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RESUMO

Varias evidéncias sugerem o papel do ATP extracelular na plasticidade sinaptica. O ATP pode
induzir potenciagio de longa duragio (LTP) e sua participagdo na fosforilagdo de proteinas
extracelulares é considerada um smal para mudangas de longa-duracio na atividade sinaptica. O ATP
evoca respostas através de dois subtipos de receptores P2, P2X e P2Y. As agles sinalizadoras
induzidas pelo ATP extracelular podem estar correlacionadas a atividade de um grupo de ecto-
enzimas, as ectonucleotidases, que promovem a conversdo enzimatica de ATP, controlando os niveis
do nucleotideo na fenda sinaptica. O neurotransmissor ATP pode ser hidrolisado até adenosina, um
neuromodulator importante, pela agio conjugada deste grupo de ectonucleotidases, do qual fazem
parte uma ecto-ATPase (EC 3.6.1.3), uma ATP difosfoidrolase (apirase, EC 3.6.1.5) ¢ uma 5'-
nucleotidase (EC 3.1.3.5). O controle dos niveis de ATP ¢ adenosina promovido pelas
ectonucleotidases pode ser importante para a modulagdo dos mecanismos relacionados a plasticidade
sinaptica. Nossos resultados demonstraram que as atividades ectonucleotidasicas sdo moduladas em
sitnagdes fisiologicas e patoldgicas capazes de induzir plasticidade sindptica, tais como memoria €
epilepsia. A ATP difosfoidrolase ¢ a 5'-nucleotidase de sinaptossomas de hipocampo apresentam-se
inibidas imediatamente apds sessdo de treino na tarefa de esquiva inibitéria em ratos. Além disso, uma
diminui¢do significativa na hidrolise do ATP foi também observada 30 minutos ap6s a sessio de
treino na tarefa. As atividades enzimaticas estudadas ndo demonstraram diferengas significativas apos
a sessdo de teste na tarefa de esquiva imibitoria. Nossos resultados indicaram que a modulagdo das
atividades ectonucleotidasicas pode participar nos mecanismos de aquisicdo da memoria, mas ndo tem
efeito na evocagio. Além disso, € possivel sugerir a participagdo das ectonucleotidases na fase da
consolidagio da memoria, desde que uma inibigio da ATP difosfoidrolase foi observada 180 minutos
pos-tremno. Determinou-se também estas atividades em outras estruturas cerebrais envolvidas na
formagdo da memoria, como coOrtex entorrinal e cortex parietal. Nossos resultados mostraram uma
inibicdo da ATP difosfoidrolase em cortex entorrinal de ratos imediatamente, mas ndo 180 ¢ 360 min
apoOs a sessdo de treino. As alteracGes observadas em hipocampo e cortex entorrinal poderiam
representar um mecanismo bioquimico importante relacionado a aquisicio da memona.
Ectonucleotidases de cortex parietal ndo demonstraram mudangas significativas, sugerindo que estas
enzimas ndo sdo relevantes para a formacdo da memoria de esquiva inibitoria em cortex parietal. Para
mvestigar o envolvimento do sistema purinérgico nesta condi¢do, nds analisamos o efeito da suramina
na retengdo da tarefa de esquiva inibitoria. Além de ser um antagonista de receptores de P2 e NMDA,
nossos resultados demonstraram que a suramina é um inibidor ndo-competitivo da apirase, com
valores de Ki na faixa de micromolar. A infusdo intra-hipocampal de suramina imediatamente pos-
treino reduziu a retengdo da tarefa em um efeito dose-dependente. O efeito amnésico € provavelmente
devido a sua agdo antagonista em receptores P2 e NMDA. Considerando que a adenosina tem potentes
efeitos anti-convulsivantes, nés determinamos as atividades ectonucleotidasicas apds a indugdo de
epilepsia por varios modelos animais, como os modelos da pilocarpina, acido cainico ¢ kindling. As
atividades da ATP difosfoidrolase e 5'-nucleotidase de sinaptossomas de hipocampo e cortex cerebral
de ratos aumentaram significativamente 48-52 horas, 7-9 dias e 45-50 dias apos a indugdo do estado
epiléptico (EE) por pilocarpina. ou pelo modelo do acido cainico. Porém, somente a atividade da 5'-
nucleotidase permaneceu elevada 100-110 dias apos o tratamento com acido cainico. A regulacdo da
via das ectonucleotidases pode desempenhar um papel modulatério durante a evolugdo das mudangas
comportamentais ¢ patofisiologicas induzidas pelo EE. Ndo foram observadas mudangas nas
atividades ectonucleotidasicas em diferentes periodos de tempo apds uma tnica inje¢do convulsivante
de pentilenotetrazol (PTZ). Porém, ratos com maior resisténcia ao kindling induzido por PTZ
apresentaram um aumento na hidrolise do ATP em sinaptossomas de hipocampo € cortex cerebral.
Estas mudangas podem representar um mecanismo importante na modulagio da atividade epiléptica
cronica. A demonstragio de que as ectonucleotidases apresentaram as atividades diferentemente
alteradas apés a aquisi¢do de uma tarefa de memoria ou apds a inducdo de epilepsia por diferentes
modelos animais, sugere que estas enzimas podem agir na regulagio da atividade sinaptica,
controlando os niveis de ATP e adenosina, de acordo com a plasticidade sinaptica desenvolvida, em
situagdes fisiologicas ou patoldgicas.
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ABSTRACT

Several evidences suggest a role of extracellular ATP in the synaptic plasticity. ATP is
able to induce long-term potentiation (LTP) and its participation in extracellular protein
phosphorylation has been suggested as a signal for long-lasting changes in synaptic activity. ATP
evokes responses through two subclasses of P2-purinoceptors, P2X and P2Y. The signaling
actions induced by extracellular ATP are directly correlated to the activity of a group of ecto-
enzymes, ectonucleotidases, which trigger enzymatic conversion of ATP, controlling the
nucleotide levels in the synaptic cleft. The neurotransmitter ATP can be hydrolyzed to adenosine,
an important neuromodulator, by the conjugated action of this group of ectonucleotidases, that
includes an ecto-ATPase (EC 3.6.1.3), an ATP diphosphohydrolase (apyrase, EC 3.6.1.5) and a 5°-
nucleotidase (EC 3.1.3.5).The control of ATP and adenosine levels promoted by ectonucleotidases
can be important to the modulation of the mechanisms related to synaptic plasticity. Our results
showed that ectonucleotidases activities are modulated in physiological and pathological situations
able to induce synaptic plasticity, such as memory and epilepsy. ATP diphosphohydrolase and 5°-
nucleotidase activities from hippocampal synaptosomes were inhibited immediately after the
training session in a step-down inhibitory avoidance task in rats. Furthermore, a significant
decrease of ATP hydrolysis was observed 30 minutes after the training session. The enzyme
activities studied did not present significant changes after test session of the task. Our results
indicated that the modulation of ectonucleotidase activities can participate in the mechanisms of
memory acquisition, but has no effect on retrieval. Furthermore, it is possible to suggest the
participation of ectonucleotidases in the consolidation phase of memory, since an inhibition of
ATP diphosphohydrolase activity was observed at 180 minutes post-training. We also determined
these activities in other brain structures involved in memory formation, such as entorhinal cortex
and parietal cortex. Our results showed an inhibition of ATP diphosphohydrolase in entorhinal
cortex of rats immediately, but not at 180 and 360 min after training session. The alterations
observed in hippocampus and entorhinal cortex could represent an important biochemical
mechanism related to memory acquisition. Ectonucleotidases from parietal cortex did not show
significant changes, suggesting that these enzymes are not relevant to formation of mhibitory
avoidance memory in parietal cortex. In order to investigate the involvement of purinergic system
in this condition, we investigate the effect of suramin on the retention of step-down inhibitory
avoidance task. Besides to be an antagonist of P2 and NMDA receptors, our results showed that
suramin is a non-competitive inhibitor of apyrase activity, with Ki values in the range of
micromolar. Intrahippocampal infusion of suramin immediately post-training reduced the retention
of the task in a dose-dependent effect. The amnesic effect is probably due its antagonist action on
P2 and NMDA receptors. Considering that adenosine has potent anticonvulsant effects, we
determined ectonucleotidase activities after the induction of epilepsy by several animal models,
such as pilocarpine, kainic acid and kindling models. ATP diphosphohydrolase and 5’-
nucleotidase activities from synaptosomes of hippocampus and cerebral cortex of rats significantly
increased at 48-52 hours, 7-9 days and 45-50 days after induction of status epilepticus (SE) by
pilocarpine or kainic acid models. However, only 5’-nucleotidase activity remains elevated at 100-
110 days after the treatment with kainic acid. The regulation of ectonucletidase pathway may play
a modulatory role during the evolution of behavioral and patophysiological changes induced by
status epilepticus. Changes in ectonucleotidase activities were not seen at different times after a
single convulsant pentylenetetrazol (PTZ) injection. However, in PTZ kindling, rats showing
greater resistance to the kindling presented an increase in ATP hydrolysis in synaptosomes from
hippocampus and cerebral cortex. These changes may represent an important mechanism in the

- modulation of chronic epileptic activity. The demonstration that ectonucleotidases presented the
activities differently altered after the acquisition of a memory task or after the induction of
different animal models of epilepsy, suggest that these enzymes can act in the regulation of
synaptic activity, controlling ATP and adenosine levels, according the synaptic plasticity
developed, in physiological or pathological situations.
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1. INTRODUCAO

1.1 PLASTICIDADE SINAPTICA

Plasticidade € um conceito amplo que inclui todas formas de reorganizagdo
duradoura que ocorrem no cérebro. Essas reorganizacdes podem envolver redes de
neurdnios ou sinapses. Este processo pode ser considerado sob o aspecto fisiolégico
(propriedades funcionais adquiridas pelos neurdnios), morfologico (morfologia e a
ultraestrutura de neurdnios e glia) ou bioquimico (atividades enzimaticas, transdugéo de
sinal e mudancas na expressdo génica) (AU LOIS et al., 1997).

Apos seu desenvolvimento, o sistema nervoso deve ser mantido e até mesmo
modificado para manter suas fun¢Ses. Uma vez que neurdnios maduros ndo se dividem,
eles requerem reparos, através de processos de regeneracdo e migragdo. Recentes
estudos demonstram que o cérebro tem a extraordindria capacidade de desenvolver
respostas plasticas durante a vida, sendo que a plasticidade funcional esta acoplada a
mudangas estruturais de longa duragdo (AU LOIS et al, 1997). Nos tultimos anos,
estudos indicam que o sistema nervoso central pode exibir plasticidade sinaptica sutil e
especifica em resposta a uma dada atividade, como por exemplo, o aprendizado de uma
nova tarefa. Além disso, o cérebro tem a capacidade de reparagio apds perda celular
devido a injlria ou uma doenga neurodegenerativa (COTMAN, 1998).

Em sistema nervoso central de mamiferos, dois importantes fenémenos plasticos
tém sido descritos: a potencia¢do de longa duracdo (do inglés “long-term potentiation”
ou LTP), considerado um possivel mecanismo envolvido na memoria, e a plasticidade

induzida por epilepsia (AU LOIS et al., 1997).



1.2. MEMORIA E POTENCIACAO DE LONGA-DURACAO (LTP)

A conectividade sinaptica nio € fixa durante a vida do organismo, sendo que
alteragbes podem ocorrer em resposta a estimulagdo sensorial, manipulagdo ambiental
ou aprendizado de uma tarefa especifica (AGRANOFF et al., 1998).

O aprendizado ¢ quantificado experimentalmente como a probabilidade com que
um organismo respondera, diferentemente, a0 mesmo estimulo apds sua repeticdo. Esta
probabilidade alterada est4d baseada na memoria daquilo que foi aprendido pelo
organismo apos uma sessdo de treino. Assim, ndo € possivel considerar aprendizado
sem memoria, ou memoria sem aprendizado. A memoria necessaria para o aprendizado
é definida como memoria de curta duragdo ou aquisigdo. Ja a evocagdo de um
comportamento horas ou semanas depois, envolve a formag¢do da memoria de longa
durac@o. Assim durante e logo apds a sessdo de treino, o desempenho do sujeito em
relacdo a um determinado comportamento esta baseado na memoria de curta duragio;
apos periodos de tempo mais prolongados, tal desempenho é mediado pela evocagio de
uma memoria de longa duragdo (AGRANOFF et al., 1998). Estudos demonstram que as
memorias de curta duragdo e de longa duracdo sdo, em parte, processos distintos
(IZQUIERDO et al., 1998).

A formagdo do aprendizado e da memoria envolve mudangas estruturais no
cérebro, sendo que existe um grande interesse em identificar e compreender os
mecanismos envolvidos na memoria e aprendizado de mamiferos. DONNALD HEBB
(1949) no seu classico livro “The Organization of Behavior” preconizou que o
aprendizado poderia ser uma forma de promover o fortalecimento de conexdes
sinapticas. Além disso, HEBB postulou que o aprendizado envolveria a ativacdo
sinaptica coincidente de dois ou mais neurdnios, fortalecendo a conex@o sinaptica entre

eles. Este tipo de ativag¢@o ficou conhecido como sinapse de Hebb (BEGGS et al., 1999).



L)

Em 1973, BLISS, GARDNER-MEDWIN & L@OMMO demonstraram um
aumento na eficiéncia sinaptica apos especifica estimulagio elétrica de hipocampo de
coetho (BLISS & GARDNER-MEDWIN, 1973; BLISS & L@OMMO, 1973). Esta forma
de plasticidade sinaptica de longa duraciio € conhecida por potenciagdo de longa
duragdo (LTP). Ap6s uma série de estimulos curtos de alta freqiiéncia, 100 por segundo,
a amplitude das respostas sinapticas aumenta e pode ser mantida in vivo por dias ou
semanas (BEGGS et al., 1999). Originalmente observada no hipocampo, a LTP tem sido
estudada in vivo e in vitro em diferentes sinapses € estruturas. A estrutura mais
profundamente estudada € o giro denteado, cuja integridade é essencial para o
aprendizado espacial e cujas sinapses sdo relativamente faceis de serem estimuladas e
registradas (JEFFERY, 1997).

