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RESUMO

O nucleosideo Guanosina (GUO) ja foi descrito como capaz de estimular
a captagédo de glutamato em cultura de astrocitos. A proposta deste estudo foi
determinar o efeito e a especificidade das purinas, derivadas da guanina ou da
adenina, na captagdo de glutamato e GABA em cultura de astrécitos. A
estimulacdo da captacdo de glutamato foi observada quando usamos GUO,
GMP e GTP. Quando utilizamos os derivados de Guanina simultaneamente n&o
observamos efeito aditivo. Nos também investigamos se interconversdes entre
as purinas derivadas da guanina tém influéncia no efeito observado. O efeito do
GTP foi preliminarmente descartado ja que seu analogo GMP-PNP néo
estimulou a captacédo de glutamato. Quando utilizamos um inibidor da ecto-5’-
nucleotidase, o efeito do GMP na captacdo de glutamato desaparece e néo
houve interferéncia no efeito da GUO. Assim, esses resultados sugerem que a
GUO é o derivado da guanina responsavel pelo efeito na captagao de glutamato.
Ao mesmo tempo, os derivados da adenina ndo sdo capazes de estimular a
captacdo de glutamato. Além disso, a captacdo de GABA nao foi afetada pela
guanosina. Dessa forma, nossos resultados indicam uma especificidade na

interacédo entre GUO e a captagao astrocitaria de glutamato.



ABREVIATURAS

SNC Sistema nervoso central

iGIuR Receptores ionotrdpicos para glutamato

NMDA N-metil-D-aspartato

AMPA o-amino-3-hidroxi-5-metil-4-isoxazol-acido propiénico

KA acido cainico

MK-801 (+)-5-metil-10,11-diidro-5H-dibenzo[a,d]ciclohepten-5,10-imina
mGIuR Receptores metabotrdpicos para glutamato

1S,3R-ACPD 1S,3R-aminociclopentano-1,3dicarboxilato

L-AP4 L-2-amino-4-fosfonobutirato

GLAST Transportador de glutamato e aspartato em ratos
EAAT 1-5 Transportador de aminoacidos excitatorios 1 até 5
GLT-1 Transportador de glutamato em ratos

GTP Guanosina trifosfato

GDP Guanosina difosfato

GMP Guanosina monofosfato

GFAP Proteina acida fibrilar glial

AMPc Adenosina monofosfato ciclico

GABA Acido gama-aminobutirico
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1 - INTRODUGAO

O Sistema glutamatérgico.

O aminoacido glutamato é o principal neurotransmissor excitatério do
sistema nervoso central (SNC) de mamiferos, estando presente na maioria das
sinapses centrais (Ozawa et al.,, 1998). O glutamato atua na mais diferentes
funcdes cerebrais, tais como aprendizado, memoaria, cogni¢céo e na formagéo 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
varios processos fisiolégicos, em algumas situagbes patoldgicas existe uma
hiper ativagao do sistema glutamatérgico que leva a toxicidade celular, chamada
de excitotoxicidade (Lipton e Rosemberg, 1994). Lucas e Newhouse em 1957
realizaram os primeiros estudos sobre efeitos toxicos do glutamato
administrando  sistemicamente este aminoacido em  camundongos,
demonstrando danos na retina.

Para realizar as suas agbdes no SNC, o glutamato se une a uma
multiplicidade de proteinas que chamamos receptores. Estes receptores estio
divididos em duas classes: ionotropicos e metabotropicos (Conn & Pin 1997;
Ozawa et al., 1998). Os receptores ionotropicos (iGIuR) s&o canais que
permitem a passagem de um ion especifico quando ativados (Ozawa et al.,
1998) e foram subdivididos em N-metil-D-aspartato (NMDA), a-amino-3-hidroxi-

