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RESUMO

Viérias evidéncias indicam que os derivados da guanina (nucleotideos GTP,
GDP, GMP ¢ o nucleosideo guanosina) sdo capazes, além de atuarem intracelularmente,
de atuarem do lado externo da membrana plasmatica celular, exercendo efeitos
neuromoduladores no sistema nervoso central. Fungdes troficas, mitdticas ¢ até
antiapoptoticas nas diferentes células neurais ja foram descritas para alguns dos
derivados, mas sao os efeitos relacionados ao antagonismo do sistema glutamatérgico
que parecem indicar um grande potencial terapéutico para os derivados da guanina.

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 em ratos e camundongos. Tanto o aumento provocado na
captacdo de glutamato, como o efeito anticonvulsivante parece ser realizado
especificamente pela guanosina, uma vez que os nucleotideos necessitam ser
hidrolisados para exercerem tais efeitos. Nesta dissertagdo, demonstramos que o GMP
administrado tanto sistemicamente, como centralmente ¢ capaz de exercer um efeito
amnésico em camundongos na tarefa da esquiva inibitéria. Como na agdo
anticonvulsivante e, sobre a modulagdo da captacdo de glutamato, a guanosina parece
ser a real efetora do efeito amnésico apresentado pelo GMP, uma vez que o uso de um
inibidor da conversdo de GMP para guanosina leva a inibicao do seu efeito. Ainda, essa
conversio do GMP a guanosina parece ser realizada tanto sistemicamente como
centralmente em camundongos. Desta forma, a administragdo de GMP parece ser uma
efetiva estratégia para aumentar os niveis de GUO em futuros estudos sobre as possiveis

acdes terapéuticas da GUO.



ABSTRACT

Several evidences report that guanine based purines (nucleotides GTP, GDP,
GMP and guanosine nucleoside) acts , besides intracellularly, at the outside of plasmatic
membrana, exerting neuromodulatory roles in central nervous system. Trophic, mitotic
and even antiapoptotic functions in different neural cells have been described to some of
the guanine based purines, however the effects in relation to the glutamatergic system
seem to indicate an important therapeutic potential for guanine based purines.

The guanine based purines, mainly guanosine, are able to stimulate the
glutamate uptake in astrocyte culture and brain tissue slices. They act as anticonvulsant
by different vias of administration, and also display an amnesic effect in rats and mice.
Both the stimulatory upon the glutamate uptake, and the anticonvulsant effects seem to
be specifically to guanosine, given that the nucleotides has to be hydrolyzed to display
these effects. In this study, we showed that both a systemic or a centrally administration
of GMP is able to display an amnesic effect at the inhibitory avoidance task in mice.
Like the anticonvulsant and stimulatory upon glutamate uptake effects, the guanosine
seems to be the real agent for the amnesic effect displayed by GMP, since when an
inhibitor of the conversion of GMP to guanosine is used before the centrally nucleotide
administration, the amnesic effect is not observed. In addition, the conversion of GMP
to guanosine seems to occur both systemically and centrally in mice. the action of ecto-
5V-nucleotidase. Therefore, administration of GMP may also be an effective strategy to

increase GUO levels in future studies of possible therapeutic actions of GUO.
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APRESENTACAO

Esta dissertagdo se constitui de:

Item I — Introducdo: uma breve fundamentacio que originou o trabalho.

Item II — Objetivos: os objetivos gerais que orientaram esta dissertagao.

Item III — Materiais e Métodos e item IV - Resultados: A apresentacdo dos
materiais ¢ métodos e resultados estdo sob a forma de artigo cientifico ja publicado na
revista Neurobiology of Learning and Memory 85: 206-212 (2006).

Item V — Discussdo: sdo apresentados comentdrios gerais sobre os resultados
obtidos neste trabalho.

Item VI - Conclusdes: e as conclusdes sobre os resultados obtidos neste
trabalho.

Item VII — Referéncias Bibliograficas: refere-se somente as citagdes contidas no

Item I e V desta dissertacao.
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I- INTRODUCAO

Os derivados da guanina — nucleotideos: GTP, GDP ¢ GMP, e¢ o nucleosideo
guanosina (GUQO) - em conjunto com os derivados da adenina compdem o sistema
purinérgico. Atualmente varias evidéncias indicam que além das acdes intracelulares
classicamente associadas aos derivados da guanina, como a participagdo no sistema de sinal
transmembrana via proteina G (Gudermann et al., 1997), eles sdo capazes de atuar do lado
externo da membrana plasmatica celular, exercendo efeitos fisioldgicos e
neuromoduladores no sistema nervoso central. Ja foi observado que o nucleosideo GUO ¢
capaz de exercer efeitos troficos e mitoticos em células neurais (Rathbone et al., 1999), e de
possuir uma agdo antiapoptotica em astrocitos (Di lorio et al., 2004). Alguns estudos ja
descreveram que tanto o nucleotideo GTP, via da ERK e a mobilizagdo de Ca2+
intracelular (Guarnieri et al., 2004), como o nucleosideo GUO, via ativacdo de heme
oxigenase ¢ GMPc (Bau et al., 2005)., atuam sinergisticamente com o EGF para estimular o
crescimento de neuritos em células da linhagem PC12 (Gysbers & Rathbone, 1996).