Considerando o grande nimero de estudos sobre LTP, ainda permanece um
desafio explicar como este processo ocorre fisiologicamente. Os mecanismos
envolvidos na LTP sdo divididos em trés fases: indugdo, manutengdo e expressido da
LTP (BEGGS et al, 1999). Estudos demonstram que glutamato e seus receptores
desempenham um papel fundamental na indugdo da LTP (BLISS & COLLINGRIDGE,
1993). Durante a estimulacdo sinaptica de alta freqiiéncia, a despolariza¢do acoplada &
liberagdo pré-sinaptica de glutamato, resulta na ativagdo dos receptores NMDA e na
liberagido do bloqueio promovido por Mg:2+ no canal 1dnico. Os receptores NMDA
normalmente tornam-se ativos somente apos despolarizagdo causada pelo efeito do
glutamato sobre receptores AMPA, os quais ativam um canal de Na+, que produz um
rapido potencial excitatério pods-sinaptico. A ativagdo de NMDA resulta em um

e o . . ~ +2 ]
aumento do calcio pds-sinéptico e estimula a liberagio de Ca” do reticulo

endoplasmatico, amplificando o sinal. A ativagdo de receptores metabotropicos também

¢ importante na fase de indug¢do da LTP. O aumento do calcio intracelular produz a



ativacio de uma série de cascatas enzimaticas mediadas por proteinas quinases, tais
como PKC, CaMKIIL PKA e PKG, que conduzem a persistente alteragdo da eficiéncia
sinaptica (BLISS & COLLINGRIDGE, 1993; MAREN & BAUDRY, 1995). A LTP
pode ser mantida na auséncia de estimulagdo por mecanismos que incluem uma
liberagio pré-sinaptica aumentada de glutamato e sintese protéica na pos-sinapse
(MAREN & BAUDRY, 1995; BEGGS et al., 1999). A via de sinalizagdo mediada pelo
AMPc, PKA e CREB modula a ativagdo génica e a sintese protéica necessaria para a
manutengio de diversas formas de plasticidade. CREB ¢ uma familia de fatores de
transcricio que regulam a sintese de diversas proteinas e fatores de transcrigdo
induziveis, quando na forma fosforilada CREB-P (IZQUIERDO & MEDINA, 1997,
BEGGS et al, 1999). Além disso, a ativagdo pos-sinaptica de cascatas enzimaticas
conduz a alteracdes de longa duracdo nas propriedades dos receptores AMPA, um
processo que pode aumentar a sensibilidade destes receptores e contribuir para a
expressdo da LTP. Entretanto, os mecanismos envolvidos na expressdo e manutengdo de
longa duragio da eficiéncia sinaptica nfo foram completamente elucidados (BEGGS et
al., 1999).

Embora a LTP ainda ndo tenha sido claramente associada com qualquer
modifica¢io comportamental observada em um animal intacto, diversas evidéncias
sugerem seu envolvimento com o aprendizado e a memoria. Analise farmacologica da
LTP e da memoéria demonstra muitas similaridades, de forma que importantes
qoxrelac;ées podem ser estabelecidas entre esses dois fendmenos (IZQUIERDO &
MEDINA, 1995). A potenciagdo de longa duragdo compartitha diversas propriedades
com a memoria: rapida indugdo (aquisi¢do), grande labilidade no periodo pés-indugio
(consolidagdo), especificidade em rela¢do ao estimulo e imediata expressdo em resposta

ao estimulo original (IZQUIERDO & MEDINA, 1995).
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1.2.1. ESQUIVA INIBITORIA

onde, na sessdo de treino, o aninial ao descer de uma plataforma recebe um choque de
baixa intensidade. Na sessdo de teste, que ocorre apds um determinado tempo, o amimal
¢ testado, avaliando-se o tempo de laténcia em que permanece na plataforma e,
consequentemente, a retengdo da tarefa. Trata-se de um aprendizado adquirido em uma
unica tentativa, tornando-o ideal para o estudo de processos iniciados no treino (GOLD,
1986; IZQUIERDO & MEDINA, 1997). O aprendizado de esquiva inibitéria envolve a
repressdo especifica de uma tendéncia natural dos ratos de explorarem o ambiente, sem
afetar o comportamento exploratério enquanto se encontram sobre a plataforma

(IZQUIERDO & MEDINA, 1997).

.....

bioquimicos que sdo necessarios para a retencdo desta tarefa. Os eventos sdo similares
aqueles descritos para outras formas de plasticidade neural (BLISS &
COLLINGRIDGE, 1993; MAREN & BAUDRY, 1995; IZQUIERDO & MEDINA,
1995, 1997a). Os eventos bioquimicos envolvidos na forma¢io da meméria desta tarefa
no hipocampo envolvem ativagdo de receptores ionotropicos NMDA e AMPA,
~ receptores metabotropicos € um aumento nos niveis de NMDAI1 e GluR1, subunidades
dos receptores NMDA e AMPA, respectivamente (IZQUIERDO & MEDINA, 1995;
CAMMAROTA et al, 1996, RIEDEL, 1996). Além disso, cascatas bioquimicas

desencadeadas por proteinas quinases participam na formagdo da memoria de esquiva

quinase G, CaMKII, proteina quinase C e proteina quinase A é fundamental na fase

inicial da plasticidade de longa duragdo induzida pela esquiva inibitéria, minutos apds a



realizacdo do treino (BERNABEU et al., 1995,1996, 1997, CAMMAROTA et al., 1997,
ITO et al., 1991; IZQUIERDO & MEDINA, 1997).

Entretanto, como ocorre na LTP em hipocampo de ratos, os eventos bioquimicos
desencadeados pelo aprendizado nesta tarefa envolvem a intervencdo tardia, em torno
de 3 a 6 horas apés o treino, da via de sinalizagdo mediada pela proteina quinase A
(AMPc/ PKA/CREB) (BERNABEU et al., 1997).

Os eventos bioquimicos sdo regulados logo apds o treino por mecanismos
hormonais relacionados com a ansiedade e estresse e modulados por sinapses
GABAérgicas, colinérgicas, noradrenérgicas e por mensageiros retrogados. A fase mais
tardia, 3-6 horas apds o treino, € modulada por mecanismos relacionados ao humor e
afeto, envolvendo vias dopaminérgicas, noradrenérgicas e serotoninérgicas
(IZQUIERDO & MEDINA, 1997, 1997a).

O hipocampo, a amigdala e o cortex entorrinal sdo interconectados e, além disso,
o cortex entorrinal esta ligado ao cortex parietal posterior e cortex pré-frontal (WITTER
et al., 1989; HYMAN et al,, 1990), sendo que estas estruturas desempenham um papel
na memoria, provavelmente de uma forma integrada (IZQUIERDO et al., 1997). O
cortex entorrinal € o cortex parietal posterior participam na consolidacdo da memoria
apos o inicio dos eventos bioquimicos hipocampais, através de processos mediados pelo
receptor NMDA, sendo que a intervengdo de ambas estruturas é necessaria para a
completa consolidagdo da memoria. Além disso, a participagdo do hipocampo,
amigdala, coOrtex entorrinal e cortex parietal parece ser fundamental para a evocacgdo da
memoria nesta tarefa, apés diferentes periodos de tempo (IZQUIERDO et al., 1997,
QUILLFELDT et al., 1996; ZANATTA et al., 1996).

.....

bastante significativas, sendo algumas delas especificas para uma determinada estrutura



cerebral € a maioria parece ser especifica em relagdo ao aprendizado (ndo sdo
observadas em animais expostos ao choque ou ao ambiente da tarefa). Existem
consideraveis evidéncias de que o aprendizado provoca mudangas neuroplasticas
envolvendo moléculas de adesdo celular neural (NCAM e L1) (MURPHY & REGAN,
1998, RONN et al., 1998). Tem sido atribuido a NCAM um papel regulatério na
inducio e manutencio da LTP hipocampal (LUTHI et al., 1994). A curva de tempo para
expressdo da NCAM, identificada nos paradigmas de esquiva passiva em ratos € pintos,
apresenta um pico de sintese de glicoproteinas ocorrendo de 6 a 8 horas apds o treino
(DOYLE et al.,, 1992; SCHOLLEY et al., 1993; ARAMI et al., 1996). Os mecanismos
moleculares através dos quais NCAM e L1 regulam a plasticidade neural ainda ndo
foram kcompletamente esclarecidos. Entretanto, evidéncias in vifro sugerem um
importante papel na regulagio da transduc@io de sinal associada a reorganizacdo
sinaptica (MURPHY & REGAN, 1998).

Embora a ativagdo de receptores de glutamato e das cascatas intracelulares
controladas por proteinas quinases sejam eventos considerados necessarios para a
indugio da LTP e para a formagdo da memoria no hipocampo, muitos outros fatores,
tais como 4cido araquidénico (BLISS et al, 1991), 6xido nitrico, monoxido de carbono
(ZHUO et al., 1993) e ATP extracelular (WIERASZKO, 1996) podem estar envolvidos

na plasticidade sinaptica induzida pelo aprendizado.

L3. EPILEPSIA

A epilepsia refere-se a um grupo diverso, etiologicamente e clinicamente, de
transtornos neurologicos resultantes da atividade neuronal encefalica hipersincronica,
paroxistica e anormal de neurdnios, resultando em uma crise epiléptica convulsiva ou

ndo-convulsiva repetitiva (MELDRUM & CHAPMAN, 1998). Trata-se de um tipo de



disfungdo cerebral caracterizada clinicamente por alteragdes subjetivas ou
comportamentais sibitas (crises epilépticas), com tendéncia a se repetirem ao longo da
vida do paciente (DUNCAN et al., 1995). Estas crises refletem uma atividade elétrica
anormal, de inicio subito, acometendo uma ou varias areas do cortex cerebral, causada
por diversas patologias estruturais ou neuroquimicas (PALMINI et al., 1991; DUNCAN
et al., 1995).

A prevaléncia da epilepsia na populacio humana € da ordem de 0,5-1%
(SHORVON, 1990; PALMINI & COSTA, 1998; SANDER & SILLANPAA, 1998), o
que a torna um problema de dimensdes consideraveis. Aproximadamente 70% dos
pacientes epilépticos t€m suas crises controladas pelo uso de drogas anti-epilépticas
(PALMINI & COSTA, 1998). Os restantes constituem um grupo de alta morbidade, na
medida em que suas crises epilépticas persistem a despeito do uso de farmacos.

A epilepsia de lobo temporal apresenta alta incidéncia, gravidade e importancia
clinica, atingindo preferentemente individuos adultos. Caracteriza-se por crises focais,
apresentando ou nio generaliza¢do secundaria e por comprometimento da consciéncia
(SHORVON, 1990).

O aumento da suscetibilidade do tecido nervoso as crises epilépticas tem sido
ligado a uma anormalidade na neurotransmissdo do SNC, através de um aumento na
mecanismos. Em conseqiiéncia, a transdugdo de sinal anormal tem sido investigada,
uma vez que a neurotransmissdo inadequada induz modificages no metabolismo da
célula neuronal (MELDRUM, 1984; NAFFAH-MAZACORATTI, 1998).

Para entender esta disfungdo, inumeras abordagens tém sido feitas, tanto pelo
estudo do tecido epiléptico humano, obtido apds remogdo cirlirgica do foco epiléptico,

como através do estudo de tecidos cerebrais, provenientes de animais submetidos a



diferentes modelos de epilepsia. A busca de medicamentos e o entendimento dos
processos envolvidos na epileptogénese baseiam-se em grande parte nos modelos
animais de epilepsia (MODY & SCHWARTZKROIN, 1997).

Os modelos experimentais de epilepsia sio denominados agudos, quando o
animal apresenta crises convulsivas somente durante a vigéncia do agente indutor. Estes
modelos incluem a aplicagdo topica ou injegdo localizada de compostos que interferem
com o balango neuroquimico responsavel pela excitabilidade neuronal (MODY &
SCHWARTZKROIN, 1997). Os modelos mais comumente utilizados sdo: bloqueadores
dos aminoacidos inibitérios (antagonistas de receptores GABA,); estimulantes da
excitablidade (agonistas de glutamato); estimulacgio elétrica (in vitro); eletrochoque € o
modelo do pentilenotetrazol.

Os modelos de epilepsia sdo ditos cronicos quando as crises recorrem a
intervalos variados de tempo, nio sendo necessario o estimulo precipitante exdgeno
para desencadear cada crise. Estes modelos caracterizam-se por apresentar um fator
casual conhecido, que induz o processo de epileptogénese, o qual, apos determinada
laténcia, culmina com crises epilépticas espontdneas (NAFFAH-MAZZACORATTI,
1998). Os modelos mais utilizados s@o aqueles que mimetizam a epilepsia do lobo
temporal, o tipo mais freqiiente de epilepsia encontrado na populagdo humana. Sio
exemplos: o modelo da pilocarpina (TURSKI et al., 1983); o modelo do acido cainico

(BEN-ARI, 1985) e o abrasamento (Kindling) (GODDARD, 1967).

1.3.1. MODELO DA PILOCARPINA
A relagdo entre o sistema colinérgico e a epilepsia tem sido objeto de intenso
estudo nas Ultimas décadas. TURSKI et al. (1983a) demonstraram que a ocorréncia de

atividade epiléptica apds injecdo intra-amigdaliana ou sistémica de altas doses de
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agonistas muscarinicos colinérgicos em ratos e camundongos era acompanhada por
lesdes em todo o prosencéfalo. Posteriormente, a pilocarpina, outro agonista colinérgico
muscarinico, foi administrada sistemicamente em ratos, resultando em uma série de
altera¢des comportamentais (TURSKI et al., 1983).

A administragdo de altas doses de pilocarpina (300-380mg/Kg) induz uma série
de alteragGes comportamentais e eletrograficas, indicativas do estado de mal epiléptico.
A indugio da crise se da pelo efeito agonista colinérgico e sua manutengdo se deve a
mecanismos excitatérios do tipo glutamatérgicos (CAVALHEIRO, 1995; AVANZINI
et al., 1997). Imediatamente ap0s a administragdo de pilocarpina, os animais apresentam
automatismos faciais associados a salivacdo moderada e tremores generalizados. Cerca
de 15-25 minutos apos, este comportamento progride para crises motoras limbicas, onde
os animais apresentam intensa salivacdo, clonias de patas dianteiras e queda. Essas
crises motoras limbicas recorrem a cada 2 a 8 minutos, culminando em estado de mal
epiléptico em 50 a 60 minutos. Esse estado chega a durar 18 horas e ao final desse
periodo, os animais tornam-se irresponsivos a estimulos ambientais, retornando a seu
comportamento normal dentro de 24 horas. A mortalidade € em torno de 30-50%. Estes
episddios caracterizam a fase aguda do modelo induzido por pilocarpina (TURSKI et
al., 1983; CAVALHEIRO, 1995).

Em 1990, LEITE et al. caracterizaram os periodos silencioso e cronico deste
modelo. O periodo silencioso inicia-se de 4 a 44 dias apOs a administracdo de
pilocarpina e € caracterizado pela normalizagdo das alteragbes comportamentais e
eletrograficas. Ja4 o periodo cronico, apresenta crises espontineas, que recorrem numa
frequiéncia de 2 a 4 crises por semana e mantém-se por toda a vida do animal.