5-metil-4-isoxazol-acido propidénico (AMPA) e acido cainico (KA), de acordo com



a sensibilidade a agonistas. Os receptores NMDA s&o canais com grande
permeabilidade a Ca®', baixa permeabilidade a Na* e K*, e uma cinética da
abertura lenta. O complexo do receptor NMDA apresenta diversos sitios de
modulagdo da abertura do canal: um sitio para 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
poliaminas e sitios para zinco e magnésio (Ozawa et al., 1998). Quando a
membrana neuronal esta em repouso, o canal do receptor NMDA encontra-se
bloqueado por Mg®*. A ativagdo do receptor NMDA e o influxo de ions s
ocorrem se a membrana neuronal for previamente despolarizada, por exemplo,
através dos receptores AMPA, permitindo a saida do Mg2+ do canal. Os
receptores AMPA sdo canais com alta permeabilidade a Na* e K*, com menor
permeabilidade a Ca?*, enquanto os receptores do tipo KA s&o bastante
permedveis a Ca®* (Cotman et al., 1995). Os receptores iGIuR do tipo AMPA e
KA sao responsaveis pela ativacdo rapida da neurotransmissao excitatéria no
SNC. Os receptores metabotréopicos (mGIuR) pertencem a uma familia de
receptores que interagem com proteinas ligantes de nucleotideos da guanina
(proteinas G), que modulam a producéo de efetores intracelulares que por sua
vez ativam e/ou inibem diversos eventos celulares (Conn & Pin, 1997; Ozawa et
al., 1998). Os receptores mGIuR 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 trés subgrupos de acordo com a



semelhanga na sua sequéncia de aminoacidos (Pin & Duvoisin, 1995) e sua
sensibilidade a agonistas e respostas celulares envolvidas.

O armazenamento de glutamato no sistema nervoso central é realizado
em vesiculas que se encontram nos terminais pré-sinapticos. Quando ocorre a
despolarizagédo dos terminais pré-sinapticos glutamatérgicos, o glutamato que se
encontra nas vesiculas é liberado para a fenda sinaptica, por exocitose
dependente da concentragéo de calcio citosalico, (Nicholls & Atwell, 1990, Vesce
et al., 1999). O glutamato liberado interage com seus receptores ionotropicos
e/ou metabotrdpicos que estio localizados nas membranas pré- e pds-sinapticas
e também nas membranas gliais (Gallo & Ghiani, 2000; Scannevin & Huganir,
2000). Apos a promogao de influxo ibnico nestas células e a modulagdo da
producdo de segundos mensageiros, o glutamato é removido da fenda sinaptica
por sistemas de transporte dependentes de sdédio, localizados principalmente
nas células gliais (Robinson & Downd, 1997; Anderson & Swanson, 2000;
Danbolt, 2001; Amara & Fontana, 2002). Os transportadores de glutamato sao
os seguintes: GLAST/EAAT1, GLT-1/EAAT2 (transportadores gliais),
EAAC1/EAAT3 (transportador neuronal), EAAT4 (transportador predominante
em células de Purkinje no cerebelo) e EAATS5 (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). Devido a auséncia de sistemas
enzimaticos para metabolizarem o glutamato na fenda sinaptica, os sistemas de
captacdo de glutamato sdo responsaveis pela inativagdo da agao

glutamatérgica. Apds a captagao astrocitaria, o glutamato é transformado pela



glutamina sintetase em glutamina. A glutamina € transportada para os
neurdnios, convertida pela glutaminase a glutamato, que pode ser captado pelas
vesiculas sinapticas e liberado novamente, recomegando o processo (Anderson
e Swanson, 2000; Danbolt, 2001; Amara & Fontana, 2002).

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 estimulagéo excessiva provocada pelo glutamato
nos seus receptores. A estimulagdo excessiva dos receptores glutamatérgicos é
um dos principais eventos para a neurotoxicidade provocada pelo glutamato. O
papel do glutamato como mediador de excitotoxicidade parece estar relacionado
ao aumento de Ca®" intracelular causado pela estimulagdo excessiva de seus
receptores ionotrépicos e metabotrépicos e a subsequente perda da homeostase
do Ca?* intracelular (Meldrum, 1994, Sattler & Tymianski, 2000). O aumento nos
niveis de Ca®" leva ao desencadeamento de uma cascata de eventos
intracelulares que incluem um aumento na produgdo de espécies reativas de
oxigénio, maior influxo de calcio e sédio 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 tém merecido destaque,
desde quando experimentos com cultura de células neurais demonstraram que a