Com relagdo as agdes neuromoduladoras dos derivados da guanina, estas estdo
fortemente relacionadas com o sistema glutamatérgico. O glutamato ¢ o principal
neurotransmissor excitatorio do SNC e estd presente na maior parte das sinapses (Cotman
et al., 1995; Ozawa et al., 1998). Sendo responsdvel por respostas excitatdrias pos-
sinapticas, o glutamato desempenha papel fundamental em diversos processos fisiologicos,
como aprendizado e memoria, e na formag@o de redes neurais durante o desenvolvimento e
o envelhecimento de mamiferos (Collingridge & Lester, 1989; Izquierdo & Medina, 1997;
Castellano et al., 2001; Segovia et al., 2001). Entretanto, em algumas situagdes patoldgicas,

quando ocorre uma excessiva ativacao de receptores glutamatérgicos, pode haver dano ou



morte neuronal, situacdo denominada de excitotoxicidade por Olney e Ho (1970). Varios
trabalhos tém associado a excitotoxicidade do glutamato com patologias e desordens
neurodegenerativas como a isquemia cerebral, epilepsia, encefalopatia isquémicas, doencas
de Alzheimer e de Huntington (Lipton & Rosenberg, 1994).

Existem dois tipos de receptores glutamatérgicos: os ionotropicos (iGluR) e os
metabotropicos (mGIluR). Os ionotropicos sdao canais idnicos, ou seja, permitem a
passagem de umion especifico quando ativados. S@o subdivididos, de acordo com a
sensibilidade a agonitas, em receptores N-metil-D-aspartato (NMDA), a-amino-3-hidroxi-
5-metil-4-isoxazol-acido propidnico (AMPA) e acido cainico (KA). Todos os subtipos de
receptores sdo ativados pelo glutamato, porémcada um deles ¢ ativado seletivamente por
um agonista diferente. Os receptores metabotropicos (mGluR) sdo receptores que interagem
com proteinas G, ativando ou inibindo eventos celulares pela modificagdo de efetores
intracelulares (Ozawa et al., 1998; Bear et al., 2001).

Uma vez sintetizado no citosol, o glutamato ¢ estocado em vesiculas sinapticas no
terminal pré-sinaptico, até ser liberado destas na fenda sinaptica por um processo chamado
exocitose, que ¢ dependente da concentragdo de Ca2+. Apds interagdo com seus receptores
pré- e pos-sindpticos, o glutamato ¢ removido da fenda sinaptica por sistemas de transporte
dependentes de Na+, localizados na glia, principalmente, sendo este transporte a principal
maneira de inibir a acdo glutamatergica (Anderson & Swanson, 2000; Amara & Fontana,
2002).

Alguns estudos demonstraram que os derivados da guanina GTP, GDP e GMP, sao
capazes de inibirem a unido de glutamato e alguns de seus agonistas, como KA, L-AP4 e
NMDA, a seus receptores em preparagdes de membrana plasmatica (Monahan et al., 1988;

Baron et al., 1989; Migani et al., 1997; Ramos et al., 1997; Rubin et al., 1997A). Outros



estudos ainda evidenciam que os nucleotideos derivados da guanina inibem a unido de
alguns antagonistas de glutamato, um efeito que ndo ¢ modulado pelas proteinas G
(Monahan et al., 1998; Baron et al., 1989; Barnes et al., 1993). No entanto, os efeitos dos
nucleotideos da guanina sobre os receptores glutamatérgicos nao 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; 1998; Regner et al., 1998; Burgos et al., 1998).

Todavia, os derivados da guanina bloqueiam respostas celulares a agao de glutamato
ou de seus agonistas tais como: inibem a quimioluminescéncia induzida por glutamato
(Regner et al., 1998), bloqueiam o influxo de calcio induzido por NMDA em retina de
pintos (Burgos et al., 2000), diminuem a fosforilagdo de GFAP e o aumento de AMPc
induzido por glutamato em preparacdes em que nucleotideos da guanina ndo penetram no
espaco intracelular e proteinas G ndo interagem diretamente com moléculas no espaco
externo da membrana (Tasca et al., 1995; Tasca e Souza, 2000).

Os derivados da guanina ainda sdo capazes de aumentar a captagdo de glutamato em
cultura de astrdcitos e em fatias corticais de ratos (Frizzo et al., 2001; 2002; 2003, 2005).
Estudos complementares demonstraram que a guanosina parece ser a principal responsavel
pelos efeitos estimulatorios na captacao de glutamato exercido pelos derivados da guanina,
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). A
acdo sobre a captacdo ainda parece ser especifica sobre o sistema de captacao do glutamato,
uma vez que a guanosina nao consegue aumentar a captagao astrocitaria de GABA (Frizzo
et al., 2003).

Nosso grupo de pesquisa tem apontado, a partir de varios trabalhos, para um

possivel papel neuroprotetor dos derivados da guanina. Os nucleotideos da guanina (GTP,



GDP e GMP) sdo capazes de proteger culturas de neurdnios hipocampais e corticais dos
efeitos excitotoxicos do NMDA e KA (Morciano et al., 2003). Ainda o GMP ¢ capaz de
proteger fatias hipocampais de ratos submetidas a privacdo de glicose e a modelos de
neurotoxicidade induzidos por glutamato e outros agonistas glutamatergicos (ionotropicos
emetabotropicos), diminuindo a libera¢do de lactato desidrogenase nestas fatias (Molz et
al., 2005).

Em cultura de astrocitos, a exposi¢do a condigdes de hipoxia associada a
hipoglicemia eleva a concentracdo extracelular da guanosina em aproximadamente quatro
vezes, sendo esta elevagdo maior e mais prolongada do que a elevagdo nos niveis de
adenosina (Cicarelli 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 microdidlise no tdlamo de ratos demonstrou que a
despolarizagdo in vivo por K+, cainato e oubaina elevam a concentracdo de guanosina e
adenosina (Dobolyi et al., 2000). Ao mesmo tempo, a hidrolise dos nucleotideos
purinérgicos no fluido cérebro-espinhal, tem uma Vmax e um Km maiores para os
derivados da guanina, quando comparamos as velocidades de hidrolise do GDP e ADP,
indicando a formacao de uma quantidade maior de guanosina e GMP (Portela et al., 2002).