O estudo eletrografico mostra que a origem das descargas epilépticas ocorre na

regido hipocampal difundindo-se para a amigdala e cortex (CAVALHEIRO, 1995).
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Histopatologicamente, observa-se uma perda neuronal no hipocampo, amigdala, talamo,
cortices piriforme e entorrinal, neocértex e substincia negra (TURSKI et al., 1983).
Apos o quarto dia, identificam-se brotamentos supra-granulares de fibras musgosas que
atingem a maxima intensidade em 100 dias, sendo que a perda celular no hipocampo €
mais significativa nas regides CAl, CA3 e giro denteado (MELLO et al, 1993). A
perda neuronal € proporcional a duragdo do estado de mal epiléptico (TURSKI et al,,
1983), mas ndo a severidade da epilepsia (nmimero de crises) no periodo cronico
(LEMOS & CAVALHEIRO, 1995). Esse modelo de epilepsia parcial com
generalizagdo secundaria oferece vantagens sobre os demais modelos existentes por

apresentar estabilidade e n3o remiss@o das crises (LEITE et al., 1990).

1.3.2. MODELO DO ACIDO CAINICO

O éacido cainico (cainato) € um andlogo do glutamato, que além de sua agdo
estimulante direta sobre receptores do glutamato, induz a liberagdo do mesmo (BEN-
ARIJ, 1985). Sua administraggo sistémica ou localizada leva a epilepsia persistente. Em
torno de uma hora apos a injec@o (sistémica ou intra-hipocampal) ocorre uma parada na
movimentagdo associada a clonus faciais. As crises podem aumentar de intensidade em
horas, podendo chegar a um estado epiléptico focal (BEN-ARI, 1985).

O curso clinico ¢ eletroencefalografico apds a injecdo intra-hipocampal, pode ser
divididos em fases:1) aguda (0-10 dias), em que ocorrem descargas no hipocampo,
propagadas para a regido frontal; 2) ativa (10-30 dias), na qual ocorrem crises curtas
(descargas hipocampais com clonus motor generalizado, seguido de rapida
recuperagdo); 3) latente (30-90 dias) ocorre desaparecimento das crises e diminui¢io da
atividade interictal; 4) crdnica (mais de 90 dias) quando ressurgem crises que tendem a

aumentar de intensidade e frequéncia com o passar do tempo, podendo tornar-se
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generalizadas (BEN-ARI, 1985; MATHERN et al., 1993). A administra¢o sistémica de
cainato causa lesdes corticais e sub-corticais variaveis, incluindo o cortex piriforme,
entorrinal, hipocampo, amigdala e talamo (BEN-ARI, 1985). A administragdo intra-
hipocampal promove degeneragdo no giro denteado, CA1 E CA3 (MATHERN et al,
1993; AVANZINI et al, 1997). A analise do hipocampo e giro denteado de ratos
tratados com cainato tem revelado a presenga de brotamentos das fibras musgosas na
camada molecular interna do giro denteado entre 10 e 30 dias apos a primeira crise

(MATHERN et al., 1993; MEIER & DUDEK, 1996).

1.3.3.ABRASAMENTO (KINDLING)

No modelo de kindling, a aplicacdo de estimulos quimicos ou elétricos
inicialmente subconvulsivantes resultam em crises progressivamente mais intensas ao
longo das subsequentes estimulagdes (GODDARD et al, 1969; MASON & COOPER,
1972). A estimulag@o elétrica inicial pode passar despercebida, mas a medida que os
estimulos vdo sendo subseqiientemente administrados, surge a chamada pos-descarga.
Esta descarga localiza-se inicialmente na regido em que € realizada a estimulagio,
tornando-se mais intensa e finalmente propagando-se para o cortex como um todo,
acarretando uma crise generalizada (RACINE, 1972; MC NAMARA & WADA, 1997).
Uma vez estabelecido o processo convulsivo, este pode ser desencadeado meses ou
mesmo anos apoOs terminada a estimulagdo inicial (RACINE, 1972; MC NAMARA &
WADA, 1997).

Em 1972, RACINE descreveu diferentes estagios de progressdo do kindling
através de caracteristicas clinicas e comportamentais: 1) clonus facial; 2) movimentagédo
de flexdo e extensdo da cabega; 3) clonus de patas contra-laterais ao hemisfério

estimulado; 4) respostas de orientag@o, onde o animal permanece de pé apenas sobre as



patas traseiras (“rearing”); 5) “rearing” seguido de queda. Interessantemente, uma vez
que atingido o estagio 5, os animais podem permanecer um longo espaco de tempo,
possivelmente toda a vida, sem serem estimulados, € uma vez repetido o mesmo
estimulo, ele apresenta uma crise do estagio 5. Além do estimulo elétrico, a repetida
administrac3o sistémica de agentes convulsivantes pode também induzir o kindling,
entre eles o pentilenotetrazol (PTZ), presumivelmete um inibidor da transmissdo
GABAGérgica a nivel de receptor (MC NAMARA & WADA, 1997). Os mecanismos de
plasticidade neuronal envolvidos na epileptogénese que ocorre no kindling ainda ndo
estdo completamente elucidados. Uma hipdtese para explicar a hiperexcitabilidade do
cérebro apos o kindling € a de que um novo circuito sinaptico € formado. Esta hipotese
esta baseada na demonstracdo de que o kindling é acompanhado de brotamento dos
ax6nios das fibras musgosas de células granulares de hipocampo (SUTULA et al.,
1988). Uma hipotese alternativa sugere que a hiperexcitabilidade no kindling € devido a
uma fungio aumentada de uma subpopulagio de sinapses glutamatérgicas, via
receptores NMDA (MC NAMARA, 1994).

As repercussdes de uma crise epiléptica estdo associadas as despolarizacdes €
hiperpolariza¢cdes de populagdes neuronais. Em decorréncia disto podem surgir
respostas imediatas (segundos a minutos) e tardias (horas, dias, meses ou anos) tanto a
nivel neuronal quanto glial. Os efeitos imediatos estdo relacionados com a liberagéo de
neurotransmissores € a interagdo com seus receptores, incluindo modifica¢es na
condutidncia de canais i0nicos e a producdo, liberacdo, recaptacdo e degradacdo de
neuromoduladores, tais como adenosina. Estas respostas podem levar a modificagGes
intracelulares, tais como ativa¢@o de proteinas quinases e fosfatases através de segundos
mensageiros (calcio, AMPc, GMPc) e modificagdes na transcri¢do génica (NAFFAH-

MAZACORATTI, 1998).
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1.4 ATP E TRANSMISSAO PURINERGICA

As primeiras evidéncias indicando o ATP como neurotransmissor surgiram dos
estudos de HOLTON & HOLTON (1954) e HOLTON (1959), que demonstraram a
liberagdo desta substincia a partir de nervos sensoriais. Mais tarde, BURNSTOCK
(1972) propds que o ATP € o neurotransmissor liberado de nervos ndo-adrenérgicos e
ndo-colinérgicos, na musculatura lisa do intestino e da bexiga urinaria. Entdo, foi
proposto que, alérh da transmissdo colinérgica e noradrenégica, existe no sistema
nervoso autdbnomo a transmissdo purinérgica, onde o ATP ¢ o principal
neurotransmissor (BURNSTOCK, 1972).

O ATP é armazenado nos terminais nervosos e co-liberado com diversos
neurotransmissores, em diferentes preparagdes biologicas, em uma forma Ca’'-
dependente (PHILLIS & WU, 1981). RICHARDSON & BROWN (1987)
demonstraram que o ATP ¢é liberado com acetilcolina em terminais colinérgicos de
estiado de ratos. Além disso, o ATP pode ser co-liberado com outros
neurotransmissores, como a noradrenalina em nervos aferentes primarios (VON
KUEGELGEN & STARKE, 1991; RATHBONE et al., 1999) e serotonina em vesiculas
serotoninérgicas (POTTER & WHITE, 1980).

Em sistema nervoso central, estudos tém demonstrado que o ATP pode ser
liberado a partir de preparagdes sinaptossomais pela estimulagio com K™ (WHITE,
1978) e a partir de aferentes colaterais-comissurais de Schaffer de fatias hipocampais
por estimulagdo elétrica (WIERASZKO et al, 1989). Além disso, ATP induz a
formacdo de correntes sinapticas rapidas em neurdnios de hipocampo em cultura
(INOUE et al., 1992), bem como em fatias de habenula medial (EDWARDS et al.,

1992; EDWARDS et al.,1997). Dependendo da concentragdo usada, ko ATP exogeno
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pode exercer diferentes efeitos sobre as propriedades celularesf O ATP ¢ capaz de
induzir a potenciagdo de longa duragdo, registrada em fatias hipocampais de
camundongo e cobaia (WIERASZKO & SEYFRIED, 1989; NISHIMURA et al., 1990;
FUJI et al., 1999). Estes resultados sugerem que o ATP extracelular pode estar
envolvido na modulagdo da eficiéncia sinaptica. Além disso, estudos tém demonstrado
que a liberagdo de ATP € maior apos estimulag@o de alta freqiiéncia (freqiiéncias usadas
para induzir LTP), enquanto que, apds estimulagdo de baixa frequéncia (freqiiéncias
usadas para induzir LTD), ocorre preferencialmente a liberagdo de adenosina (CUNHA
et al., 1996).

Evidéncias indicam que o ATP extracelular pode induzir a liberagdo de glutamato
e um aumento no calcio intracelular através da estimulag@o de receptores purinérgicos
em neurdnios hipocampais de ratos (INOUE et al, 1992, 1995). Entretanto, a
subpopulagdo de células que responderam a ATP corresponde somente a 20% do total
analisado (INOUE et al., 1992). Na maioria dos neurdnios testados, uma diminui¢do na
concentracdo do calcio intracelular foi detectada apos a estimulagio por ATP
(KOIZUMI & INOUE, 1997), demonstrando que ATP inibe a liberagdo de glutamato
em hipocampo de ratos, via receptores purinérgicos pré-sinapticos (INOUE, 1998).
Além disso, sabe-se que ATP estimula a liberagio de acido y-aminobutirico (GABA),
um neurotransmissor que inibe a fungdo excitatoria de glutamato (INOUE, 1998a).
Portanto, os efeitos do ATP podem ser inibitérios ou estimulatdrios nas fungdes
hipocampais, dependendo do sitio de agdo e do subtipo de receptores para ATP
estimulado (INOUE, 1998).

Evidéncias sugerem que os nucleotideos purinicos exercem diversas fungdes no
cérebro, entre elas destacam-se a participagdo na transmissdo sinaptica, exocitose,

regulagdo do crescimento e diferenciacdo celular, permeabilizagio da membrana e



16

apoptose (ZIMMERMANN, 1994; ABBRACCHIO et al., 1995; DI ORIO et al., 1998,
RATHBONE et al., 1999). Além disso, existem diversos mecanismos através dos quais
o ATP extracelular pode modular a atividade sinaptica. Um deles € a utilizagdo do ATP
por proteinas quinases localizadas na superficie neuronal (EHRLICH et al., 1988, 1990,
1999). A fosforilacdo de proteinas de superficie pelo ATP extracelular liberado durante
estimulagio repetitiva dos terminais nervosos, tem sido sugerida como um sinal para
mudancas de longa duracio na eficiéncia sinaptica (EHRLICH et al., 1988, 1999). A
utilizagdo do ATP extracelular como substrato na fosforilagdo de ecto-proteinas
realizada por uma ecto-proteina quinase pode estar envolvida em diversas funcdes
neuronais, como a participagdo na fase de manutengio de uma LTP estavel (CHEN et
al,, 1996).

O ATP extracelular também pode influenciar a atividade sinaptica ao interagir
com receptores especificos. Os nucleotideos e o nucleosideo da adenina podem exercer
seus efeitos através da ativag@o de receptores purinérgicos subdivididos em dois grandes
grupos: P1 e P2. O purinoreceptores P1 sdo ativados com o potencial agonista na ordem
adenosina > AMP > ADP> ATP, enquanto que os purinoreceptores P2 sdo ativados por
ATP> ADP> AMP> adenosina (RALEVIC & BURNSTOCK, 1998).

ApoOs sua liberagdo, o ATP extracelular produz suas respostas através de duas
subclasses de purinoreceptores P2: P2X e P2Y. A subclasse P2X esta dividida, até o
momento, em sete subtipos (P2X;.7) clonados, caracterizados farmacologicamente e
considerados ionotropicos, porque eles | abrem canais cation-especificos através da
ativagdo por um agonista. A subclasse P2Y pertence a familia de receptores acoplados
as proteinas ligantes de nucleotideos da guanina (proteinas G), promovendo a
modulacdo de efetores intracelulares. Os subtipos P2Y 14, P2Ys, e P2Yy; foram

clonados e caracterizados, sendo considerados membros dos receptores de ATP
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acoplados a proteina G (RALEVIC & BURNSTOCK, 1998). Os sistemas de segundos
mensageiros modulados pela ativagdo destes receptores envolvem a ativagdo da
fosfolipase C, que cliva os fosfatidilinositois da membrana plasmatica, gerando os
segundos mensageiros inositol-1,4,5-trifosfato (IP3) e o diacilglicerol (DAG)
(BERRIDGE, 1993). O inositol-1,4,5-trifosfato promove a mobilizagdo do calcio do
reticulo endoplasmatico, elevando a concentra¢ao de célcio no citosol e o diacilglicerol
ativa proteinas quinases, como a PKC (NESTLER et al, 1984). A investiga¢do da
biologia molecular dos purinoreceptores tem avancado rapidamente nos ultimos anos.
Entretanto, até o presente momento, ndo existem agonistas ou antagonistas capazes de
difefenciar adequadamente os receptores P2X e P2Y e seus respectivos subtipos. A
Tabela 1 apresenta um resumo dos principais agonistas e antagonistas para estas duas
familias de receptores.

O envolvimento do sistema purinérgico nos mecanismos de potenciagdo de longa
duracdo induzidos eletricamente e por ATP foi investigado (WIERASZKO &
EHRLICH, 1994). Estes autores demonstraram que o ATP extracelular e seu analogo
ATP-y-S amplificaram permanentemente a magnitude das respostas sinapticas.
Entretanto, este efeito ndo foi observado na presenca de outros analogos de ATP, tais
como AMPPNP, 2MeSATP, o,B-meATP e o antagonista Cibacron Blue 3G
(WIERASZKO & EHRLICH, 1994). Estes autores propde que a remogio do fosfato-
gama de ATP e ATP-y-S por uma ecto-proteina quinase poderia ser necessaria para a
ocorréncia do efeito facilitatério sobre a LTP (WIERASZKO & EHRLICH, 1994).
Entre os ligantes dos receptores P2, suramina tem sido utilizada como um antagonista
ndo-seletivo de receptores P2 (RALEVIC & BURNSTOCK, 1998), além de possuir um

.....