morte neuronal por glutamato era atenuada quando neurbnios eram co-



cultivados com astrécitos (Rosenberg et al., 1992). Atualmente, esta bem
demonstrado que os transportadores de glutamato, localizados nas células
gliais, s&o os responsaveis pela manutengdo da homeostase celular por
manterem baixos os niveis extracelulares de glutamato (Anderson & Swanson,
2000; Tanaka, 2000; Gegelashvili et al., 2001; Danbolt, 2001, Amara & Fontana,
2002). Em estudos em que os transportadores GLT-1 e GLAST ndo séao
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 uma
elevagcdo dos niveis extracelulares de glutamato e neurodegeneragao
caracteristica de excitotoxicidade (Rothstein et al., 1996). Com todas essas
evidéncias, tem-se estabelecido que os transportadores gliais sdo de fato os
responsaveis pela manutengdo dos baixos niveis extracelulares de glutamato e
por prevenir uma neurotoxicidade que possa ser causada por este aminoacido,
sendo que ao transportador neuronal caberia a fungao de carrear o glutamato
para fins de modulagdo sinaptica e metabolismo (Amara & Fontana, 2002).
Acerca de patologias no SNC, as mortes celulares observadas em isquemia
cerebral, esclerose lateral amiotréfica, Doenga de Alzheimer, trauma cerebral,
epilepsia, intoxicacdes 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). Astrocitos em cultura podem

expressar ambos transportadores sendo que a captagado de glutamato por estas



células pode ser modulada por fatores de crescimento, pelo préprio glutamato,
derivados da guanina e também por algumas neurotoxinas (Swanson et al.,
1997; Leal, et al., 2000; Danbolt, 2001; Frizzo et al., 2001, 2002; Gegelashvili et
al., 2001; Tavares, et al., 2002; Emanuelli et al., 2003). Dessa forma o estudo de
um mecanismo de modulagdo pode ser a chave para prevencdo da

excitotoxicidade provocada pelo glutamato.

Derivados da guanina e o glutamato.

Os nucleotideos da guanina sao classicamente associados ao sistema de
transmissao de sinal transmembrana via proteinas G (Gudermann et al., 1997).
A unido de neurotransmissores ou agonistas aos seus receptores
metabotrdpicos, leva a formagao de um complexo ativo proteina 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). Adenilato ciclase, fosfolipase C, canais idnicos estdo
entre os efetores modulados por neurotransmissores, através de sistemas que
operam com proteinas G (Gudermann et al.,, 1997). No SNC, esta forma de
transducgao do sinal celular estad associada a subtipos de praticamente todos os
receptores estudados: dopaminérgicos, glutamatérgicos, serotoninérgicos,
purinérgicos, gabaérgicos, entre outros (Morris & Malbon, 1999). Estudos sobre
a especificidade dos derivados da guanina mostram que os outros nucleotideos
e derivados da adenina n&o interagem com proteinas G (Gudermann et al.,

1997).



Além da acéo intracelular em proteinas G, existem varias evidéncias que
indicam que os derivados da guanina modulam o sistema glutamatérgico
atuando 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, 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 prepara¢gées de membrana onde
estavam presentes componentes pré e pds sinapticos bem como células gliais,
nao sendo possivel determinar em quais componentes da sinapse os derivados
da guanina estariam inibindo a unido de glutamato e seus agonistas. Os
derivados da guanina também inibem a unido de KA mesmo em condigdes 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 ndo é modulado pelas proteinas G (Monahan et al.,
1988; Baron et al., 1989; Barnes et al., 1993).

Os derivados da guanina também bloqueiam respostas celulares a agéo
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
preparagdes em que nucleotideos da guanina nao penetram no espago
intracelular e proteinas G nao interagem diretamente com moléculas pelo lado
externo da membrana (Tasca et al., 1995; Tasca & Souza, 2000). No entanto, os
efeitos dos nucleotideos da guanina sobre os receptores glutamatérgicos nao
séo particularmente potentes, ocorrendo geralmente na faixa de 100 uM a 1 mM
(Monahan et al., 1988; Baron et al., 1989; Tasca et al., 1995; 1998; Regner et
al., 1998; Burgos et al., 1998). Em estudos comportamentais o GMP ¢é capaz de
reverter o efeito facilitatorio do glutamato na tarefa de esquiva inibitéria (Rubin et
al., 1996; 1997B).