Experimentos in vivo, evidenciaram que o GMP e a guanosina sdo capazes de
prevenir convulsdes provocadas pelo acido quinolinico injetado no ventriculo lateral de
cérebro de camundongos (Schmidt et al., 2000; 2005; Lara et al., 2001) e que o0 GMP ¢
capaz de proteger as células de lesdo induzida por acido quinolinico em estriado de ratos
(Malcon et al., 1997). O efeito anticonvulsvante da guanosina também foi observado
quando a mesma ¢ administrada intraperitonealmente em ratos (Soares et al., 2004), ou por

via oral aguda ou cronicamente em ratos e camundongos (Vinade et al., 2003, 2004, 2005).



Este efeito anticonvulsivante da guanosina foi observado tanto em ratos jovens (de Oliveira
et al., 2004) como em ratos e camundongos adultos (Schmidt 200, 2001, 2005, Lara et al.,
2001, Vinade et al., 2003, 2004, 2005, Soares et al., 2004)

Recentes estudos demonstraram que, como na captagdo, os efeitos
anticonvulsivantes dos nucleotideos derivados da guanina sdo exercidos a partir da sua
hidrolise, uma vez que compostos pouco hidrolisaveis como o GTP e o GDP rigidos nao
sdao capazes de prevenir convulsdes, efeito ndo encontrado se utilizam seus analogos, o
GTP e o GDP (Schmidt et al., 2005). Refor¢cando a demonstracdo de que a conversdo de
GMP a GUO parece ter um papel crucial nos efeitos da captacdo de glutamato na culturas
de astrocitos (Frizzo et al., 2003), em um recente trabalho foi demonstrado que essa
conversao também se faz necessdria para o modelo in vivo de convulsao porque AOPCP,
um agente inibidor da enzima ecto-5’-nuicleotidase que ¢ a enzima responsavel pela
conversao do GMP a GUO, quando administrado previamente ao GMP, diminui o efeito
protetor do nucleotideo.

Recentemente foi descrito um efeito remielinizante da guanosina na medula
espinhal de ratos, com a recuperagdo da fungdo perdida com a desmielinizagao (Jiang et al.,
2003) e uma agao neuroprotetora em reverter a diminui¢ao da captagao de glutamato frente
a um insulto hipéxico-isquémico em ratos neonatos (Moretto et al., 2005).

Alguns estudos sugerem que os derivados da guanina afetam a memoria € o
aprendizado. Uma administragdo intrahippocampal de GMP ¢ capaz de alterar o
desempenho na tarefa de esquiva inibitoria através de mecanismos gabaérgicos ¢
glutamatérgicos em ratos (Rubin et al., 1996, 1997B) e também de reverter o efeito
facilitatorio do glutamato na mesma tarefa (Rubi et al., 1996). Também foi observado que

quando administrado sistemicamente e previamente a sessao de treino, a GUO exerce um



efeito amnésico na mesma tarefa da esquiva inibitoria (Roesler et al., 2000; Vinad¢ et al.,
2003; 2004; 2005). Este efeito amnésico promovido pela GUO parece estar associado com
o processo de aquisicdo da memoria e ndo ter relagdo com os processos de consolidacao e
de evocagdo na tarefa da esquiva inibitoria (Roesler et al., 2000). E bem estabelecido que a
aquisicao de novas memdrias € iniciada durante a sessdo de aprendizado, pela ativagdo de
receptores glutamatérgicos do tipo NMDA, metabotropicos e AMPA (Izquierdo & Medina,
1997; Malenka & Nicoll, 1999).

Apesar dos efeitos extracelulares ja descritos, o exato mecanismo pelo qual os
derivados da guanina exercem tais efeitos ndo estd completamente identificado.
Recentemente foram descritos sitios de unido especificos para guanosina em membranas

plasmaticas de cérebro de ratos (Traversa et al., 2002; 2004).



11- OBJETIVOS

Estudar o efeito da administragao sistémica ou central de GMP sobre a memoria € o
aprendizado de camundongos através da tarefa da esquiva inibitoria.
Determinar se o efeito amnésico observado envolve a conversao do GMP a GUO e

determinar se esta conversao ocorre periférica- ou centralmente.



I11- MATERIAIS E METODOS

Os materiais e métodos dessa dissertagdo serdo apresentados na forma de artigo cientifico

publicado na revista internacional Neurobiology of Learning and Memory, 85: 206-212

(2006).

IV- RESULTADOS

Os resultados dessa dissertacdo serdo apresentados na forma de artigo cientifico publicado

na revista internacional Neurobiology of Learning and Memory, 85: 206-212 (2006).
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Abstract

Extracellular guanine-based purines, namely the nucleotides GTP, GDP, GMP and the nucleoside guanosine, exert important neuro-
protective and neuromodulator roles in the central nervous system, which may be related to inhibition of the glutamatergic neurotrans-
mission activity. In this study. we investigated GMP effects on mice inhibitory avoidance performance and the dependence on its
conversion to guanosine for such effect, by using the ecto-5"-nucleotidase specific inhibitor AOPCP. We also investigated if this conver-
sion oceurs in the central nervous system or peripherally, and if guanosine and GMP affect nociception by the tail-flick test. Lp. GMP or
guanosine (7.5 mg'kg) or icv. GMP (480 nmol) pretraining administration was amnesic for the inhibitory avoidance task. Lev. AOPCP
(1 nmol) administration completely reversed the amnesic effect of L.e.v. GMP, but not of i.p. GMP, indicating that peripheral conversion of
GMP to guanosine is probably relevant to this effect. AOPCP alone did not interfere with the performance. Furthermore. tail-flick mea-
surement was unaffected by i.p. GMP and guanosine, suggesting that the amnesic effect of both purines was not due to some antinocicep-
tive effect against the footshock used in the task. All these data together, in accordance to those previously observed in studies involving
glutamate uptake and seizures reinforce the idea that guanosine is the specific extracellular guanine-based purines effector and indicate
that its conversion occurs not only in the central nervous system but also peripherally.
© 2005 Elsevier Inc. All rights reserved.