(MARTI et al., 1996; MEGHJI & BURNSTOCK, 1995; ZIGANSHIN et al., 1995).
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TABELA 1.Principais agonistas e antagonistas dos receptores P2

Receptores P2X P2Y
Tipo de receptor Ionotrépico Acoplado a proteina G
Efetores Ca**> Na"™>K" 11Ps, TCa™ TDAG
Nao-seletivos ATP ATP
ATPyS - ATPyS
2MeSATP 2MeSATP
ApsA ApiA
Agonistas ADP
Seletivos a a,B-meATP UTP
P2X/P2Y B.y-meATP UTPyS
BzATP UDP
2MeSADP
ADPS
Nao-seletivos Suramina Suramina
PPADS PPADS
Antagonistas Reactive Blue 2 Reactive Blue 2
Seletivos a NF023 ARL67085
P2X/P2Y NF279 FPL 66096
KN-62 A3PSPS

Adaptado a partir de RALEVIC & BURNSTOCK (1998).

Abreviagdes usadas: AMPc, adenosina 3’,5’,monofo$fato ciclico; ADPfS, adenosina 5’-
O-(2-tiodifosfato); A3P5PS, adenosina 3’-fosfato 5°-fosfosulfato; ARL 67085, 6-N N-
dietil-D-B,y-dibromometileno ATP; A7P)S, adenosina 5°-O-(3-tiotrifosfato); BzATP, 3°-
O-(4-benzoil)benzoil ATP; DAG, diacilglicerol; Ap.A, P! P*-diadenosina tetrafosfato;
FPL 66096, 2-propiltio-D-B,y-difluorometileno ATP; IP; inositol 1,4,5-trifosfato; o,
meATP, o,B-metileno ATP; S y-meATP, B,y-metileno ATP; 2MeSADP, 2-metiltio ADP;
2MeSATP, 2-metiltio ATP; PPADS, 4cido piridoxal fosfato-6-azofenil-2’,4’-
disulfonico; NF023, 3’-uréia simétrica do acido 8-(benzamido) naftaleno-1,3,5-
trisulfonico;  NF279, 8,8’~(carbonilbis
fenilenocarbonilimino)) bis(acido 1,3,5-naftalenotrisulfonico); KN-62, 1-{n,0-bis(5-

(imino-4, 1-fenilenocarbonilimino-4,1-

isoquinolinosulfonil)-N-metil-L-tirosil }-4-fenilpiperazina, UTPS, uridina 5°-O-(3-
tiotrifosfato).
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Apesar destas a¢des, suramina produziu um efeito facilitatorio sobre as respostas
sinapticas registradas em fatias hipocampais (WIERASZKO, 1995), utilizando
mecanismos que também participam na indugdo e manuten¢io da LTP.

Entretanto, estudos recentes tém demonstrado que a suramina prejudica as
respostas condicionadas de medo em ratos (ZOU et al., 1998). Tal efeito provavelmente
se deve ao fato de que a suramina pode atuar como um antagonista de receptores
NMDA (ONG et al., 1997). A dissociagdo observada entre os efeitos promovidos pela
suramina sobre a LTP e nos estudos comportamentais acima referidos, provavelmente
se deve ao amplo espectro de efeitos biologicos promovidos por esta droga.

Apos a liberagdo no espago extracelular e a ativacdo de receptores especificos, os
nucleotideos da adenina podem ser metabolizados pela acdo de ecto-enzimas que fazem
a conversdo destes nucleotideos até adenosina (ZIMMERMANN, 1996). Nosso
laboratorio tem estudado que a degradagio do ATP extracelular envolve um conjunto de
enzimas ligadas a superficie celular, que constituem a via das ectonucleotidases, da qual
podem participar a ecto-ATPase (EC 3.6.1.3), a ecto-apirase (EC 3.6.1.5) e a ecto-5-
nucleotidase (EC 3.1.3.5) (BATTASTINI et al., 1991,1995). A hidrolise extracelular de
ATP por esta via resulta na formagdo de ADP, AMP e adenosina. Esta degradaco pode
inativar a sinalizagdo mediada pelo ATP através dos receptores P2, contribuindo para a

sinalizag@o mediada pela adenosina através dos receptores P1.

I.5. ADENOSINA E SEUS RECEPTORES

A adenosina € um nucleosideo que produz diversos efeitos fisiologicos no
sistema nervoso central. As primeiras evidéncias de que a adenosina apresentava
atividade fisiologica foram obtidas através dos estudos de DRURY & SZENT-

GYORGYT (1929), que observaram significativos efeitos da adenosina no coragdo.



20

Desde entiio, tem se tornado claro que a adenosina pode exercer varios efeitos atraves
da interagdo com receptores especificos de superficie celular (SATTIN & RALL, 1970;
BRUNDEGE & DUNWIDDIE, 1997). No sistema nervoso central, a adenosina altera
os niveis de AMP ciclico (SATTIN & RALL, 1970), inibe a atividade sinaptica e
neuronal (DUNWIDDIE & HOFFER, 1980) e modula o fluxo sangiiineo cerebral
(BERNE et al., 1981). Sua liberagdo durante a isquemia cerebral conduziu a hipotese de
que a adenosina age como um neuroprotetor, prevenindo a excitotoxicidade e danos
isquémicos (DRAGUNOW & FAULL, 1988). Com o avango nos estudos sobre o tema,
evidéncias tém apontado para o envolvimento da adenosina na epilepsia (ZHANG et al.,
1993; GLASS et al, 1996), no pré-condicionamento da isquemia cerebral
(HEURTEAUX et al., 1995) e nas respostas imunes no cérebro (SAJJADI et al., 1996).
Entretanto, o preciso mecanismo através do qual as células liberam adenosina e os
eventos implicados no papel modulatorio deste composto necessitam ser elucidados.

A adenosiha pode ser formada nos espagos intracelular e extracelular.
Entretanto, a adenosina ndo € considerada um neurotransmissor, pois ndo ha evidéncias
de que ela seja armazenada em vesiculas sinapticas (BRUNDEGE & DUNWIDDIE,
1997). Apesar disto, a adenosina esta presente no espago extracelular e ¢ liberada das
células peurais por varios tipos de estimulos.

Existem duas principais vias de formagdo de adenosina a nivel intracelular: a
clivagem da S-adenosil-homocisteina pela enzima S-adenosil-homocisteina -hidrolase
(PATEL & TUDBALL, 1986) ¢ a degradacdo de AMP a adenosina por ag@o de uma 5°-
nucleotidase citosdlica. Apds sua formac¢do, a adenosina pode passar através da
membrana celular por difusdo facilitada, utilizando transportadores de nucleosideos.
Estes transportadores s@o bidirecionais e equilibram as concentracdes intracelular e

extracelular de adenosina. Além disso, seus niveis intracelulares podem ser controlados
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por vias que metabolizam a adenosina intracelular: a fosforilagio até 5’-AMP catalisada
por uma adenosina quinase e a desaminagio até inosina catalisada pela adenosina
desaminase (BRUNDEGE & DUNWIDDIE, 1997)

A adenosina também pode ser sintetizada e degradada no espago extracelular. O
ATP liberado pode originar adenosina pela a¢dio de ecto-enzimas: ecto-ATPases, ecto-
apirases e ecto-5’-nucleotidases (BATTASTINI et al., 1995; PLESNER, 1995;
DUNWIDDIE et al., 1997; ZIMMERMAN et al., 1998). Com rela¢do & degradacdo da
adenosina, foi identificada a presenga de ecto-adenosina desaminases (FRANCO et al.,
1997). A adenosina também pode ser removida do espacgo extracelular através da sua
captagdo pelo sistema transportador de nucleosideos (RATHBONE et al., 1999).

Foi estimado que a concentracdo basal de adenosina no espaco extracelular esta na
faixa de nanomolar (DUNWIDDIE & DIAO, 1994). Entretanto, diversas situag¢les
podem conduzir & significativa elevagdo da sua concentracdo extracelular. A liberagdo
de adenosina dos tecidos cerebrais pode ocorrer em resposta a hipoxia (LLOYD et al,,
1993), a isquemia (PEDATA et al., 1993) e a estimulacdo elétrica (LLOYD et al., 1993;
CUNHA et al.,, 1996). A adenosina € também liberada por estimulagio nervosa ndo-
patologica, pela ativagdo dos receptores NMDA (MANZONI et al., 1994).

Uma das evidéncias que ajudou a identificar a adenosina como um modulador da
atividade celular foi a identificagdo dos subtipos de receptor para adenosina. Os
receptores de adenosina (purinoreceptores P1) estdo divididos em quatro subtipos, que
foram identificados e clonados: Aj, Asza, Az € Az e pertencem a familia de receptores
acoplados as proteinas G (BRUNDEGE & DUNWIDDIE, 1997).

Os receptores A; sdo os mais abundantes receptores de adenosina em sistema
nervoso central, tém os mais proeminentes efeitos sobre a atividade neuronal e ligam a

adenosina com a mais alta afinidade. Os receptores A; estdo localizados em todo o
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cérebro, particularmente em altas concentragBes no hipocampo, cortex, cerebelo e
talamo (STEHLE et al., 1992). Os receptores A;, via proteina Gi, inibem a atividade da
adenilato ciclase e a conseqiiente formagdo de AMP ciclico. Este segundo mensageiro
pode ativar proteinas quinases dependentes de AMP ciclico que catalisam a fosforilagio
de varias proteinas, regulando a atividade celular e a expressdo génica. Entre as a¢des da
adenosina, uma das mais significativas € a capacidade de inibir a liberagcio de diversos
neurotransmissores, tais como, dopamina, noradrenalina, glutamato e acetilcolina
(BRUNDEGE & DUNWIDDIE, 1997). Na maioria dos sistemas acredita-se que este
efeito seja mediado pelos receptores A; pré-sinapticos .

Embora os receptores A; controlem a maioria dos efeitos fisiologicos da
adenosina no cérebro, os receptores A, desempenham um importante papel modulatdrio
em algumas areas do cérebro. Os receptores A, estimulam a atividade da adenilato
ciclase e aumentam a formacdo do AMP ciclico (PARKINSON & FREDHOLM, 1990).

Os receptores A; tém sido divididos em A;s e Azp, conforme a afinidade dos
agonistas, apesar destes subtipos ja estarem clonados (RALEVIC & BURNSTOCK,
1998). Os receptores Az ligam a adenosina com alta afinidade e estdo concentrados no
caudato-putamen, nucleus accumbens, tubérculo olfatorio, cortex cerebral e hipocampo
(BRUNDEGE & DUNWIDDIE, 1997). Os efeitos fisiologicos destes receptores ndo
estdo bem eéclarecidos como os dos receptores A;. Os receptores Ap produzem um
aumento nos niveis de AMP ciclico em fatias cerebrais com altas concentragdes de
adenosina (LUPICA et al, 1990). Com base na afinidade extremamente baixa dos
receptores Azp para adenosina (BRUNS et al., 1986), tem sido postulado que estes
receptores possam mediar efeitos neuroprotetores quando os niveis extracelulares de

adenosina encontram-se excepcionalmente altos.



Os receptores A; foram recentemente caracterizados e seus efeitos na fisiologia
neuronal s3o pouco conhecidos. Os agonistas de receptores As estimulam a formagdo de
fosfoinositdis de membrana em fatias de hipocampo e estriado, sugerindo que eles
podem ativar a fosfolipase C (BRUNDEGE & DUNWIDDIE, 1997).

Considerando que a adenosina ¢ um nucleosideo endégeno que, por ativar
receptores de membrana, exerce um importante papel na regulacdo da excitabilidade
neuronal, foi proposto que a adenosina pode modular a plasticidade sinaptica (DE
MENDONCA & RIBEIRO, 1997). Existe um particular interesse nas formas de
plasticidade que envolvem mudangas na atividade sinaptica, tais como a potenciagio de
longa-durag¢do, desde que estes mecanismos podem estar envolvidos na base
neurofisiolégica do aprendizado e da memoria. Estudos demonstraram que o analogo da
adenosina, 2-cloroadenosina (CADQ), produziu uma diminui¢do na LTP em células
granulares do giro dentado e na area CA1 de hipocampo de ratos (DOLPHIN, 1983; DE
mediados pela ativagdo de receptores A;, sendo que este efeito € observado durante ou
poucos segundos apos a estimulagdo de alta freqtiéncia, sugerindo que a adenosina afeta
a indugio da LTP (DE MENDONCA & RIBEIRO, 1997).

A adenosina enddgena € capaz de modular a LTP, pois este fendmeno foi
facilitado na presenca de um antagonista seletivo de receptor A;, 1,3-dipropil-8-
ciclopentilxantina (DPCPX), e foi reduzido na presenca de um bloqueador da captagio
de adenosina, nitrobenziltioinosina, sugerindo que a adenosina endogena exerce um
efeito inibitorio sobre a LTP (DE MENDONCA & RIBEIRO, 1994). Por sua vez, a
LTP pode ser aumentada na presenga de uma agonista seletivo de rteceptor Aga,
hidrocloreto de 2-p-(2-carboxietil)fenetilamino-5’-N-etilcarboxamidoadenosina (CGS

21680), sugerindo que a ativagdo destes receptores pode ter efeitos facilitatorios sobre a
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LTP (DE MENDONCA & RIBEIRO, 1994). Além disso, tem sido demonstrado que a
ativagdo seletiva de receptores A; em hipocampo pode prejudicar a performance na
retengdo de uma resposta, influenciando o processamento da memoria e aprendizagem
(NORMILE & BARRACO, 1991).

Devido a sua ac¢do neuromoduladora, a adenosina tem sido considerada um anti-
convulsivante endogeno. MAITRE et al. (1974) primeiramente relataram que a
adenosina administrada intraperitonealmente protegia contra crises audiogénicas em
camundongos geneticamente suscetiveis. As a¢Oes anti-convulsivantes de analogos da
adenosina também foram observados quando administrados na amigdala, hipocampo e
nucleo caudado apos kindling (BARRACO et al., 1984; ROSEN & BERMAN, 1987).