O nucleosideo guanosina tem merecido menos atencado por parte dos
pesquisadores em geral e dessa forma tem sido bem menos estudado do que os
nucleotideos da guanina e o derivados da adenina. Mesmo assim, alguns
trabalhos importantes vém sendo realizados no sentido de elucidar o papel da
guanosina no SNC. Em culturas de astrocitos, a exposicdo a condi¢cdes de
hipéxia associada a hipoglicemia eleva a concentragdo extracelular da
guanosina em aproximadamente quatro vezes, sendo esta elevagdo maior e
mais prolongada do que a elevagao 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 apos a injuria (Uemura et al., 1991).
Além disso, um estudo de microdialise no talamo de ratos demonstrou que a
despolarizagéo in vivo por K*, cainato e ouabaina elevam a concentragédo de

guanosina e adenosina (Dobolyi et al., 2000). Com relagao a efeitos fisioldgicos,



a guanosina exerce efeitos troficos e mitéticos em células neurais, na faixa de
concentracéo 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
liberacdo de adenosina de astrécitos (Ciccarelli et al., 2000). Por outro lado, a
prépria adenosina ndo € capaz de mimetizar o efeito da guanosina na sua
totalidade e parte do efeito da guanosina nao é inibido por antagonistas P1 e
pela adenosina deaminase (Rathbone et al., 1999; Ciccarelli et al., 2000). Nosso
grupo de pesquisa tem apontado, a partir de varios trabalhos, para um possivel
papel neuroprotetor dos derivados da guanina. O GMP e guanosina sao capazes
de prevenir convulsdes provocadas pelo acido quinolinico injetado no ventriculo
lateral de cérebro de camundongos (Schmidt et al., 2000; Lara et al., 2001) e o
GMP protegeu as células de lesao induzida por acido quinolinico em estriado de
ratos (Malcon et al., 1997). Recentes trabalhos demonstraram que a guanosina
quando testada na tarefa de esquiva inibitéria apresentou efeitos amnésicos
semelhantes aos antagonistas glutamatérgicos (Roesler et al., 2000), bem como
protegeu fatias corticais dos efeitos deletérios da privacao de glicose e oxigénio
e estimulou a captagdo de glutamato em culturas de astrocitos (Frizzo et al.,
2001; 2002).

Recentemente, foram descritos sitios de wunido especificos para
guanosina em membranas plasmaticas de cérebro de ratos (Traversa et al.,

2002).
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2 - OBJETIVOS

Determinar os efeitos neuromoduladores dos derivados da guanina na
captacdo de glutamato por astrocitos, bem como a existéncia ou ndo de uma
especificidade para a agdo dos derivados da guanina.

Dessa forma, nesta dissertacdo apresentam-se resultados e discussao na

forma de artigo no proximo segmento.
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Abstract

Guanosine (GUO) has been shown to stimulate glutamate uptake in primary
astrocyte cultures. The purpose of this study was to determine the effect and
specificity of guanine- or adenine-based purines on glutamate and GABA uptake
in cultured astrocytes. Stimulatory effect on glutamate uptake was observed with
GUO, GMP or GTP. Simultaneous exposure with these guanine-based purines
did not show an additive effect. We also investigated a possible interconversion
of guanine-based purines during incubation time. Action by GTP was excluded
since the hydrolysis resistant GTP analog, GMP-PNP did not stimulate glutamate
uptake. Addition of an ecto-5-nucleotidase inhibitor abolished GMP-stimulatory
effect on glutamate uptake, without affecting GUO action. Taken together, these
results suggest that GUO is the guanine-based purines responsible for glutamate
uptake activation. In addition, the stimulatory effect on glutamate uptake was not
observed with adenine-based purines. Moreover, GABA uptake was not
activated by GUO. These results point to specificity in the interaction between

GUO and the astrocyte glutamate uptake system.

Theme: Neurotransmitters, modulators, transporters, and receptors
Topic: Uptake and transporters
Keywords: Adenosine; Astrocyte; Cell culture; Glutamate uptake; Guanosine;

Nucleotides
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1. Introduction

Glutamate is the major excitatory neurotransmitter in the mammalian
central nervous system [16], but overstimulation of the glutamatergic system is
implicated in the pathogenesis of various acute and chronic brain diseases
[12,16]. Hence, modulation of extracellular glutamate determines its physiological
or excitotoxic actions. Astrocytic sodium-dependent glutamate transport plays a
major role in maintaining extracellular glutamate concentrations below neurotoxic
levels [1,5]. It has been recently shown that glutamate uptake can be stimulated
by glutamate and analogs [1,7,15] and by synthetic neuroprotective compounds
[2,23].

