a Shimadzu Instruments liquid chromatograph (50 uL
loop valve injection). The elution was carried out applying a linear gradient from 100% of
solvent A (60 mM KH,PO4 and 5 mM of tetrabutylammonium phosphate, pH 6.0) to 100%
of solvent B (70% 100 mM KH,PO, and 5 mM of tetrabutylammonium phosphate, pH 6.0,
plus 30% acetonitrile) over a 40 min period (flow rate at 1.2 mL/min). The amounts of
purines were measured on the basis of the absorption at 254 nm. The retention time of

standards was used as an identification and quantification parameter.

Synaptosomal preparations

Animals were decapitated and the forebrain was used to prepare synaptosomes on a
discontinuous Percoll gradient according to Dunkley and colleagues (26). Synaptosomes
were used in the same day of preparations. Synaptosomal preparations were suspended in
oxygenated Krebs-Ringer buffer (KRB) containing 150 mM NaCl, 2.4 mM KCI, 1.2 mM
Na,HPOg, 1.2 mM CaCl,, 1.2 mM MgS04, 5 mM Hepes-Tris, pH 7.4, and 10 mM glucose.
These preparations contain 5% contamination with inner and outer mitochondrial
membranes fragments, microsomes, myelin, as well as neural and glial plasma membranes

7).

Measurement of lactate dehydrogenase (LDH) activity

The synaptosomal preparation integrity was evaluated by lactate dehydrogenase
(LDH; E1.11.27) release. LDH release was monitored by incubation synaptosomes with
GUO (10nM-1mM) or saline (control) for 15 min. The LDH activity in the incubation

medium and the total LDH content, which was determined by disruption of the
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synaptosomal preparation using 1.5% Triton X-100, were evaluated spectrophotometrically
using an assay kit (Labtest reagents, Brasil), which measure the amount of a colored
complex derived from the NADH formed by the enzymatic reaction using a

spectrophotometric method (510 nm).

L-[*H]glutamate accumulation by synaptosomal preparations previously depleted from
endogenous glutamate and non-previous depleted

The glutamate accumulation was performed accordingly to Bole (28), with a few
modifications. Briefly, synaptosomes in 1-ml aliquots (0.9-1.6 mg/mL) were pelleted
(16,000 x g, 3 min), suspended in HBSS (composition in mM: HEPES 24, NaCl 119, KCl
2.1, MgSO04 1.08, KH,PO4 1.08, glucose 10.8, CaCl, 0.9), pH 7.4 (adjusted with HCI). In
the synaptosome fraction that depleted from endogenous glutamate the KCI concentration
used was 56 mM. The aliquots are incubated at 37° C for 20 min. After this procedure,
synaptosomes were washed twice and suspended in ice-cold nondepolarizing HBSS
medium. Pretreated synaptosomes were dispensed in 0.1-mL aliquots for glutamate uptake
assay (500 nM of glutamate and 45 nM of [H]-glutamate) for 1 min at 37° C in the
presence or absence of GUO. Synaptosomal uptake was terminated by adding 0.9 mL ice-
cold HBSS. Aliquots (0.1 mL) were immediately removed and filtered on glass fiber filters
(Whatman GF/C) to determine the total amount of glutamate taken up.

L-[H] glutamate uptake by synaptosomes

Synaptosomal preparations were washed twice in 3 vol 0.3 M sucrose, in 15 mM
Tris/acetate buffer (pH 7.4) and centrifuged at 35,000 x g for 15 min. The final pellet was
resuspended in 0.3 M sucrose, 15 mM Tris/acetate buffer (pH 7.4), and incubated in HBSS,
pH 7.4, in the presence of 100 nM L-[*H]glutamate, for 1 min at 37° C. The reaction was
stopped by filtration through GF/B filters (Whatman). The filters were washed three times
with 3 mL ice-cold 15 mM Tris/acetate buffer (pH 7.4) in 155 mM ammonium acetate. The
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radioactivity retained on the filters was measured in Wallac model 1409 liquid scintillation
counter. Na'-dependent L-[*H]glutamate uptake was calculated as the difference between
the uptake obtained in the incubation medium described above, and the uptake obtained

with a similar incubation medium in which choline chloride was substituted for NaCl.