Keywords: GMP; Guanosine; AOPCP; MK-801; Dizocilpine; Purines: Glutamate; Inhibitory avoidance; Memory: Neuromodulator; Tail-flick

1. Introduction

Extracellular guanine-based purines (GBPs). namely the
nucleotides GTP, GDP, GMP and the nucleoside guano-
sine (GUO) possess important neuromodulatory roles in
the central nervous system (CNS).

In vitro studies demonstrated that GBPs: (1) present tro-
phic and recovery effects on neural cells (Ciccarelli et al.,
2001; Jiang et al., 2003) and (i) are capable to decrease
glutamatergic neurotransmission activity, by inhibiting the
binding of glutamate and analogs (Paz, Ramos, Ramirez, &

* Corresponding author. Fax: +55 51 3316 5540.
E-mail address: jonas.sautei@ufrgs.br (J.AM. Saute).

1074-7427/% - see front matter © 2005 Elsevier Inc. All rights reserved.
doi: 10,101 6/nlm2005.10.006

Souza, 1994; Porcitincula. Vinade, Wofchuk, & Souza,
2002; Souza & Ramirez, 1991) and neural cell responses to
glutamate and analogs (Burgos, Barat, & Ramirez, 2000;
Tasca, Wofchuk, Souza. Ramirez, & Rodnight, 1995) as
well as to stimulate glutamate uptake by astrocytes and
brain slices (Frizzo et al., 2001; Frizzo et al., 2002; Frizzo,
Soares, Dall'Onder, Lara, & Swanson. 2003; Frizzo, Sch-
walm, Frizzo, Soares, & Souza, 2005), decreasing its extra-
cellular levels at synaptic space.

In vivo studies have shown that GBPs act as anticonvul-
sants in models of overstimulation of the glutamatergic sys-
tem induced by quinolinic acid (QA) and by the glutamate
releaser w-dendrotoxin in mice (Lara et al., 2001; Schmidt,
Lara, Maraschin, Perla, & Souza, 2000; Schmidt, Avila, &
Souza, 2005; Vinade etal, 2003) and by QA in rats
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(Vinade et al. 2005). Additionally, GUO reverted the
decrease in brain glutamate uptake observed after in vivo
ischemia in rats (Moretto et al, 2005) and after QA-
induced seizures in young (de Oliveira etal, 2004) and
adult (Vinade et al., 2005) rats.

Both in vitre and in vivo effects of GBPs on astrocytic
glutamate uptake and as anticonvulsants, respectively,
seem to be exerted specifically by the nucleoside GUO
(Frizzo et al, 2003; Soares et al., 2004). In vitro, the inhibi-
tion of the hydrolysis of GMP to GUO, through addition
of the ecto-3"-nucleotidase specific inhibitor o, f~-methylene-
adenosine 5'-diphosphate (AOPCP), prevented stimulatory
GMP effect on glutamate uptake (Frizzo et al., 2003). Fur-
thermore, a poorly hydrolysable guanine nucleotide (GMP-
PNP) had no effect on glutamate uptake, reinforcing the
hypothesis that GUO is the final mediator of such effects of
guanine nucleotides. In vivo, the administration of AOPCP
intracerebroventricularly (i.c.v.) prevented GMP anticon-
vulsant effect (Soares et al., 2004), and the poorly hydroly-
sable analogs of GDP and GTP had no effect (Schmidt
et al., 2003), indicating that this effect depends on GMP
conversion to GUO.

These data suggest that both the stimulation of gluta-
mate uptake and the anticonvulsant role of GUO are inter-
connected. This hypothesis 18 reinforced by the
demonstration that the GUO action on glutamate uptake is
effective only when glutamate is present in high concentra-
tions (which is the case during seizures), indicating that
GUO acts specifically in excitotoxic conditions (Frizzo
et al., 2002, 2005).

Searching for the involvement of the adenosinergic
receptors in these GUO effects, we showed that nonselective
adenosine receptor antagonists, such as caffeine and the-
ophylline, did not affect GUO action on glutamate uptake
(Frizzo et al,, 2001) and on seizures (Lara et al., 2001}, and
that adenosine is not able to reproduce the GUO effects on
glutamate uptake (Frizzo et al., 2001), indicating that GUO
effects are not due to adenine-based purines system
(Schnudt et al., 2000).

Several lines of evidence have suggested that GBPs affect
memory and learning. Intrahippocampal GMP administra-
tion alters the inhibitory avoidance performance through
GABAergic and glutamatergic mechanisms in rats (Rubin
et al., 1997, 1997) and also reverses the facilitatory effect of
glutamate on the same task (Rubin et al., 1996). GUO sys-
temically administered before the training session is also
amnesic on inhibitory avoidance task (Roesler et al, 2000;
Vinade, lzquierde, Lara, Schmidt, & Souza, 2004; Vinade
et al., 2003; Vinade et al., 2005). This effect seems not to be
related to classic adenosine receptors, since caffeine is not
able to reverse GUO effect on this task (Vinade et al, 2004).