Em 1985, TURSKI et al. demonstraram que o analogo 2-cloroadenosina
(CADO) bloqueava o surgimento de crises induzidas por pilocarpina e prevenia a
ocorréncia de danos cerebrais em ratos, sendo estes efeitos provavelmente mediados
" pelos receptores A,;. Crises tinicas ou repetidas induzidas por PTZ estdo associadas a um
aumento de receptores A; no cortex, hipocampo e cerebelo (ANGELATOU et al,,
1990). Além disso, a afinidade dos receptores A; a um ligante especifico, CHA, esta
aumentada no hipocampo de ratos apds kindling (SIMONATO et al, 1994). O
antagonista de receptor A;, 8-CPT, produziu estado epiléptico em ratos ao ser
administrado sistemicamente, mas seus agonistas CPA ou CHA, evitaram o
desenvolvimento do estado epiléptico (YOUNG & DRAGUNOW, 1994). Entretanto,
uma menor densidade de receptores A; foi encontrada em ratos com crise de auséncia
induzida geneticamente (EKONOMOU et al.,1998).

Estudos mais recentes tém demonstrado que a administra¢do periférica de um
agonista de receptor Az, CGS 21680, protege o hipocampo contra a excitotoxicidade

induzida por acido cainico (JONES et al., 1998).



Estudos realizados em humanos verificaram que os niveis de adenosina
aumentam significativamente (30 vezes) durante crises convulsivas em pacientes com
epilepsia de lobo temporal (DURING & SPENCER, 1992). Além disso, uma
diminui¢8o na afinidade de receptores A, foi observada em cortex temporal de humanos
com epilepsia (GLASS et al, 1996). Evidéncias sugerem que uma diminui¢do
significativa nos niveis de adenosina ou alteragdes no sistema adenosinérgico podem
desempenhar um papel fundamental na etiologia do estado epiléptico (YOUNG &

DRAGUNOW, 1994).

1.6.ATP DIFOSFOIDROLASE (APIRASE, EC 3.6.1.5)

A sinalizagdo mediada pelos nucleotideos requer mecanismos efetivos para a
inativagdo do seu sinal. Devido a alta densidade de carga, os nucleotideos ndo podem
passar as membranas e a captagdo celular de nucleotideos ndo foi ainda demonstrada.
Entretanto, existe um conjunto de enzimas ligadas & superficie celular capazes de
hidrolisar e inativar a sinalizagio mediada pelos nucleotideos extracelulares. Estas
enzimas sdo chamadas de ectonucleotidases. Dentro do grupo das ectonucleotidases,
podemos destacar a presenga da ecto-ATP difosfoidrolase ou ecto-apirase (EC 3.6.1.5),
da ecto-ATPase (EC 3.6.1.3) e da ecto-5’-nucleotidase (3.1.3.5).

O termo apirase foi utilizado pela primeira vez em 1945 por MEYERHOF para
descrever um grupo de enzimas envolvidas na hidrélise de nucleosideos trifosfatados e
difosfatados a seus respectivos nucleosideos monofosfatados e fosfato inorgnico:

NTP + H,O0 - AMP + 2Pi
NDP + H, O —- AMP + Pi
Inicialmente, a maioria dos estudos sobre apirases apresentava como objetivo

principal o conhecimento da distribuigcio desta atividade enzimatica, bem como de suas
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caracteristicas cinéticas. Desde entdo, varias apirases tém sido descritas na literatura,
principalmente nas Gltimas décadas. Esta enzima apresenta uma ampla distribuigdo,
sendo encontrada em vegetais (TRAVERSO-CORI et al, 1962; TOGNOLLI &
MARRE, 1981; VALENZUELA et al, 1989; KETTLUN et al., 1992), invertebrados
(RIBEIRO & GARCIA, 1981; SARKIS et al, 1986, RIBEIRO et al, 1990, 1991,
VALENZUELA et al., 1998) e em mamiferos (FRASSETTO et al., 1993; PLESNER,
1995; BATTASTINI et al, 1995; MARCUS et al, 1997, OLIVEIRA et al, 1997),
podendo apresentar diferentes papéis fisiologicos, de acordo com sua localizagdo.

As ecto-apirases, juntamente com as ecto-ATPases, constituem uma classe de
enzimas chamadas de ATPases do tipo E, que possuem as seguintes caracteristicas: 1)
um sitio de hidrélise de nucleotideos voltado para o espago extracelular, (2) subunidade
catalitica glicosilada, (3) atividade dependente de cations divalentes (principalmente
calcio e/ou magnésio), (4) insensibilidade a inibidores especificos de ATPases do tipo P,
F, V e (5) habilidade para hidrolisar uma ampla variedade de nucleotideos puricos e
pirimidicos tri e difosfatados (PLESNER., 1995; ZIMMERMANN et al., 1998).

Progressos consideraveis tém sido feitos com relagcdo a estrutura molecular das
ectonucleotidases. Diversas seqiéncias de peptideos derivados de uma apirase
purificada de placenta humana (CHRISTOFORIDIS et al., 1995) demonstraram que
esta proteina de 82kDa era idéntica a um antigeno de ativacédo linféide chamado CD39,
que havia sido previamente clonado e seqiienciado (MALISZEWSKI et al., 1994).
Além disso, estudos demonstraram que uma apirase obtida de batata Solanum
tuberosum (HANDA & GUIDOTTI, 1996) apresentava uma seqiiéncia de aminoacidos
homoloéga a CD39 e a diversas outras nucleosideo trifosfatases recentemente
identificadas, como a guanosina difosfatase de levedura (ABEIJON er a/.,1993) e a

NTPase de Toxoplasma gondii (ASAI et al., 1995). O antigeno CD39 ¢ expresso em
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linfocitos ativados, bem como no endotélio, macrofagos e células dendriticas (KANSAS
et al., 1991). A identidade da CD39 e ATP difosfoidrolase foi confirmada por estudos
demonstrando que a expressdo da CD39 humana em células COS-7 promoveu um
aumento na atividade ATPasica e ADPasica dependente de calcio e magnésio (WANG
E GUIDOTTL 1996; KACZMAREK et al., 1996). Além disso, CD39 recombinante de
humanos e camundongos inibiu a agregagdo plaquetaria induzida por ADP
(KACZMAREK et al., 1996; MARCUS et al., 1997).

Estudos posteriores isolaram 0 DNA complementar da apirase de cérebro de ratos
e camundongos, cuja expressdo em células COS-7 resultou na produgdo de uma
proteina glicosilada com peso molecular em torno de 70-80 kDa e com atividade
ATPasica e ADPasica (WANG et al., 1997). Esta proteina est4 presente em neuronios e
astrocitos de ratos em cultura primaria e a andlise do genoma revelou a presenca de
somente um gene para a apirase (WANG et al., 1997).

A clonagem e o mapeamento de um gene isolado a partir de tecido humano,
chamado CD39L1 (CD39-like-1) (CHADWICK & FRISCHAUF, 1997), demonstrou
alta similaridade na seqiiéncia de aminoacidos com uma ecto-ATPase de musculo liso
de galinha e com a CD39 de humanos (KIRLEY, 1997, MALISZEWSKI et al., 1994).
Entretanto, a expressdo do clone de DNA complementar ndo foi realizada, no sentido de
analisar as caracteristicas bioquimicas da enzima e confirmar que o gene isolado
realmente codifica uma ecto-ATPase humana (CHADWICK & FRISCHAUF, 1997).

A ecto-apirase ¢ a ecto-ATPase de vertebrados compartitham homologia de
seqiiéncia com certas nucleotidases de plantas, protozoarios e leveduras. Algumas das
enzimas estdo ligadas a membrana, outras sdo soluveis ou somente a estrutura do seu
DNA complementar é conhecida. HANDA E GUIDOTTI (1996) identificaram quatro

regides que sdo bem conservadas entre as diversas sequiéncias, as quais foram chamadas
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de “regides conservadas da apirase”, que presumivelmente participam na formagdo do
sitio catalitico destas enzimas. Além disso, KEGEL et al. (1997) demonstraram que uma
ecto-ATPase e uma ecto-apirase sdo expressas no cérebro de ratos.

SMITH & KIRLEY (1998) clonaram e sequenciaram um gene para uma ATPase
do tipo E (HB6) presente em cérebro humano, sendo que a proteina expressa em cultura
de células comporta-se como uma apirase.

Estudos analisando a seqiiéncia da ATP difosfoidrolase demonstram que se trata
de uma proteina integral de membrana com dois dominios transmembranas (nas porgdes
terminais da proteina), pequenos segmentos citoplasmaticos NHp-terminal ¢ COOH-
terminal, ¢ um grande dominio extracelular, que provavelmente contém o sitio de
ligacdo e hidrolise dos nucleotideos (MALISZEWSKI et al, 1994, WANG &
GUIDOTTI, 1996). Recentes estudos demonstraram que a ecto-apirase/CD39 é uma
proteina tetramérica ndo-covalente e que os dominios transmembrana da enzima
regulam a oligomerizagdo da mesma (WANG et al., 1998). Estes autores propuseram
que a inibicdo da ecto-apirase promovida por detergentes € causada pela dissociagdo dos
tetrdmeros em monomeros (WANG et al., 1998).

A ecto-apirase de cérebro humano é uma proteina altamente glicosilada com sete
sitios potenciais de glicosilagdo, sugerindo que a glicosilagio é necessaria para a
oligomerizagdo e para a regulagdo da atividade de hidrolise de nucleotideos (SMITH &
KIRLEY, 1999). Na por¢do C-terminal da proteina, € possivel identificar possiveis
sitios de fosforilagdo para a ago de proteina quinase C e proteina quinase dependente
de AMP ciclico, sugerindo que as apirases podem ser moduladas por fosforilagdo
citoplasmatica e podem estar envolvidas nas vias de transdugdo de sinal através da
membrana (SMITH & KIRLEY, 1998). Recentemente, nosso laboratdrio tem

apresentado evidéncias de que a ecto-apirase de cérebro de ratos é uma proteina
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fosforilada, sugerindo que a fosforilagdo poderia ser um dos mecanismos envolvidos na
modulacio desta enzima em diferentes condigdes fisiologicas e patologicas (WINK,
1999).

Muitos trabalhos tém sido dedicados ao estudo das ectonucleotidases soliiveis ou
associadas a4 membrana em sistema nervoso central (TODOROV et al, 1997,
BATTASTINI et al., 1991, 1995), desde que o ATP extracelular tem sido considerado
um neurotransmissor excitatorio (EDWARDS et al, 1992; EVANS et al, 1992) e
diversas classes de purinoreceptores tém sido descobertas (RALEVIC &
BURNSTOCK, 1998). Estas enzimas poderiam ter um papel essencial na regulacdo das
concentragdes e da disponibilidade de ligantes (ATP, ADP, AMP e adenosina) na fenda
sinaptica para estes receptores. A desfosforilagio do nucleotideo pela acdo das
ectonucleotidases, poderia inativar a sua a¢do neurotransmissora de modo direto, através
da conversdo de um agonista (ATP) em um composto inativo (ADP ou AMP), ou de
modo indireto, tal como a conversio de um agonista (ATP) em um composto
(adenosina) que pode subseqiientemente ativar ou inibir outros receptores ou enzimas
associadas ao sistema (ZIMMERMANN, 1996; DI ORIO et al, 1998; SMITH &
KIRLEY, 1998; RATHBONE et al., 1999).

Tem sido identificado que a ecto-apirase/CD39 € expressa em sinaptossomas
isolados bem como em cultura de neurénios primarios de cortex cerebral e astrocitos
(BATTASTINI et al., 1991; WANG et al., 1997). Estudos imunohistoquimicos tém
demonstrado que a ecto-apirase ¢ amplamente distribuida no cérebro de ratos,
encontrando-se presente em neurdnios de cortex cerebral, hipocampo, cerebelo, bem
como em células gliais e células endoteliais (WANG & GUIDOTTI, 1998).

As ATPases do tipo E estdo também relacionadas a uma molécula de adesdo

celular neuronal (NCAM) em sistema nervoso central, sugerindo o possivel
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envolvimento de ecto-enzimas nas fungdes de adesdo celular (DZHANDZHUGAZY AN
& BOCK, 1997). A NCAM desempenha um papel importante no desenvolvimento e
regeneragdo neuronal, plasticidade sinaptica e invasio tumoral.

Diversos estudos tém demonstrado a participagdo das ectonucleotidases em uma
série de condic¢des fisiologicas e patologicas. NAGY e cols.(1990) demonstraram uma
significativa diminuigdo na atividade ecto-ATPasica de cortex temporal de individuos
epilépticos. Entretanto, um substancial aumento desta atividade foi observado na parte
posterior do hipocampo destes pacientes. E interessante observar Que o gene para CD39
de humanos (10g23.1 to q24.1) (MALISZEWSKI et al., 1994) esta co-localizado com o
gene envolvido na epilepsia parcial humana com sintomas audiogénicos (10q22 to 24)
(OTTMAN et al, 1995). Embora existam muitos outros genes na regido que coincidem
com CD39, a ecto-apirase estd provavelmente envolvida na epilepsia, uma vez que
significativas alteragdes foram observadas nestas atividades em pacientes epilépticos
(NAGY et al., 1990). Trabalhos mais recentes tém demonstrado uma reducdo na ecto-
ATPase de cortex cerebral de ratos durante prolongado estado epiléptico induzido pela
administragio seqiiencial de litio e pilocarpina (NAGY et al., 1997).

Além das alteragdes observadas na epilepsia, as ectonucleotidases podem ter suas
atividades alteradas em outras condigGes patologicas. A expressdo da ecto-apirase/CD39
encontra-se aumentada em melanomas diferenciados de humanos, apresentando uma
gradual diminui¢do com progressdo do tumor (DZHANDZHUGAZYAN et al., 1998).
Nosso laboratorio tem relatado alteragdes destas atividades enzimaticas em diferentes
condicdes patologicas. Demonstrou-se que ratos submetidos a episédios isquémicos
isolados ou duplos apresentam significativas alteracdes nas atividades da ATP
difosfoidrolase e 5’-nucleotidase em sinaptossomas hipocampais e plaquetas de ratos

(FRASSETTO, 1998; SCHETINGER et al, 1998). Nossos resultados, em sistema
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nervoso central, foram posteriormente confirmados por estudos histoquimicos e analise
de RNA mensageiro, demonstrando um seletivo aumento nas atividades enzimaticas em
areas injuriadas do hipocampo (BRAUN et al, 1998). Além disso, nosso laboratorio
também descreveu o efeito da desnutricdo nas enzimas de sinaptossomas de cortex
cerebral de ratos (ROCHA et al.,1990), o efeito da fenilalanina e seus metabolitos
(WYSE et al., 1994), bem como o efeito de metais pesados como o cloreto de mercurio
(OLIVEIRA et al., 1994), o acetato de cadmio (BARCELLOS et al., 1994) e o cloreto

de aluminio (SCHETINGER et al., 1995).