Likewise, we have recently shown that the nucleoside GUO enhances
glutamate uptake by rat astrocyte cultures in a concentration-dependent manner
[8]. In rat brain slices exposed to GUO, glutamate uptake was significantly
stimulated at high (100 microM) but not low (1 microM) concentrations of
glutamate [9]. In vivo, systemic administration of GUO (and GMP) prevented
seizures elicited by the neurotoxins quinolic acid and alpha-dendrotoxin, which
overstimulate the glutamatergic system [11,21], further suggesting a
neuromodulatory role of GUO on the glutamatergic system.

In the present study we investigated the effect of guanine- and adenine-
based purines on astrocytic glutamate and GABA uptake and we found a specific

stimulatory effect of GUO on glutamate uptake by rat astrocyte cultures.
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2. Materials and methods

Fetal bovine serum (FBS) certified (USA) and Eagle's minimal essential
media (MEM Earle's salts) were from Gibco. Other chemicals were purchased
from SIGMA (St. Louis. MO) unless otherwise mentioned. Primary astrocyte
cultures were prepared as described previously [8] from the cortices of 1-day-old
Wistar rats. The plating medium was MEM with 10% FBS plus 10ng/mL EGF
(Gibco). Astrocyte cultures were maintained in an incubator at 37°C in a
humidified atmosphere of 95% air and 5% CO,. When confluence was achieved,
the medium was replaced by MEM 5% FBS and 10 microM cytosine arabinoside
(Ara-C) was added for 48h to eliminate mitotic cells. The subsequent medium
changes were performed in the above medium without Ara-C. Cultures were
used at 9-12 days in vitro (DIV) with astrocytes showing a confluent monolayer,
being >95% of glial fibrillary acidic protein (GFAP)-positive cells. The culture
media was replaced with fresh media on the evening before glutamate uptake
assays.

Uptake assays were initiated by rinsing and pre-incubating the cultures for
15 min in Hank's balanced salt solution (HBSS), pH 7.2 in an incubator at 37°C in
a humidified atmosphere of 95% air and 5% CO,. Different concentrations of
guanine- or adenine-based purines were added 6 min before and maintained in
the medium during the uptake assay. When used, the ecto-5-nucleotidase
inhibitor a-B methyleneadenosine 5’-diphosphate (AOPCP) was administered at
100 microM during pre-incubation time, 5 min before GMP addition and

maintained during the uptake. The uptake was assessed by adding 0.33
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microCi/mL  L-[2,3->H] glutamate (Amersham-45Ci/mmol) with 100 microM
unlabeled glutamate or 0.67 microCi/mL 4-Amino-n-[2,3-H] butyric acid — GABA
(Amersham-89Ci/mmol) with 1 microM unlabeled GABA to the culture wells.
Glutamate incubation was stopped after 7 min (or after variable time for GABA
uptake) by two ice-cold washes with 1 mL HBSS followed by immediate lysis
during 15 min (0.1N NaOH). Glutamate uptake attained the steady state after 10
min (data not shown) and the experiments were performed in the linear range of
time curve (7 min). Aliquots of lysates were taken for scintillation counting.
Sodium-independent glutamate uptake of 100 microM_ gutamate (<2%) was
determined by using choline chloride instead of sodium chloride, being
subtracted from the total uptake to obtain the specific uptake. The nonspecific
uptake of 1 microM GABA (<20%) was determined by incubation at 0-4°C [3],
being subtracted from the total uptake to obtain the specific uptake. Protein
concentration was measured by the method of Lowry et al. [13] using bovine
serum albumin as standard. Experiments were repeated at least three times and
each experiment was performed in quadruplicate.

HPLC analyses of purines were performed with aliquots obtained from
incubation medium after assay. Separation was carried out with a reverse phase
column (Supelcosil LC-18, 25 cm x 4.6 mm, Supelco) in a Shimadzu Instruments
liquid chromatograph (100 microL loop valve injection). The elution was carried
out applying a linear gradient from 100% of solvent A (60 mM KH,PO,4 and 5 mM
of tetrabutylammonium phosphate, pH 6.0) to 100% of solvent B (70% 100 mM

KH,PO4 and 5 mM of tetrabutylammonium phosphate, pH 6.0, plus 30%
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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.

The statistical analysis was calculated by means of ANOVA for multiple
groups comparison, followed by the Duncan test. Values of p < 0.05 were

considered statistically significant.