Considering these amnesic effects of GBPs and the speci-
ficity of GUO as the neuroprotective agent among GBPs,
the aim of this study was to examine GMP effects on mice
inhibitory avoidance performance and to determine if its
effects are dependent on its conversion to GUO. We also
investigated if this conversion occurs centrally or peripher-

ally. Furthermore, we evaluated the effects of GUO and
GMP on nociception by the tail-flick test.

2. Materials and methods
2.1, Animals

Male adult Swiss albino mice (35-45g) were kept on a 12-h light/'dark
cyele (light on at 7:00 AM) at temperature of 22 1 °C, housed in plastic cages
with tap water and commercial food ad libitum. All procedures are carried out
according to the institutional policies on animal experimental handling,
designed to minimize suffering of animals used. All behavioral procedures were
conducted between 3:00 and 6:00 PM. Each animal was usad only once.

2.2 Drugs

Guanosine (GUO), guanosine 5'-monophosphate { GMP), «-p-methyl-
eneadenosine 5’ -diphosphate (AOPCP), S-methyl-10-11-dihydro-5 H-dib-
enzo[a.bleyclohepta-3-10-imine maleate (MK-801 or dizocilpine) were
obtained from Sigma (5t. Louis, MO, USA). Anesthetic sodium thiopental
and morphine sulphate (Dimorf) was obtained from Cristalia (Itapira, SP,
Brazil). Other reagents were purchased from local suppliers.

2.3, Surgical procedure

Surgery and icv. infusion techniques were adapted from Haley and
MeCormick (1957). Animals were anesthetized with sodium thiopental
(60mg/kg, 10mlkg, i.p.). In a stereotaxic apparatus the skin of the skull
was removed, and an iev. guide cannula for infusion was implanted. Ste-
reotaxic coordinates were 1 mm posterior to bregma, 1 mm right of the
midline, and 1 mm above the lateral brain ventricle. The guide cannula was
implanted 1.5mm ventral to the superior surface of the skull and fixed
with jeweler’s acrylic cement. Experimenis were performed 48 h after sur-
gery. Lewv. treatments were performed with a 30-gauge cannula, which was
fitted into the guide cannula and connected by a polyethylene tube to a
microseringe. The tip of the infusion cannula protruded 1 mm beyond the
guide cannula, aiming the lateral brain ventricle. After experiments, meth-
vlene blue (4 ulj was injected through the cannula and animals without dye
in the lateral brain ventricle were discarded (Schmidt et al,, 2005).

2.4. Treatments

We performed ip. and/or icv. treatments with GMP, GUO, AOPCP,
MEK-801, and morphine. The doses of GMP and GUO used here were
based upon previous studies from our group using the same in vivo proto-
cols investigating the anticonvulsant effect of GMP and GUO (Lara et al.,
2001; Schmidt et al., 2000, 2005) and the amnesic effect for GUQ (Roesler
etal., 2000). MK-801 was used as a glutamatergic antagonist with amnesic
properties (de Oliveira et al., 2005; Izquierdo & Medina, 1997) and mor-
phine was used as a classic antinociceptive drug (D°Amato, 1998).

241 Treatment 1

Mice received vehicle (saline 0.9%), GMP (75 mgkg), GUO (7.5 mg/
kg) or MK-801 (0.25 mg/kg) ip., 30 min before the training session of the
inhibitory avoidance task.

2.4.2. Treatment 2

Mice received i.cv. infusion of 4 ul of vehicle (saline 0.9%) or 025mM
AOPCP. After 3min, an icv infusion of 4 pl of the vehicle or GMP
120mM was performed and after 5 min animals were submitted to the
training session.

2.4.3. Treatment 3

Mice received i.cov. infusion of 4 pl of vehicle (saline 0.9%) or 025mM
AOQPCP. After 3 min, an ip. injection of vehicle or GMP (7.5 mg/kg) was
performed and 30 min later animals were submitted to the training session.
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244 Treatment 4
Mice received vehicle (saline 0.9%), morphine (5 mg/kg). GMP (7.5 mg/
kg) or GUO (7.5 mg'kg) ip., 30min before tail-flick test.

2.5, Inhibitory avoidance task

The apparatus was a 50 % 25 x 25 em acrylic box whose floor consisted
of a parallel caliber stainless-steel bars (1 mm diameter) spaced 1 cm apart.
A 100 cm? square, 2.0 cm high. acrylic platform was placed in the center of
the floor. Animals were placed on the platform and their latencies to step-
down on the floor with the four paws were measured automatically. In
training sessions. immediately after stepping-down. animals received a
03mA, 2s footshock. In test sessions, carried out 24 h after training, no
footshock was given and the step-down latency (180 s ceiling) was taken as
a measure of retention. Data for inhibitory avoidance are shown as
median (interquartile ranges) of training and test latencies to step-down
on the grid. Comparisons among groups were performed using a Kruskal-
Wallis analysis of variance followed by a Mann-Whitney U test if neces-
sary. Differences between training and test latencies to step-down within
each group were performed using a Wilcoxon test. We consider a differ-
ence statistically significant when P < 0.05.