1.7. 5°-NUCLEOTIDASE (EC 3.1.3.5)

Nosso laboratorio tem proposto que, em sistema nervoso, a conversao extracelular
de ATP até adenosina € catalisada pela acdo conjugada de uma ATP difosfoidrolase e
uma 5’-nucleotidase (SARKIS & SALTO, 1991; BATTASTINI et al., 1995). A ecto-
5’-nucleotidase é uma enzima ancorada a membrana plasmatica por glicosil-
fosfatidilinositol (GPI). O ancoramento da enzima pode ser clivado por uma fosfolipase
C especifica para GPI, dando origem as formas soliveis da enzima. Embora uma
atividade 5’-nucleotidasica esteja também associada com as estruturas de algumas
organelas citoplasmaticas, trata-se de uma proteina diferente das 5’-nucleotidases
soluveis intracelulares (ZIMMERMANN, 1992, 1996). A ecto-5-nucleotidase
encontra-se presente na maioria dos tecidos e sua principal fungdo € a hidrdlise de
nucleosideos monofosfatados extracelulares, tais como AMP, GMP ou UMP, a seus
respectivos nucleosideos:

AMP + H,0O — adenosina + Pi
A estrutura primaria da ecto-5’-nucleotidase foi determinada em figado de

bovinos e ratos (SUZUKI et al., 1993; MISUMI et al., 1990), placenta de humanos
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(MISUMI et al., 1990a), rim de camundongos (RESTA et al., 1993) e 6rgdo elétrico de
Torpedo marmorata (GRONDAL & ZIMMERMANN, 1987). Esta enzima apresenta
uma massa molecular aparente de 62 a 74 kDa, apresentando-se como um dimero com
pontes dissulfeto entre as cadeias (ZIMMERMANN, 1996). Geralmente, AMP € o
nucleosideo hidrdlisado com maior eficiéncia, sendo que os valores de Km estdo na
faixa de micromolar. ATP e ADP sdo inibidores competitivos da 5’-nucleotidase com
valores de Ki também na faixa de micromolar (ZIMMERMANN, 1996).

Em sistema nervoso central, 5’-nucleotidase esta predominantemente associada a
glia, mas varias evidéncias tém demonstrado esta atividade associada a neurdnios
(ZIMMERMANN, 1996; ZIMMERMANN et al, 1998). A ecto-5’-nucleotidase €
transitoriamente expressa na superficie de células neuronais € nas sinapses durante o
desenvolvimento sinaptico (SCHOEN & KREUTZBERG, 1994; BRAUN et al., 1995).
A enzima desempenha um papel critico na diferenciagio neuritica e na sobrevivéncia de
células PC12 e células granulares de cerebelo de rato em cultura (HEILBRONN et al.,
1995; HEILBRONN E ZIMMERMANN, 1995). Sua atividade encontra-se aumentada
em astrocitos, células microgliais (BRAUN et al, 1997) e em sinaptossomas de
hipocampo apods isquemia focal e reperfusdo (SCHETINGER et al., 1998). Além disso,
estudos tém demonstrado que a ecto-5’-nucleotidase, CD73, tem caracteristicas de uma
molécula de adesdo (AIRAS et al., 1995).

A investigac@o da distribuigdo da 5’-nucleotidase em pacientes com epilepsia de
lobo temporal demonstrou que a enzima encontra-se significativamente aumentada no
giro denteado e nas terminacOes das fibras musgosas nas regides CA4 ¢ CA3, quando
comparada com a atividade em hipocampo de humanos normais (LIE et al., 1999).
Recentemente, a presenga da 5’-nucleotidase foi observada nas sinapses de fibras

musgosas de giro denteado de ratos apos injecdo sistémica de cainato e indugdo de
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kindling elétrico (SCHOEN et al., 1999), sendo menos detectada no grupo controle. Isto
sugere que a enzima poderia ter uma func¢do na interagdo célula-célula durante o
processo de brotamento das fibras ou contribuindo para uma diminui¢io da atividade
sinaptica pela producdo do neuromodulador inibitoério adenosina (SCHOEN et al,
1999).

A associagdo da ecto-apirase € da 5°-nucleotidase em uma cadeia enzimatica se
constitui uma via altamente sofisticada desenvolvida com o objetivo de controlar os
niveis extracelulares de ATP e adenosina, capazes de modular uma série de processos
fundamentais a nivel celular em muitos orgéos e tecidos, principalmente no sistema

nervoso central (Figura 1.1).
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Figura 1.1: Fung¢des do ATP liberado em um terminal nervoso e sua hidrolise até adenosina no
espago extracelular. (Adaptado de www.biozentrum.uni-frankfurt.de/prof/zimmermann).

O neurotransmissor ATP € liberado na fenda sinaptica, podendo ligar-se em
receptores especificos do tipo P2. Apds exercer seus efeitos, sua a¢do pode ser inativada por
um conjunto de ecto-enzimas que constituem a via das ectonucleotidases. Fazem parte desta
via a ecto-ATPase, a ecto-ATP difosfoidrolase e a ecto-5’-nucleotidase, que metabolizam o
ATP até adenosina. Por sua vez, a adenosina também exerce seus efeitos através de um
conjunto de receptores do tipo P1 (A;, Aza, Azs € As). ApOs exercer suas agdes, a adenosina
pode ser metabolizada extracelularmente ou recaptada por sistemas de transporte, podendo ser

reutilizada na sintese de novos nucleotideos.
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1.8. OBJETIVOS

O objetivo principal desta tese foi estudar a participagdo de uma cadeia de ecto-
enzimas (ATP difosfoidrolase e 5’-nucleotidase) envolvidas na hidrolise de ATP até
adenosina em condic¢des fisiologicas e patologicas capazes de induzir plasticidade
sinaptica, tais como memoria e epilepsia.

Considerando que, (i) o ATP é um importante neurotransmissor excitatorio,
sendo responsavel por inumeros eventos celulares produzidos pela ativagdo de seus
receptores; (ii) a adenosina é um neuromodulador com diversas fungdes no sistema
nervoso central, incluindo um papel neuroprotetor e o envolvimento em fendmenos
fisiologicos e patologicos, tais como memoria e epilepsia; (iii) a agdo conjugada da ATP
difosfoidrolase e 5’-nucleotidase pode controlar os niveis de ATP e adenosina na fenda
sinaptica e, consequentemente, modular as -respostas purinérgicas em diferentes

condigdes, foram estabelecidos os seguintes objetivos:

.....

atividade da ATP difosfoidrolase e 5’-nucleotidase em sinaptossomas de hipocampo de

ratos.

.....

da ATP difosfoidrolase e 5’-nucleotidase em sinaptossomas de diferentes estruturas
cerebrais, como cértex entorrinal e cortex parietal.
3. Estudar o efeito “in vitro” da suramina, um antagonista de receptores P2, sobre

atividade da ATP difosfoidrolase em sinaptossomas hipocampais de ratos e sobre o

.....
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4. Estudar o efeito da epilepsia induzida pelos modelos da pilocarpina e 4cido cainico

sobre as atividades da ATP difosfoidrolase e 5'-nucleotidase em sinaptossomas de

hipocampo e cortex cerebral de ratos.
5. Estudar o efeito do modelo de Kindling e da administragio aguda de PTZ sobre a

atividade da ATP difosfoidrolase e 5’-nucleotidase em sinaptossomas de hipocampo e

cortex cerebral de ratos.
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inhibitory Avoidance Learning Inhibits Ectonucleotidases
Activities in Hippocampal Synaptosomes of Adult Rats

Carla Denise Bonan,! Marcelo Medeiros Dias,! Ana Maria Oliveira Battastini,’
Renato Dutra Dias,! and Joao José Freitas Sarkis'?

(dccepred November 17, 1997

Several lines of evidence indicate that ATP may play an important role in Long-Term Potentiation.
In this investigation we evaluated the effect of a memory task (step-down inhibitory avoidance)
on the synaptosomal ecto-enzymes (ATP diphosphohvdrolase and 5'-nucleotidase) involved in the
degradation of ATP to adenosine. Afier the training session. a decrease in the ATPase (40%) and
ADPase (29%) activities of ATP diphosphohydrolase as well as was a decrease in 5'-nucleotidase
activity (31%) was observed in hippocampal synaptosomes of rats trained and killed immediately
after’training. In synaptosomes of rats killed 30 minutes after training, a decrease in ATPase activity
(28%) was observed. In the test session. no significant changes were observed in the enzvme
activities studied. These results provide new information about the activity of ecto-enzymes in-
volved in nucleotide degradation and their possible participation in mechanisms of acquisition and
modulation of memory processing.

KEY WORDS: ATP diphosphohydrolase: 5'-nucleotidase: extracellular ATP: long-term potentiation: LTP:

memory.

INTRODUCTION

It has been proposed that both ATP and adenosine
modulate synaptic transmission in the mammalian brain
(1). ATP is known to be stored with acetylcholine in
synaptic vesicles and, by analogy with chromaffin gran-
ules, it may also be stored in central noradrenergic ves-
icles (2). ATP can also be released from the
glutamatergic presynaptic terminals of the Schaffer col-
laterals in the hippocampus in a calcium-dependent man-
ner (3) and may mediate fast excitatory transmission (4).

! Departamento de Bioquimica. Instituto de Ciéncias Basicas da Saude.
Universidade Federal do Rio Grande do Sul. Porto Alegre. RS.
Brasil.

*To whom to address reprint requests. Jodo José Freitas Sarkis. De-
partamento de Bioquimica. Instituto de Ciéncias Basicas de Saude.
Universidade Federal do Rio Grande do Sul. Rua Ramiro Barcelos
2600. 90035-003. Porto Alegre. RS. Brasil. Fax: +35(51)316-3333:
e-mail address: Sarkis@ plug-in.com.br.

977

It has been demonstrated that exogenous ATP at low
concentrations (nM range) is able to induce long-lasting
enhancement of the population spike recorded from
mouse hippocampal slices (5). This enhancement of syn-
aptic strength is called Long-Term Potentiation (LTP)
(6.7). Long-Term Potentiation is a synapse-specific en-
hancement of excitatory postsynaptic responses and
there is growing evidence that this form of synaptic plas-
ticity underlies some forms of memory (8.9). LTP shares
several properties with memory: rapid induction (acqui-
sition), great lability in the early postinduction (consol-
idation) period. stimulus specificity, maintenance for
very long periods in the absence of stimulation. and
ready expression in response to reiteration of the original
stimulus (8,10). Since LTP and memory share several
pharmacologic similarities. some correlations berween
these two sets of studies could be established (10).
Extracellular ATP may play a role in the modula-
tion of synaptic efficiency (11) through several possible
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mechanisms. ATP may be used by protein kinases lo-
cated on the neuronal cell surface (12-14). The partici-
pation of ATP in mechanisms of extracellular protein
phosphorvlation has been suggested as a signal for long-
lasting changes in synaptic activity (13). Furthermore.
extracellular ATP can be hydrolyzed by a chain of ec-
tonucleotidases (15). We have demonstrated that the
neurotransmitter ATP is hvdrolyzed to adenosine in the
synaptic cleft of the central and peripheral nervous sys-
tem (16-18) by the conjugate action of an ATP diphos-
phohydrolase (ATPDase. apyrase, EC 3.6.1.5) and
S'-nucleotidase (EC 3.1.3.5). Recently, we have reported
the solubilization and characterization of ATP diphos-
phohvdrolase from rat brain synaptic plasma membranes
(19). This enzyme activity is activated by either Ca~ or
Mg and it is not inhibited by known inhibitors of var-
ious intracellular ATPases, such as Na*, K--ATPase,
Ca2, Mg=-ATPase and mitochondrial ATPases (16).
The presence of ATP diphosphohydrolase as an ecto-
enzyme in synaptosomes is important because only this
enzyme is able to hydrolyze adenine triphosphonucleo-
side (ATP) to its equivalent monophosphonucleoside
(AMP) and inorganic phosphate. Then, AMP can pro-
duce the nucleoside adenosine by the action of a 5™-nu-
cleotidase. 5'-nucleotidase is an enzyme able to catalyze
the hydrolysis of nucleosides 5'-monophosphates, being
AMP the nucleoside that is hydrolyzed with the highest
efficiency. ATP and ADP are competitive inhibitors of
5'-nucleotidase with the Ki values in the low micromolar
range or even below that. It is very likely that in situ
there is a considerable delay between the breakdown of
ATP and AMP hydrolysis for the formation of adenosine
(feed forward inhibition) (15). The adenosine formed
can acts on Pl-purinoceptors and it is rapidly taken up
via high-affinity uptake syvstems that are present in neu-
rons and mediate the salvage of physiological purine for
incorporation into cellular nucleotides. These two en-
zymes have a dual function in controlling the availability
of ligands (ATP, ADP. AMP, adenosine) for either nu-
cleotide or nucleoside receptors. They hydrolyze the nu-
cleotide by controlling its life span and the duration and
extent of receptor activation (15).

Because LTP is generally recognized as a possible
mechanism of memory and evidences indicate that ATP
may play an important role in LTP and in the modula-
tion of synaptic transmission, a study of the possible
effect of memory tasks on ATP-metabolizing enzymes
would be interesting. Step-down inhibitory avoidance
learning in the rat triggers biochemical events in the hip-
pocampus that are necessary for the retention of this
task. The events underlving memory formation of the
inhibitorv avoidance task in the hippocampus involve.
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first, zn activation of NMDA, AMPA and metabotropic
glutamate receptors followed by changes in second mes-
sengers and biochemical cascades led by enhanced ac-
tivity of protein kinases: Protein Kinase G (PKG);
Protein Kinase C (PKC); calcium-calmodulin-dependent
protein kinase II (CaMKII) and Protein Kinase A (PKA)
(8.9). This task is usually acquired in one single trial,
which makes it ideal for studying processes initiated by
training, uncontaminated by prior or further trials, re-
hearsals. or retrievals (9).

Accordingly, the objective of the present investi-
gation was to evaluate the influence of a memory task,
step-down inhibitory avoidance on the enzyme activities
(ATP diphosphohydrolase and 5'-nucleotidase) involved
in the cleavage of ATP to adenosine in synaptosomal
fractions from hippocampus of adult rats. With our re-
sults. we intend to provide a new information on the role
of ATP and the enzymes involved in its degradation in
mechanisms of acquisition and modulation of memory
processing.

EXPERIMENTAL PROCEDURE

Chemicals. Nucleotides (ATP. ADP. AMP), HEPES. Trizma Base
and EDTA were obtained from Sigma Chemical Co. (St. Louts. MO,
USA). Sodium azide and sucrose were obtained from Merck (Darms-
dadt. FRG). Percoll was obtained from Pharmacia (Uppsala. Sweden)
and was routinely filtered through millipore AP135 pre-filters to remove
aggregated. incompletely coared particles. All other reagents were of
analytical grade.