3. Results

In agreement with our previous results [8], GUO stimulated glutamate
uptake by primary astrocyte cultures from 1.77 + 0.12 nmol/mg/min to 2.43 +
0.07 and 2.56 + 0.11 at 100 and 300 microM, respectively (p < 0.01) (Fig. 1). To
determine the specificity of GUO, we studied the effect of other guanine-based
purines, GMP and GTP, as well as adenine-based purines on this uptake activity.
An equivalent increase was achieved with 100 or 300 microM GMP (2.42 + 0.12
and 2.40 + 0.27, respectively) and 100 or 300 microM GTP, (2.35 + 0.04 and
2.33 + 0.04, respectively); additionally, the combination of 100 microM GUO,
GMP and GTP enhanced glutamate uptake up to 2.71 + 0.24, without a
significant additive effect compared to each compound alone (Fig.1). However,
100 microM GMP-PNP (Sigma), a poor hydrolysable GTP analogue, was
ineffective (Fig.1).

Guanine-based purines levels in incubation medium were evaluated by
HPLC to verify their possible metabolism by cell cultures during the assay (Fig.

2). When 100 microM GTP was added, its levels were reduced, whereas GDP,
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GMP and guanosine levels increased (3-, 19-, and 6-fold, respectively) compared
to their levels without cells (Fig.2A). In this condition, the final concentration of
GMP was 8.9 + 0.4 microM, GDP was 20.7 + 0.9 microM, and GUO was 0.8 +
0.09 microM.

Cultures exposed to 100 microM GMP, produced 3.9 + 0.2 microM GUO
(an increased of 4-fold) (Fig. 2B). When 100 microM GUO was added, its levels
were not altered (Fig 2.C).

To test the hypothesis that the effects of GMP was related to their
conversion to GUO we added the ecto-5-nuclecotidase inhibitor AOPCP (100
microM) before the addition of 100 microM GMP. In this condition, the GMP
hydrolysis was totally abolished (data not shown) and the stimulatory effect on
glutamate uptake was not observed (Fig. 3), indicating that the effect of GMP on
glutamate uptake resulted from its conversion into GUO. AOPCP per se neither
affected basal glutamate uptake nor the stimulatory effect of GUO (Fig. 3).

Previous results have shown that astrocytic glutamate uptake stimulation
mediated by GUO was independent of adenosine receptor activation [8]. In order
to test a possible action of other adenine-based purines on glutamate uptake, we
investigated the effect of 100 microM adenosine, AMP, ADP or ATP. As shown in
Table 1, glutamate uptake was not affected by adenine-based purines.

Considering that astrocytes in primary culture also take up GABA through
a Na*-dependent process [10, 22], we tested whether treatment with GUO could
also affect GABA uptake. In astrocyte cultures, 100 microM GUO did not affect 1

microM GABA uptake for 3, 10 or 30 min (Fig.4).
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4. Discussion

Investigating the effect of guanine-based purines on glutamate uptake, we
found a stimulatory effect with GUO, GMP and GTP, but not with the poor
hydrolysable GTP analog, GMP-PNP. The stimulatory effect observed with
simultaneous addition of GUO, GMP and GTP was not additive, suggesting a
common mechanism for all guanine-based purines tested. The extensive
hydrolysis of guanine nucleotides during incubation along with the inhibition of
their stimulatory effect on glutamate uptake by the ecto-5'-nucleotidase inhibitor
AOPCP strongly indicates that GUO is the common mediator of this effect.
Moreover, adenine-based purines had no effect on glutamate uptake and GUO
had no effect on GABA uptake, suggesting a specific effect of GUO towards
glutamate uptake by astrocytes. Considering that GABA uptake is also sodium
dependent, this could indicate that the GUO stimulatory effect probably did not
involve mechanisms related to the increase of sodium gradient.

This specificity towards the glutamatergic system is consistent with
previous behavioral findings, where GUO administered intraperitoneally [21] or
orally [11] was anticonvulsant against overstimulation of the glutamatergic
system by quinolinic acid and alpha-dendrotoxin, but not against the GABA-A
antagonist picrotoxin [21]. Similarly, the effect of GUO but not adenosine on
glutamate uptake is in line with previous studies where the effect of GUO on
glutamate uptake [8] and inhibitory avoidance memory [19] were not antagonized
by adenosine receptor antagonists, although it has been reported that GUO also

induces adenosine release [18]. Finally, the present findings suggest that the role
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of GUO in certain in vivo and in vitro effects caused by administration of guanine
nucleotides, such as the anticonvulsant and neuroprotective effects of GMP
[14,21] cannot be ruled out. Importantly, a specific and high-affinity (Kd~200nM)
binding site for GUO was recently characterized in a membrane preparation from
rat brain [24]. The effects of low concentrations of GUO (1 microM) on glutamate
uptake by astrocyte cultures even in the presence of dipyridamole [8], which
blocks GUO cell inflow through nucleoside transporters, could indicate that this
binding site is located on the outside of the astrocyte membranes.