2.6, Tail-flick measurement

Nociception was assessed with a tail-flick apparatus (D’Amour &
Smith, 1941). Mice were wrapped in a towel and placed on the apparatus;
the light source positioned below the tail was focused on a point 2-3cm
rostral to the tip of the tail. Deflection of the tail activated a photocell and
automatically terminated the trial. Light intensity was adjusted so as to
obtain a baseline tail-flick latency (TFL) of 3-6s. TFL represented the
period of time from the beginning of the trial to the tail deflection. A cut-
off time of 155 was used to prevent tissue damage. The general procedure
was as follows. On day 1, subjects were familiarized with the TFL appara-
tus. This was done because it has been observed that novelty itself can
induce antinociception (Netto, Siegfried, & lzquierdo, 1987). On day 2.
animals were submitted to the TFL measurement, first the baseline and
after drug treatment the test sessions. Data for tail-flick are shown as
median (interquartile ranges) of baseline and test TFL. Comparisons
among groups were performed using a Kruskal-Wallis analysis of vari-
ance followed by a Mann-Whitney [/ test if necessary. Differences between
training and test latencies to tail-flick within each group were performed

Latency to step-down (s)

using a Wilcozon test. We consider a difference statistically significant
when P = 005

3. Results

Pretraining 1.p. injection of GMP was amnesic for inhibi-
tory avoldance task measured in a test session 24 h after its
administration (Fig. 1). As described previously, GUO and
MEK-801 also presented an amnesic effect. GMP 7.5 mg/kg
(U=55, P<.001), GUO 75mglkg (U=82, P<.05) and
MEK-801 0.25 mg/kg (U=20, P< 001) significantly reduced
the latency to step-down in the test session, on Mann—
Whitney test, when compared to vehicle group.

Fig 2 shows the effect of pretraining ic.v. infusion of
480nmol GMP. GMP was amnesic (U=18, P=<.05) and
Lev. AOPCP (1 nmol) alone did not interfere with the per-
formance (U'=46.5, P=0.791), as compared to vehicle
group. However, pretreatment with AOPCP completely
reversed the GMP amnesic effect. when compared to vehi-
cle group (U=32, P=0832) or to GMP group alone
(U=23, P=.05).

Fig 3 shows that the amnesic effect of pretraining GMP
T.5mgkg i.p. was not reversed by icv. pretreatment with
AOPCP, indicating that conversion of GMP to GUO prob-
ably also occurs peripherally. GMP 7.5 mgkg (U=11,
FP<.05), and AOPCP 1 nmol i.ev/GMP 7.5mg/kg i.p. treat-
ments (U= 11, P<.05) significantly reduced test latency to
step-down when compared to vehicle group.

In all inhibitory avoidance experiments (Figs. 1-3), the
comparison of training step-down latencies showed no sig-
nificant difference among groups, on Kruskal-Wallis and
Mann-Whitney U tests.

Furthermore, tail-flick measurement was unaffected by
iLp. GMP (U=25 P=0462) and ip. GUO (U=23,
P=10.345), while morphine significantly augmented test

O training
Otast

: ﬁa#ﬁ

Salip. GMPip.

GUDip, MES01 ip.

Fig. 1. Effects of ip. pretraining administration of GMP, GUO, and ME-801 on inhibitory avoidance task. Mice received vehicle (saline 0.9%4). GMP,
GUO or ME-801 i.p. For procedure details, see Section 2. Data are medians (interquartile ranges) of the step-down latencies on training (white columns)
and test sessions (grey columns); #= 17-19 animals per group, except for the ME-801 group (# = 10). Statistical comparison between groups was per-
formed with Kruskal-Wallis test followed by Mann-Whitney test. (**) indicates a difference at P < 001, and (*) indicates a difference at P < 05, from the

saline group (Mann—Whitney test).
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Fig. 2. Amnesic effects of pretraining administration of i.cv. GMP on inhibitory avoidance task and its reversion by pretreatment with Lev. AOPCP. For
procedure details, see Section 2. Data are medians (interquartile ranges) of the step-down latencies on training (white columns) and test sessions (grey col-
umns); #= %11 animals per group. Statistical comparison between groups was performed with Kruskal-Wallis test followed by Mann—Whitney test. (*)

Indicates a difference from all other groups at P < .05 (Mann-Whitney test).

Latency to step-down |s)
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Fig. 3. Amnesic effect of pretraining i.p. GMP administration is not reversed by administration of i.ev. AOPCP. For procedure details, see Section 2. Data
are medians (interquartile ranges) of the step-down latencies on training (white columns) and test sessions (grey columns); n = 7-§ animals per group. Sta-
tistical comparison between groups was performed with Kruskal-Wallis test followed by Mann-Whitney test. (*) Indicates a difference from saline group

at P'< 05 (Mann-Whitney test).

latency to tail-flick (=6, P<.05), on Mann-Whitney test,
when compared to control group (Fig. 4).

4. Discussion

GBPs exert important roles on the modulation of the
glutamatergic system., which is a neurotransmission system
involved in plastic events on CNS, as learning and memory
processes (lzquierdo & Medina. 1997).

Our group has shown that GUO impairs inhibitory
avoldance in rodents (Roesler et al, 2000; Vinade et al.,
2003, 2004, 2005) and that GMP reverses the facilitatory
effect of glutamate on inhibitory avoidance performance
(Rubin et al., 1996). However, there was no previous evi-
dence depicting an amnesic effect with GMP treatment. We
show here for the first time that GMP, when administered

Lp. and ic.v. was also amnesic. The observed effect was sim-
ilar to that demonstrated by the NMDA antagonist MK-
801 and GUO on the same task (Fig. 1).

Both the tail-flick test and the footshock sensitivity
involve pain-related spinal and peripheral opioid pathways,
(Meneéndez, Andres-Trelles, Hidalgo, & Baamonde, 1993).
Our (Fig. 4) and previous (Roesler et al., 2000) data demon-
strated that ip. GUO (and GMP) did not alter these path-
ways, thus ruling out their influence on the observed
amnesic effects.