Step-Down [nhibitory Avoidunce Task. Adult male Wistar rats
(age. 70-90 days: weight. 240-280 g) were maintained at a constant
temperature (23 * 2°C)in a 12 h light dark cvele and had free access
1o food and water throughout the experiment. Animals were trained
and tested in a step-down inhibitory avoidance task (20.21) in a 50
cm wide. 23 c¢m high and 25 cm deep acrviic box whose floor was a
series of parallel 1.2 mm-caliber bronze bars spaced 1.0 cm apart. The
left end of the grid was occupied by a 7 cm wide. 3 ¢cm high formica
platform. Two separate experiments were carrted out.

In the first experimental condition. we investigated the effect of
training in a step-down inhibitory avoidance task on ATP diphos-
phohvdrolase and 3'-nucleotidase activities in hippocampal synapto-
somes of rats. In the training session. the animals were gently placed
on the platform facing the rear left comer. On stepping down they
received a 0.5 mA. 2-s scrambled footshock and were then withdrawn
from the floor. The rats were killed by decapitation at different times
(0. 13, 30. and 60 minutes} after training and their hippocampi were
removed. In order to examine the possibility that the footshock could
alter the enzyme activities. rats (shock group) were placed directly on
the grid and recetved a 0.5 mA. 2-s scrambled footshock. and were
then withdrawn from the box. As described above. the rats also were
killed at different times after the footshock and their hippocampi were
removed.

In the second experimental condition. we examined the effect of
the test session in a step-down inhibitory avoidance task on enzyme
activities studied in hippocampal svnaptosomes of rats. In this exper-
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200y The synaptosome peliet was resuspended to a final protein concentra-
A tion of approximately 0.3 mg/ml. The material was prepared fresh

s wo b T _ T daily and maintained at 0—4°C throughout preparation.
§_ 7 T T | a | Control group Enzyme Assays. The reaction medium used to assay ATP diphos-
B 2o b . * Shock group phohvdrolase activity was essentially as described by Banastini et al.
s / a i (16) and contained 5.0 mM KCl, 1.5 mM CaCl.. 0.1 mM EDTA. 10
; / X ‘ T3 rrained group mM glucose. 225 mM sucrose. 45 mM TRIS-HCI buffer. pH 8.0. and
;3 eof ! 5.0 mM sodium azide in a final volume of 200 yl. The enzvme prep-
< % ! aration (10-20 ug protein) was added to the reaction mixture and
E ot / : preincubated for 10 minutes at 37°C. The reaction was initiated by the
% * addition of ATP or ADP to a final concentration of 1.0 mM and
o LA i L stopped by the addition of 200 ul of 10% trichloroaceric acid. The
Comtrol ~ Omin 15mn  30mn  50mn samples were chilled on ice for 10 minutes and 100 ul samples were

V270 conwol group
V22 Shock group

[ : Trained group

{nmol Pi released/minjmg of protein)

Controi 0 min 15 min 30 min 60 min

Fig. 1A and 1B. Effect of training session in a step-down inhibitory
avoidance task on ATP (A) and ADP (B) hvdrolysis by the ATP di-
phosphohydrolase of synaptosomes of the rat hippocampus. Control
represents normal rats: Shock group represents the animals that re-
ceived only a footshock and were killed at different times (0. 15. 30.
and 60 min) after this condition. Trained group represents the animals
that were trained in a step-down inhibitory avoidance task and were
killed at different times (0. 13, 30. and 60 min) after the training. Bars
represent the means = SD of at least nine animals. (*) Significantly
different from control (p < 0.03: Duncan Test). (a) Significantly dif-
ferent from tha respective shock group (p < 0.05: Duncan Test).

iment. rats were rrained and the test session held 24 h later was similar
to the training session in all aspects. except that the footshock was
omitted. Test minus training step-down latency (to a ceiling of 180 s)
was taken as a measure of retention of inhibitory avoidance (21). In
order to examine if the footshock could alter the enzyme activities,
two groups of rats received a 0.5 mA 2-s scrambled footshock in the
training session and were withdrawn from the box. In the test session.
24 h later. one group of rats was left in their homecage (ro exposed
group) and the other group was just exposed to the box (exposed
group) in order to observe if the simple exposure to the box could
alter the enzyme activities studied. Immediately after the test session.
the rats were killed and their hippocampi were removed.

Subcellular Fractionation. The hippocampi were gently homog-
enized in 3 volumes of dn ice-cold medium consisting of 320 mM
sucrose, 0.1 mM EDTA and 3.0 mM Hepes. pH 7.5. with a motor-
driven Teflon-glass homogenizer. The synaptosomes were isolated as
described by Nagy and Delgaco-Escueta (22). Briefly, 0.5 ml of the
crude mitochondrial fraction was mixed with 4.0 ml of an 8.5% Percoll
_ solution and lavered onto an iscosmotic Percollisucrose discontinuous
gradient (10 16"0). The svnaptosomes that banded at the 10/16% Per-
coll interface were collected with wide tip disposable plastic transfer
pipettes. The syvnaptosomal fractions were washed at 15,000 g for 20
min with the same ice-cold medium to remove the contaminat Percoll.

taken for the assay of released inorganic phosphate (Pi) by the method
of Chan et al. (23).

The reaction medium used to assay 3'-nucleotidase activity con-
tained 10 mM MgCl.. 0.1 mM TRIS-HCL. pH 7.0 and 0.15 M sucrose
in a final volume of 200 ul (24). The enzyme preparation (10--20 ug
protein) was preincubated for 10 minutes at 37°C. The reaction was
initiated by the addition of AMP to a final concentration of 1.0 mM
and stopped by the addition of 200 ul of 10% trichloroacetic acid: 100
ul samples were taken for the assay of released inorganic phosphate
(P1) by the method of Chan et al. (23).

In both enzyme assays, incubation times and protein conventra-
tions were chosen in order to ensure the linearity of the reactions.
Controls with the addition of the enzyme preparation after addition of
trichloroacetic acid were used to correct non-enzymatic hydrolysis of
the substrates. All samples were run in duplicate.

Protein was measured by the Coomassie Blue method according
to Bradford (25). using bovine serum albumin as standard.

Statistical Analvsis. The data obtained for the enzyme actvities
are presented as mean = SD of a number of animals studied in each
condition. The statistical analysis used in these experiments was two-
way ANOVA and one-way ANOVA, followed by the Duncan multiple
range test. P < 0.05 was considered to represent a significant differ-
ence in both statistical analysis used. The differences between training
and test session were evaluated by the Wilcoxon test. The data are
expressed as median (interquartile range).

RESULTS

In the training session. for a step-down inhibitorv
avoidance task. we observed a 40% decrease in the ATP-
ase activity of ATP diphosphohydrolase in hippocampal
synaptosomes of rats. This inhibition was statistically
significant (P < 0.05) in synaptosomes of rats trained
and killed immediately after the training session (0 min)
when compared to the respective shock group (Fig. 1A).
In hippocampal svnaptosomes of rats trained and killed
30 minutes after the training session. a 28% decrease in
ATPase activity was also observed compared to the re-
spective shock group (Fig. 1A). In contrast. ATPase ac-
tivity for rats trained and killed 15 and 60 minutes after
the training session did not present significant changes.

The data obtained about the ADPase activity of
ATP diphosphohvdrolase showed a 29% decrease in this
activity when the animals were trained and killed im-
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Fig. 2. Effect of the training session in a step-down inhibitory avoid-
ance task on 3-nucleotidase activity in synaptosomes from the rat hip-
pocampus. Control represents normal rats. Shock group represents the
animals that received only a footshock and were killed at differen:
times (0. 15, 30. and 60 min) after this condition. Trained group rep-
resents the animals that were trained in a step-down inhibitory avoid-
ance task and were killed at different times (0. 15. 30. and 60 min)
after the training. Bars represent the means = SD of at least nine
animals. (*) Significantly different from control (p < 0.05: Duncan
Test). (a) Significantly different from the respective shock group (p <
0.05: Duncan Test).

mediately afier the training session (0 min). This effect
was considered significant (P < 0.05) when compared
to the respective shock group (Fig. 1B). This inhibition
was probably reversed, because no significant changes
in ADPase activity were observed in the other groups
(15, 30, and 60 minutes) when compared to the control
group and respective shock groups (Fig. iB).

In the present study, we also determined the effect
of the training session on 5'-nucleotidase activity since
this enzyme. together with ATP diphosphohydrolase.
participates in the complete hydrolysis of ATP to aden-
osine in the svnaptic cleft. The effect observed on 5'-
nucleotidase activity was similar to that obtained for
ADPase activity of ATP diphosphohydrolase. The data
reported in Fig. 2 show an 31% inhibition of 5'-nucleo-
tidase activity in rats submitted to the training session
and immediately killed (O min) when compared to the
respective shock group. The groups killed at 15, 30 and
60 minutes did not show significant changes in this en-
zyme activity (Fig. 2). It was observed a significant dif-
ference in ATPase, ADPase and AMPase activities
between the groups (shock and trained groups) and be-
tween the different times (0., 15, 30, and 60 minutes) by
two-way ANOVA, followed by the Duncan multiple
range test (p < 0.05). There were no significant differ-
ences in the enzyme activities studied berween the con-
trol group (normal rats) and the shock groups killed at
the corresponding times.

We also evaluate the effect of the test session on
the same enzvme activities. Our objective was to deter-
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mine if the retrieval of a memory could promote changes
in extracellular ATP degradation. The difference be-
tween the test and training session latency (to a ceiling
of 180 s) to step-down. with the animal placing the 4
paws on the grid was considered to be a measure of
retention of inhibitory avoidance. The median training
latency for all animals (n = 8) was 2.9 s. range 1.25 1w
5.15 s. Median test latency for all animals (n = 8) was
182.9 s, range 181.2 10 184 s. A significant difference
berween training and test latency was observed (Wi-
coxon test. p < 0.03). This result showed that animals
acquired the information in the training session and there
was a significant improvement of their performance in
the test session. indicating the retrieval of the previously
acquired memory. The test session in a step-down in-
hibitory avoidance task did not significantly change the
ATP and ADP hydrolysis promoted by ATP diphos-
phohydrolase when compared to shock groups (exposed
and non-exposed) and to the control group. Also. no
significant changes in 3'-nucleotidase activity were ob-
served when compared to the shock groups (exposed and
non-exposed) and to the control group. There were no
significant differences in the enzyme activities (ATP di-
phosphohydrolase and 3'-nucleotidase) between shock
groups (exposed and non exposed) and the control
group.

DISCUSSION

In the present study. we investigated the enzvme
activities involved in the cleavage of ATP to adenosine
and their possible relation to mechanisms of memory.
The extracellular catabolism of ATP constitutes a highly
sophisticated pathway designed to control the rate.
amount and timing of adenosine formation (26) and this
nucleoside has been shown to modulate synaptic plastic-
ity (27) by activating inhibitory A, and facilitatorv A,
adenosine receptors. which modulate synaptic transmis-
sion (28). Our results showed the occurrence of a sig-
nificant inhibition of the enzyme activities involved in
ATP hydrolysis to adenosine (ATP diphosphohydrolase
and 5'-nucleotidase) immediately posttraining. which
could promote a decrease in adenesine formation in the
synaptic cleft. This effect may prevent an inhibitory ac-
tion of adenosine mediated by A, receptors on LTP and.
consequently, on the mechanisms of memory acquisi-
tion. Furthermore. the significant effect observed im-
mediately after the training session (0 min) probably did
not involve protein svnthesis. because there was no time
enough for altered protein synthesis to occur. Therefore.
it must be to some allosteric modulation of the enzvme
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activities involved in the adenine nucleotides degrada-
tion or other possible mechanisms. like proteins phos-
phorylation. It has been showed that Ecto-ATPase of rat
brain synaptosomes is largely inactivated in ATP-depen-
dent process. This inhibitory effect observed on the syn-
aptosomal Ecto-ATPase is likely mediated by
phosphorylation of 90-95 KDa protein(s) associated
with the external surface of the plasma membrane of
synaptosomes (29).

Our results showed a significant decrease in ATP
hydrolysis promoted by ATP diphosphohydrolase in hip-
pocampal synaptosomes of rats trained and killed 30
minutes after training, but there were no significant
changes in ADP or AMP hydrolysis promoted by ATP
diphosphohydrolase and 3'-nucleotidase, respectively.
Thus. the differential action observed in the enzymatic
degradation of ATP and ADP can suggest that these nu-
cleotides could be handled differently by the ATP di-
phosphohydrolase or their hydrolysis could be
modulated by different mechanisms. Since it has been
showed that an ecto-ATPase and an ecto-ATP diphos-
phohydrolase are expressed in rat brain (30), it is pos-
sible in our experiments the influence of an ecto-ATPase
activity, mainly in relation to ATP hydrolysis. which
could explain the difference observed 30 min after the
training session between ATP and ADP hydrolysis.
When these enzyme activities were determined in hip-
pocampal synaptosomes of rats trained and killed 15 and
60 minutes after training. no significant differences were
observed compared to the control groups. These results
suggest that a modulation of the enzyme activities in-
volved in ATP hydrolysis may participate in different
events triggered during memory formation.

Protein phosphorylation is considered a key mech-
anism in processes underlving the induction of long-last-
ing changes in synaptic activity. including learning and
memory formation (31.32). The presence of neuronal
ecto-protein kinase (12) is able to regulate several neu-
ronal functions. using extracellular ATP secreted from
synaptic vesicles as a substrate in the ecto-protein phos-
phorylation (14). Addition to the extracellular medium
of a monoclonal antibodv termed mAb 1.9 directed to
the catalytic domain of PKC, inhibited selectively this
surface protein phosphorvlation (ecto-protein Kkinase)
and blocked the stabilization of LTP (30-40 min) after
stimulation (33).

On the basis of these considerations, it is interesting
to suggest that if an ecto-protein kinase plays a role mn
the maintenance phase of a stable LTP. the participation
of extracellular ATP in this phase is necessary. Our re-
sults showed a decrease in ATP hydrolysis 30 minutes
after the training session. which prolonged the presence

of ATP released so that it could act as a substrate for
ecto-protein kinase during the maintenance phase of
LTP (33). The alterations observed suggests a possible
role of these enzymatic chain modulating the external
concentrations of ATP and. consequently. the ATP-de-
pendent signalling pathways.