The stimulatory effect of GUO on glutamate uptake is of potential
pathophysiological relevance, since there are in vitro [4] and in vivo [6, 25]
situations where extracellular glutamate elevations are accompanied by an
increase in GUO levels. This increased release of GUO can be coupled to the
energy status of the cell. Intracellular basal levels of GUO and adenosine in
neural cells are in the nanomolar range, being much higher for ATP (3 mM) and
GTP (300 microM) [4]. Similarly to ATP, GTP levels are maintained during
normal energy metabolism. In hypoxic conditions, relatively large increases in
nucleosides concentration (e.g. ten-fold) are produced from minimal decreases in
ATP and GTP concentration (e.g. 0.1 to 1%). Since equilibrate nucleoside
transporters mediate exchange between intracellular and extracellular
compartments, the release of biologically relevant amounts of both GUO and
adenosine may occur in some pathological conditions. In a concerted manner,
these nucleosides can decrease glutamate levels both by inhibiting further

glutamate release in the case of adenosine [17,20] and by accelerating
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glutamate removal by astrocytes in the case of GUO [8]. This effect of GUO is
probably of particular relevance in excitotoxic situations, since GUO failed to
affect astrocytic uptake of low concentrations of glutamate (1 microM) [9].

In summary, GUO but not other purine nucleotides and nucleosides
seems to exert a modulatory action on glutamate uptake, characterizing a site for
innovative therapeutic intervention and reinforcing the notion of a metabolically

specific purinergic system involving guanine-based purines.
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Table 1. Effect of adenine-based purines on glutamate uptake

Treatment Glutamate uptake

(nmol/mg/min)

Control 1.64 £0.22
Ado 1.58 £ 0.32
AMP 1.63 £ 0.40
ADP 1.68 + 0.37
ATP 1.67 +0.37

Values are mean = S.E.M. of three separate cultures for each condition,

performed in quadruplicate. Adenine-based purines were added at 100 microM.
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Figure 1 - Guanine-based purines effect on glutamate uptake by astrocyte
cultures. Cultures were incubated with 100 or 300 microM of GUO, GMP, GTP or
GMP-PNP and with 100 microM of three guanine-based purines together (GUO,
GMP, and GTP - MIX). Control sodium-dependent glutamate uptake of 100
microM glutamate was 1.77 + 0.12 nmol/mg/min. Data are means + SEM, n > 3. *

Different from all other groups, at p<0.05.
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Figure 2 - Guanine-based purines concentrations in the incubation medium.

Cultures were incubated with 100 microM GTP (A, n =5), 100 microM GMP (B, n

= 3) or 100 microM GUO (C, n = 6). Guanine-based purines levels were

evaluated after 13 min of assay by HPLC analysis. Data are means + SEM.
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Figure 3 - Effect of AOPCP on GMP and GUO-stimulatory effect on glutamate

uptake by astrocyte cultures. Dotted line means control levels (1.79 + 0.55
nmol/mg/min). Data are means + SEM, n = 3. * different from all other groups, at

p<0.05.
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4 — CONCLUSOES

Guanosina, GMP e GTP sao capazes de estimular a captagao de
glutamato por astrécitos. Os efeitos ndo sdo aditivos, sugerindo um modo unico
de acéo.

Os efeitos cessam quando se impede a conversao dos nucleotideos a
guanosina. Indicando que o real causador do aumento da captagédo de glutamato
em astrécitos seria a guanosina.

Os derivados da adenina utilizados ndo foram capazes de mimetizar os
efeitos produzidos pelos derivados da guanina, demonstrando uma
especificidade em relacdo as purinas quanto ao efeito na estimulacdo da
captacao de glutamato.

A guanosina ndo apresenta efeito na captacdo de GABA. O que indica
que ha uma relagao especifica com o sistema de captagdo glutamatérgica dos

astrocitos.
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