The observed amnesic effect for GMP could be due to its
own action or, like demonstrated against seizures, depen-
dent on its conversion to GUOQ (Seares et al., 2004), Our
protocols provide strong evidence that the central blockage
of GMP conversion to GUO by using AOPCP icwv.
reverses the amnesic effect observed with i.c.v. GMP. These
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Fig. 4. Effects of GMP, GUO, and morphine on tail-flick measurement. Mice received vehicle (saline 0.9%), morphine, GMP or GUO i.p.. 30 min before
the tail flick test. For procedure details, see Section 2. Data are medians (interquartile ranges) of the tail-flick latencies on baseline (white columns) and test
sessions (grey columns); » =8 animals per group. Statistical comparison between groups was performed with Kruskal-Wallis test followed by Mann—
Whitney test. (*) Indicates a difference from all other groups at P< .05 (Mann-Whitney test).

findings could indicate some similarity between the amnesic
and neuroprotective GMP effects, which involve the con-
version of GMP to GUO by the action of ecto-5'-nucleo-
tidase. It 1s interesting to note that AOPCP alone did not
affected mice step-down latency (Fig 2) and GLU uptake
(Frizzo et al., 2003), indicating that physiological conver-
sion of endogenous GMP to GUO seems not to alter the
amnesic or anticonvulsant effects of GMP.

We also demonstrated that, when i.p. GMP injection was
preceded by ic.v AOPCP in the same dose that reversed
GMP ic.v. effect, the amnesic action persisted. The compar-
ison of our findings with previous observation that ip.
administration of GMP produces a 3-fold increase of cere-
brospinal fluid levels of guanosine without affecting GMP
levels (Soares et al.. 2004) provides consistent data that ip.
GMP is peripherally converted to GUO. Accordingly, the
presence of 3'-nucleotidase activity in blood is described
(Bruno et al., 2002; Bruno et al.. 2003). It should be consid-
ered that our data was obtained with a single dose of
AOPCP, which did not exclude the possibility that higher
doses could block the amnesia induced by ip. GMP or
could even enhance mice performance by its action on
endogenous purines. Thus, it would be interesting to dem-
onstrate the effect of higher doses of AOPCP in further
experiments.

We considered amnesic effect the reduction of test ses-
sion step-down latency induced by drugs, as compared to
saline. Nevertheless, our methodological approach did not
permit us to distinguish the steps of the behavior (acquisi-
tion, consolidation, evocation) that were specifically
affected by the purines. However, we could suggest that
their effects were on acquisition, based upon a previous
study of our group (Roesler et al, 2000), which indicated
that GUO does not affect the consolidation nor the evoca-
tion of inhibitory avoidance task and upon the present evi-

dence that the amnesia induced by GMP was dependent on
its conversion to GUO.

Besides the physiological roles of glutamate, overstim-
ulation of the glutamatergic system is invelved in various
brain disorders such as epilepsy. stroke, and neurodegen-
erative disorders (Bleich, Romer, Wiltfang, & Kornhuber,
2003; Hynd, Scott, & Dodd, 2004; Lea & Faden, 2003;
Lipton & Rosemberg, 1994; Maragakis & Rothsten,
2004; Meldrum, 1994). Consequently, inhibition of gluta-
matergic activity is a useful strategy to overcome these
disorders.

GBPs show various neuroprotective actions over the
glutamatergic system, such as preventing ischemic injury
in vitro and in vive, and acting as anticonvulsant in vive
{Lara et al.. 2001; Moretto et al., 2005; Schmidt et al., 2000,
2005; Soares et al., 2004; Souza, Frizzo, & Lara, 2000; Vin-
adé et al., 2003, 2005). Anticonvulsive effect of GMP is also
dependent on its conversion to G UO, suggesting that GUO
is responsible for GBPs effects against seizures (Soares
et al. 2004). GUO has no effect on glutamate uptake when
it is in low levels (Frizzo et al., 2002), indicating that GUO
acts only when extracellular glutamate are in high levels.
Qur group also has suggested that guanosine may be useful
for treating diseases associated with glutamatergic excito-
toxicity (e.g stroke, ischemia, and neurodegenerative disor-
ders) (Frizzo et al., 2002; Moretto et al.. 2005; Vinadé et al.,
2003).

Based upon the recent identification of a high affinity
binding site for GUO in rat brain membranes (Traversa
et al., 2002) and the evidence that GUO is a poor displacer
of glutamate ligands (Souza & Ramirez, 1991), the neuro-
protective and anticonvulsant effects of GBPs seem to
involve the stimulatory action of GUQ on glutamate
uptake, rather than a direct antagonism of glutamatergic
receptors (Frizzo et al., 2001, 2003, 2005).

13



J A M. Saute et al. | Neurobiology of Learning and Memory 85 (2006 ) 206-212 211

In conclusion, this study shows an amnesic effect of i.c.v.
and ip. GMP treatment. As previously demonstrated
against seizures (Soares et al., 2004), GMP presented simi-
lar actions to the nucleoside GUO. GBPs actions depend
on converting nucleotides to GUO and probably occur by
modulating glutamate uptake (de Oliveira et al, 2004;
Frizzo et al, 2001, 2002, 2003, 2005; Vinadé et al., 20035). All
finds observed here for GBPs (concerning memory) and
previously (concerning glutamate uptake and anticonvul-
sant effects) (Frizzo et al., 2003; Soares et al.. 2004) seem to
be related to their ability to generate GUO through the
action of ecto-5"-nucleotidase, and indicate that its conver-
sion occurs not only in the CNS but also peripherally.
These results could contribute to the evidence that adminis-
tration of GMP may also be an effective strategy to increase
GUQO levels in future studies of possible therapeutic actions
of GUO.
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V- DISCUSSAO

Tanto uma administracdo sistémica (intraperitoneal - i.p.) como uma
administragdo central (intracerebroventricular - i.c.v.) de GMP exerceram efeito
amneésico na tarefa da esquiva inibitéria em camundongos. Este efeito é similar ao efeito
amneésico exercido pela administracdo i.p. de GUO ou por uma administracdo i.p. do
antagonista glutamatérgico MK-801.