L-[*H]glutamate release from synaptosomal preparations

L-[*H]glutamate release was measured according to Migues (29). Briefly,
synaptosomal preparations were incubated in HBSS, pH 7.4, for 15 min at 37° C in the
presence of 500 nM L-[*H]glutamate. Aliquots of labeled synaptosomes (1.3 mg protein)
were centrifuged at 13,000 x g for 1 min at 4°C. Supernatants were discarded, and the
pellets were washed four times in HBSS by centrifugation at 13,000 x g for 1 min at 4° C.
In order to measure the basal release of L-[*H]glutamate the final pellet was resuspended in
HBSS and incubated for 1 min at 37° C in the presence or absence of GUO. Incubation was
terminated by immediate centrifugation (16.000 x g for 1 min at 4°C). K'-stimulated L-
[*H]glutamate release was assessed as described for basal release, except that the
incubation medium contained 40mM KClI to induce synaptosomal depolarization. The total
amount of glutamate loaded into synaptosomes under these conditions was 9.9 pmol/mg of
protein.

Radioactivity present in supernatants and pellets was separately determined in a
Wallac scintillation counter. The released L-[*H]glutamate was calculated as percentage of
the total amount of radiolabel in the synaptosomal preparation at the start of the incubation

period (preloaded synaptosomes).

Synaptic vesicles preparation
Synaptic vesicles were isolated from rat brains as described by Fykse and Fonnum
(30). 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 EDTA and centrifuged twice for 10 min at
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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.

L-[°H] glutamate uptake by synaptic vesicles

Uptake experiments were performed in a standard medium (final volume of 200 uL)
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, as previously described (31), with 50 uM L-
[*H]glutamate (3 uCi/mL). Incubation was carried out for 10 min at 35° C, and stopped by
rapid filtration of the suspension through 0.45 um 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.

Measurement of protein content
Protein content was determined by the method of Lowry (32), using serum bovine

albumin as standard.

Statistics
All experiments were performed at least in triplicates and the mean was used for the
calculations. Data were evaluated by one-way or two-way ANOVA, followed by the

Duncan multiple range when F was significant. Linear regression was used to detect dose-
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dependent effects. Student’s #-test was used in the ex vivo assay. Significance occurred

when P<0.05.

Results

Synaptosomal preparations did not show any significant leakage of the cytosolic
marker LDH after incubations with 100 nM - 1 mM GUO (data not shown).

Synaptosomes previously depleted from endogenous glutamate were able to take up
1,5 times more glutamate (4.19 + 0.07 pmol/min/mg of protein, Fig.1) than synaptosomes
not previously depleted (2.67 + 0.12 pmol/min/mg of protein, Fig. 1). Guanosine effect
over glutamate accumulation in previously depleted synaptosome and non-depleted,
calculated by linear regression x analysis of variance (F(3,8)=15.46; p<0.01; f=0.76) and
F(3,12)=10.20, P<0.01, B=0.81), respectively, depicted a dose-dependent effect.

The in vitro effect of GUO on basal and K'-stimulated glutamate release was
evaluated (Fig. 2). GUO increased basal glutamate release (F(3,16)=24.53; p<0.01) and K-
stimulated glutamate release (F(3,16)=78.07; p<0.01). GUO in vitro was able to dose
dependently increase vesicular glutamate uptake (Fig. 3) up to 71% (F(1,26)=14,01;
p=0.001; B=-0.59).

The effects of GUO i.c.v. administration (30 min after i.c.v. injection, 4 uL/660 uM)
were also evaluated. Fig. 4-A illustrates a stimulatory effect over synaptosomal glutamate
release up to 21% (basal) and 28% (K '-stimulated release). We observed that the ex vivo
experiments depicted an increase in the synaptosomal glutamate uptake up to 55% (p<0.05)
(Fig. 4-B) when compared to control (saline group). Finally, GUO also increased the
vesicular glutamate uptake by 44% (Fig. 4-C).

In the measured of CSF contents (GUO and GMP) collected 30 min after the i.c.v.

treatment, no significant difference between control group and those that received GUO or
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GMP was found. GMP was administered following the same i.c.v. protocol as the GUO
treated group (Table 1).

Discussion

The results obtained in this study demonstrate the influence of GUO on the
physiological tonus of glutamatergic system, affecting various glutamatergic parameters,
such as the uptake and release of glutamate by synaptosomes, synaptic vesicles uptake in
vitro, and for the first time in ex vivo experiments.