Em estudos anteriores realizados pelo nosso grupo, pudemos constatar que
quando administrado intrahippocampal, 0 GMP além de exercer efeito amnésico, é
capaz de reverter o efeito facilitatério do glutamato na mesma tarefa da esquiva
inibitoria (Rubin et al., 1996; 1997; 1997B). Sobre o efeito amnésico da guanosina, este
ja foi verificado em diferentes trabalhos, os quais mostraram que por diferentes vias de
administracdo (oral aguda, oral crénica, intracerebroventricular e intraperitoneal) ela é
capaz de exerce o efeito amnésico tanto em ratos como em camundongos. (Roesler et
al., 2000; Vinadé et al., 2003, 2004, 2005). Com um desenho experimental um pouco
mais complexo do que o realizado neste trabalho, em que foi administrado GUO
previamente (aquisi¢do) ou rapidamente posterior ao treino (consolidac¢do), ou ainda,
anterior ao teste (evocacgéo), foi observado que a GUO foi capaz de exercer o efeito
amnésico apenas na aquisicdo da memdria (Roesler et al., 2000), na qual o GMP parece
também afetar.

O efeito amnésico exercido pelo GMP parece envolver a a¢do da enzima ecto-
5’-nucleotidase, isso porque quando AOPCP, um inibidor dessa enzima, é administrado
via i.c.v. previamente & administracdo i.c.v. de GMP, o efeito amnésico é nédo foi
observado. Esses resultados podem indicar uma similaridade entre os efeitos: amnésico,

neuroprotetor e modulador da captacdo de glutamato exercidos pelo GMP, os quais
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parecem envolver a conversdo do nucleotideo a GUO (Soares et al., 2004; Frizzo et al.,
2003).

Interessantemente, a administracdo i.c.v. de AOPCP ¢é incapaz de reverter o
efeito amnésico exercido pelo GMP quando administrado sistemicamente (i.p.). Em um
estudo anterior, ja foi observado que uma administracdo i.p. de GMP triplica a
concentragdo de guanosina no fluido cerebrospinal, sem alterar a concentragdo do
proprio GMP (Soares et al., 2004). Estes dados s&o corroborados com a constatacéo da
presenca de atividade da ecto-5’-nucleotidase no sangue de ratos (Bruno et al., 2002;
Bruno et al., 2003), possibilitando assim uma conversao sistémica do GMP a GUO.

Uma administragdo i.c.v. de AOPCP, na dose de 0,25 mM, nédo foi capaz de
afetar o desempenho na tarefa da esquiva inibitéria. O AOPCP também nao foi capaz de
exercer, por si sO, efeito sobre a convulsdo com &cido quinolinico em ratos (Soares et
al., 2004) ou sobre a captacdo de glutamato em fatias corticais (Frizzo et al., 2003),
processos pelos quais a conversdo de GMP a GUO se faz necesséria. Esses dados nos
permitem sugerir que a conversdo enddgena do GMP a GUO ndo altera os efeitos
observados pela administracdo de GMP (amnésico, anticonvulsivante e modulador da
captacdo de glutamato). Porém, um estudo mais detalhado se faz necessario para
investigar a participacdo da conversdo enddgena de GMP a GUO, nos processos em que
essa conversao esta envolvida.

Por sua vez, o GMP foi incapaz de exercer efeito no teste do tail-flick, teste
utilizado para investigar a influéncia do GMP sobre a nocicepgdo. Tanto o teste do tail-
flick, como o teste da sensibilidade a choques nas patas realizado em um trabalho
anterior pelo nosso grupo (Roesler et al., 2000), envolvem o sistema opidide periférico e
espinhal relacionados a dor (Menéndez et al., 1993), o qual parece ndo ser alterado pela

acdo dos derivados da guanina (Roesler et al., 2000).
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Diante dos resultados, a administracdo de GMP parece ser uma efetiva estratégia
para aumentar os niveis de GUO em futuros estudos sobre as possiveis acdes
terapéuticas da GUO. Em razdo dessa afirmagéo, durante a realizacdo desta dissertacao,
um tratamento oral cronico com GMP, durante 25 dias, em uma concentracdo
relativamente alta (1,5 mg/ml) quando comparada a tratamentos orais com GUO (0,5
mg/ml), foi realizado, com o intuito de estudar possiveis alteracbes comportamentais e
neuroquimicos em camundongos.

Devido a problemas técnicos, ndo conseguimos finalizar até o momento alguns
dos experimentos cruciais para a discussdo dos resultados obtidos. Desta forma, temos
como perspectiva a finalizagdo dos experimentos envolvendo a quantificacdo dos
derivados da guanina no fluido cerebrospinal dos animais cronicamente tratados com
GMP “ad libitum” em solucdo aquosa, e a publicagdo dos resultados até entdo obtidos
com 0s mesmos animais. Dentre os resultados obtidos, verificamos que o tratamento
referido com GMP exerceu uma ag¢ao anticonvulsivante frente ao modelo de convulsado
induzida por &cido quinolinico e alterou a captagdo basal de glutamato em fatias

corticais.
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VI - CONCLUSOES

Tanto uma administracdo periférica quanto central de GMP é capaz de promover
efeito amnésico em camundongos.

O efeito amnésico promovido pelo GMP esta associado com a sua capacidade de
conversdo a guanosina, sugerindo que esta seria a real promotora do efeito
comportamental relatado.

A conversdio do GMP a guanosina além de central-, ocorre também

perifericamente.
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