Extracellular effects of GBPs, along with evidence of specific binding sites for
GUO (21), have strengthened the proposal of a specific guanine-based purinergic system in
addition to the adenine-based purinergic system. In particular, GUO has been shown to
exert in vitro trophic (17), neuroprotective activity (16) as well as to stimulate glutamate
uptake (14,15). In additon, in vivo GUO has been shown to present anticonvulsant effect (7-
10) and amnesic effects in rodents (10,33).

Considering that synaptosomal preparations have a glial component (26,27), the in
vitro and ex vivo stimulatory effect of GUO on glutamate uptake by synaptosomal
preparation corroborate with previous works showing that 1 uM GUO could increase
glutamate uptake in astrocyte cultures and slice preparations (14,15). Very importantly, our
experiments using synaptosomes previously and non-previously depleted from endogenous
glutamate demonstrated that this GUO effect: i) is dose-dependently; ii) occurs at lower
GUO concentrations; and iii) is capable to produce a higher increase in the glutamate
uptake in previously depleted synaptosomal fraction. This could indicate that depletion
procedure affects the synaptosomal preparations probably causing a decrease in the
glutamate quanta. Interestingly, guanosine depicted a significant effect in both conditions
tested, non-previous and previous depleted from endogenous glutamate. In cell cultures

exposed to conditions as hipoxia/ischemia, extracellular purine levels are found to be
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elevated and there is a higher increase of GBPs than adenine based purines (3.5 fold) (19).
In addition, GUO levels are increased in ischemic focal insults and remain increased up to
one week (20). These conditions are accompanied by a great discharge of glutamate in the
synaptic cleft that could be excitotoxic to neurons. Our finding indicates that GUO really
act on glutamate uptake in different conditions on CNS. These results corroborate with
previous work (16) which GUO increase glutamate uptake in rat cortical brain slices in
normal and exitotoxic conditions.

Tasca and collegues (34) do not found any effect for of GUO in the glutamate
uptake by synaptic vesicles when tested at 10min of incubation time. However, when tested
100 uM and 1 mM, but now the experiment was carried out using a different time of
incubation (1.5 min), GUO displayed an inhibitory effect (34). This inhibition seems to
vanish with increasing time of experiment. In contrast, our work, using 10 min as the time
for glutamate uptake, depicted that glutamate uptake by synaptic vesicles increased both in
vitro and ex vivo, similarly to the synaptosomal preparations. Taken together, the described
by Tasca (34) and our results indicated that, as observed with Na'-dependent glial
transporters, the synaptic vesicular transporters could be modulated by GUO. This
modulation could be performed directly (in vitro) or by an intracellular pathway (ex vivo),
the mechanisms that underline the GUO effect carry on unclear.

Previously, we demonstrated that i.p. GUO or GMP administration caused a slight
increase in CSF of GUO after 30 min of administration. In this work, no difference was
detected in GUO concentration after 30 min of GUO or GMP i.c.v. administration. This
rapid return to basal levels indicates, as described earlier (17), a powerful homeostatic
mechanism dealing with brain purines. Concurrently, in vivo GUO administration that
affected glutamatergic parameters without alterations on GUO levels could indicate that
GUO triggers a mechanism that remains functioning even though the return of GUO to

extracellular basal levels.
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Our group has given many evidences that GUO is a neuroprotective compound (5-
10,16). In the present study, our results indicate that GUO, besides being neuroprotective,
may be an overall activator of the glutamatergic system, specially of the
glutamate/glutamine cycle, since the increase in glutamate taken up by cells may be used
for metabolic purposes or be recycled as neurotransmitter (1,4,35,36). Both pathways
require some energy, however the mechanism adopted could not include an additional
glucose expend by the astrocytes, once the fuel for active glutamate uptake and glutamine
formation could be derived from own glutamate oxidation (37). Thus, independently of the
glutamate destination, GUO could act as an activator of the glutamate metabolism in the
central nervous system, triggering the glutamate-glutamine cycle and increasing the
metabolic use of glutamate.

These interactions of GUO with the glutamatergic parameters tested (in vitro and ex
vivo) reinforce some specific connections (15) of the neurotransmitter pool of glutamate, in
physiological concentrations, with GUO. In conclusion, we could hypothesize that GUO,
besides being neuroprotective against toxic overstimulation of the glutamatergic system,
could indicate other possible physiological role of GUO in strengthening the glutamatergic
tonus. These modulatory effects of GUO on glutamatergic tonus could contribute to the
study of processes produced physiologically by glutamate as neural plasticity or other

pathological processes as neurodegenerative disorders.
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