The results obtained in the test session did not show
significant differences in the enzyme activities studied.
Our results indicate that the modulation of enzyme ac-
tivities involved in the complete hydrolvsis of ATP to
adenosine in the synaptic cleft can participate in the
mechanisms of memory acquisition. but has no effect on
retrieval.

In summary, the results reported in this paper show
that a memory task (step-down inhibitory avoidance
task) can alter the ATP diphosphohvdrolase and 3'-nu-
cleotidase activities in hippocampal svnaptosomes of
rats. Our results suggest a possible involvement of ATP
degradation in specific biochemical events related to be-
havioral memory acquisition and consolidation.
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Abstract

Considering the involvement of extracellular ATP in the memory formation. we analyzed the etfect of inhibitory avoidance training on
ectonucleotidasc activitics in synaptosomes from hippocampus. entorhinal cortex and parietal cortex. ATP diphosphohydrolase activity
presented a decrease (33%) in hippocampzil synaptosomes of rats sacrificed 180 min after training. Our results also showed a decrease in
synaptosomal ATP diphosphohydrolase (30% and 42% for ATP and ADP, respectively) in entorhinal cortex immediately after training.
These findings suggest an integrated action of ATP diphosphohydrolase from hippocampus and entorhinal cortex in the formation of
inhibitory avoidance memory. © 1999 Elsevier Science B.V. All rights reserved.

Kevwords: ATP diphosphohy drolase: Apyrase: 5-nucleotidase: Inhibitory avoidance: Long-term potentiation: Memory

There is increasing evidence for a role of extracellular
ATP in the synaptic plasticity. ATP is able to induce
long-lasting enhancement of the vopulation-spike, called
long-term potentiation (LTP) [17.18]. Extracellular ATP
has also been shown 1o be a substrate for ecto-protein
kinases, important in the maintenance phase of LTP [5].

The signaling actions induced by extracellular ATP are
directly correlated to the activity of ectonucleotidases,
because they trigger enzymatic conversion of ATP, con-
trolling the nucleotide levels in the synaptic cleft [20]. We
have demonstrated that the neurotransmitter ATP is hydro-
lyzed to adenosine. an important neuromodulator, by the
conjugated action of an ATP diphosphohydrolase (apyrase,
EC 3.6.1.5) and a S-nucleotidase (EC 3.1.3.5) [1,13].
Ecto-apyrase is a noncovalent tetrameric protein [16] ex-
pressed in primary neurons and astrocytes, presenting a
wide distribution in central nervous system [15]. Further-
more. Kegel et al. have showed that an ecto-ATPase is
co-expressed with an ecto-ATP diphosphohydrolase in rat

brain [11].

" Corresponding author. Fax: +55-51-316-5535; e-mail:
jisarkis@plug-in.com.br

Recently, our laboratory observed that one-trial in-
hibitory avoidance training is associated with a learning-
specific, ime-dependent decrease in hippocampal ectonu-
cleotidase activities [2]. These findings raise questions
about the importance of the ectonucleotidase pathway in
biochemical events related to the early phase of memory
formation. Step-down inhibitory avoidance task involves
the specific repression of the natural tendency of rats to
explore beyond the platform. without affecting the perfor-
mance of exploratory behavior while on the platform,
repeated approximations 1o its border or abortive step-down
responses [9]. Studies have showed that the hippocampus
and amygdala, entorhinal cortex and parietal cortex partici-
pate. in that sequence. in the formation and expression of
memory for step-down inhibitory avoidance task in rats
[10].

To further explore the possible participation of the
ectonucleotidase pathway in different brain structures in-
volved in the formation of inhibitory avoidance memory,
here we evaluated the effect of inhibitory avoidance train-
ing on synaptosomal ATP diphosphohydrolase and 5'-
nucleotidase activities from hippocampus, entorhinal cor-
tex and parietal cortex of rats .at different times after
training.

0006-8993 /99 /S - see front matter © 1999 Elsevier Science B.V. Al rights reserved.

PH: S0006-8993(99)02300-8



19

Adult male Wistar rats (70-90 days: 220-260 g) were
maintained at a constant temperature (23 + 1°C)ina 12 h
light /dark cycle and had water and food ad libitum. The
step-down inhibitory avoidance training box was a 50 cm
wide, 25 cm high and 25 cm deep acrylic box whose floor
was a serics of parallel 1.2 mm-caliber bronze bars spaced
1.0 cm apart. The left end of the grid was occupied by a
7-cm wide, 5-cm high Formica platform. Animals were
divided into three groups: (1) naive controls, sacrificed
immediately after withdrawal from their home cage; (2)
shocked animals. placed directly over an electrified grid,
receiving a 0.4 mA, 2.0 s footshock, then withdrawn from
the box: and (3) trained animals. Trained rats were placed
on the platform facing the rear left corner. Immediately
after stepping down on the grid. they received a 0.4 mA,
2-s scrambled footshock and were then withdrawn from
the box [[18].35]). The rats were sacrificed by decapitation
at different times (0, 180 and 360 min) after training
(trained group) or shock (shocked group) and their hip-
pocampi. entorhinal cortex and parietal cortex were re-
moved. The subcellular fractionation and enzyme assays
were carried out simultancousiy at the different groups
studied.

The experiments with entorhinal cortex were performed
using pools of two animals for each synaptosomal prepara-
tion. The hippocampi, parietal cortex and entorhinal cortex
were homogenized and the synaptosomes were isolated as
described previously [12].

The reaction medium used to assay ATP diphosphohy-
drolase activity contained 5.0 mM KCl, 1.5 mM CaCl,,
0.1 mM EDTA, 10 mM glucose, 225 mM sucrose and 45
mM Tris—HCI buffer, pH 8.0. in a final volume of 200 pl
[1]. The reaction medium used 1o assay 5'-nucleotidase
activity contained 10 mM MgCi,, 0.1 M Tris—HCI, pH 7.0
and 0.15 M sucrose in a final volume of 200 wl [8]. The
synaptosome preparation (10-20 pg protein) was preincu-
bated for 10 min at 37°C. The reaction was initiated by the
addition of ATP, ADP or AMP 10 a final concentration of
1.0 mM and stopped by the addition of 200 pl 10%
trichloroacetic acid. The released inorganic phosphate (Pi)
was determined according Chan et al. [4]. Protein was
measured by the Coomassie Blue method [3]. The statisti-
cal analysis used was two-way ANOVA and one-way
ANOVA, followed by Duncan multiple range test. P <
0.05 was considered to represent a significant difference in
both statistical analysis used.

Our laboratory have demonstrated a significant decrease
in hippocampal ectonucleotidase activities immediately
post-training [2]. To further explore the possibility that
hippocampal ectonucleotidases are involved in memory
consolidation, we examined if the late events in the hip-
pocampus (3-6 h post-training) can involve the modula-
tion of these enzyme activities. The mean overall step-down
latency during training was 7.23 + 1.05 s (n = 30, mean +
S.E.). ATP diphosphohydrolase presented a significant de-
crease (33% for both substrates when compared to the
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respective  shock  group, P < 0.05) in hippocampal
synaptosomes of rats sacrificed at 180 min, but not at 360
min after training (Fig. 1A and B).

In order to examine the participation of ectonucleoti-
dases from different structures in the acquisition and con-
solidation of memory, we investigate these enzyme activi-
ties in synaptosomes from entorhinal and parietal cortex of
rats after avoidance learning. Our results showed a signifi-
cant decrease in ATP diphosphohydrolase activity (30%
and 42% for ATP and ADP, respectively) in synaptosomes
from entorhinal cortex of rats sacrificed immediately, but
not at 180 and 360 min after training (Fig. 2A and B).

There were no significant differences in ATP diphos-
phohydrolase activity between groups (naive, shocled and
trained) and between different training-sacrifice intervals
(0, 180 and 360 min) tested in synaptosomes from parietal
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Fig. 1. Effect of training session in a step-down inhibitory avoidance task
on ATP (A) and ADP (B) hydrolysis by ATP diphosphohydrolase in
synaptosomes from hippocampus of rats. Control group represents naive
rats. Bars represent the mean £ S.D. of at least eight animals. (*) Signifi-
cantly different from control group (P < 0.05: Duncan Test). (a) Signifi-
cantly different from the respective shocked group (P <0.05: Duncan

Test).
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Fig. 2. Effect of training session in a step-down inhibitory avoidance task
on ATP (A) and ADP (B) hydrolysis by ATP diphosphohydrolase in
synaptosomes from entorhinal cortex of rats. Bars represent the mean +
S.D. of at least eight animals. (*) Significantly different from control
(P < 0.05: Duncan Test). (a) Significantly different from the respective
shocked group (P < 0.05: Duncan Test).

cortex (data not shown). Ecto-5-nucleotidase activity did
not presented significant changes in synaptosomes from
hippocampus, entorhinal cortex and parietal cortex in any
training-sacrifice intervals studied (data not shown).

Extracellular ATP was associated with memory forma-
tion. probably by interaction with purinergic receptors [18],
ectonucleotidases [2] and ecto-protein phosphorylation [5].
The present results observed in entorhinal cortex agree
with our previous report about a decrease of ectonucleoti-
dase pathway in synaptosomes from hippocampus of rats
immediately after training [2]. In order to extend our
previous studies in the hippocampus, we proceed this
investigation and observed an inhibition of hippocampal
ATP diphosphohydrolase at 180 min after training. Ec-
tonucleotidases from parietal cortex did not show signifi-
cant changes, suggesting that these enzymes are not rele-
vani to formation of inhibitory avoidance memory in pari-
etal cortex.
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In learning situations. the hippocampus is supposed to
receive the stimuli relevant 10 the training experience from
collaterals of the sensory system, prefrontal cortex and
entorhinal cortex {9,10]. These structures share similar
pharmacological and biochemical mechanisms in the early
stages of memory formation [9]. The significant inhibition
observed on ectonucleotidase pathway in hippocampus [2]
and on ATP diphosphohydrolase activity in entorhinal
cortex immediately after training could represent an impor-
tant biochemical mechanism related to memory acquisi-
tion.

Among several biochemical mechanisms triggered im-
mediately after training, it is possible to observe an en-
hanced activity of Protein Kinase G (PKG), calcium-
calmodulin-dependent protein kinase 1I (CaMKII), Protein
Kinase C (PKC)} cascades and an increase in Protein
Kinase A (PKA) activity at 0 and 3 h after training [9].
Recently. our laboratory has presented evidences pointed
out to a possible modulation of rat brain ecto-apyrase by
phosphorvlation [19]. Furthermore, the sequence analysis
of ccto-apyrase presents one potential cAMP- or cGMP-
dependent protein kinase phosphorylation site. four PKC
phosphorviation sites and two casein kinase phosphoryla-
tion sites [14]. Although the mechanism by which ecto-
apyrasc decreases its activity post-training has not been
elucidated. it is possible that its phosphorylation represents
an important regulatory mechanism. controlling extracellu-
lar ATP levels, which could be used as substrate in
ecto-protein phosphorylation. It has been proposed that the
maintenance of LTP involve the activity of an ecto-protein
kinase, using extracellular ATP as substrate [5].

There is considerable evidence that learning invokes
neuroplastic changes involving the activity of the neural
cell adhesion molecules (NCAM) [6,7]. Considering that
NCAM expression presents an increase ut - to 8-h post-
training [6] and evidences indicate that NCAM is associ-
ated to an ATPase activity [7], we investicate the ATP
hydrolysis at 6 h after avoidance training. However, our
results did not present significant changes on synaptosomal
ATP hydrolysis, indicating that ATPase activity, at least in
this condition, is not crucial for memory formation.

In summary, the results reported here endorse the hy-
pothesis that ectonucleotidase activities participate in the
early events related to memory acquisition and consolida-
tion of an aversively motivated learning task.
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Effects of suramin on hippocampal apyrase activity and inhibitory avoidance learning of rars. PHARMACOL BIOCHEM
BEHAV 63(1) 153-158. 1999.—The action of suramin on apvrase activity in hippocampal synaptosomes and its effects on re-
tention of inhibitory avoidance learning were evaluated. Suramin, a P,-purinoceptor antagonist. significantly inhibited in a
noncompetitive manner the ATP and ADP hydrolysis promoted by apyrase in hippocampal synaptosomes of adult rats. The
Ki values obtained were 72.8 and 109 uM for ATP and ADP hyvdrolysis. respectively. Intrahippocampal infusion of suramin
(0.01, 0.1. 1. and 10 pg) immediately posttraining. in a dose-dependent effect, significantly reduced the response latency dur-
ing the retention test applied 24 h after the rats received step-down inhibitory avoidance training. The amnesic effects pro-
moted by suramin probably occur by its antagonist action on hippocampal P,-purinoceptors and NMDA receptors. In view of
the fact that ATP-metabolizing enzymes and P,-purinoceptors have similar binding domains. these results suggest that
suramin can either alter ATP degradation and/or block purinergic neurotransmission. © 1999 Elsevier Science Inc.

Suramin ATP diphosphohydrolase Apyrase

Memory

Inhibitory avoidance task

SINCE the purinergic nerve hypothesis defining extracellular
ATP as a neurotransmitter was proposed (7). there has been
growing interest in its role in synaptic transmission (8). ATP is
known to exert potent effects on the central nervous system,
where it can act as a'neurotransmitter or as a modulator regu-
lating the activity of other transmitter substances (28,31). It
has been shown that exogenously applied ATP can influence
cell excitability (12,13) and. at low nanomolar concentrations,
it is able to induce long-lasting enhancement of the popula-
tion spikes recorded from hippocampal slices. called long-
term potentiation (LTP) (33).

Extracellular ATP evokes responses through two sub-
classes of P,-purinoceptors, P,, and P,,. The P,, subclass has
been shown to be coupled to ligand-gated Ca’*-permeable
channels, whereas the P,, has been considered a G-protein—
linked subclass. These P,-purinoceptors have been subdivided
into several subtypes based on agonist potencies (35), al-

though the pharmacological characterization of these recep-
tors is hampered by the absence of selective and potent antag-
onists (3).

Moreover, ATP as well as other nucleotide agonists for the
P,-purinoceptors, are subject to degradation by ectonucleoti-
dases (38). Breakdown of ATP by one of these enzymes, ATP
diphosphohydrolase (Apyrase, ATPDase, EC 3.6.1.5), is the
first step towards complete ATP dephosphorylation yielding
adenosine. Adenosine can bind to P; receptors, and in turn. is
taken up and inactivated. It has been reported that extracellu-
lar ATP is hydrolyzed by an apyrase in synaptosomes of the
peripheral and central nervous systems (2,30). Furthermore.
rat and mouse brain ecto-apyrase cDNAs were isolated, and it
has been suggested that there might be a single copy of the
ecto-apyrase gene (32). An important function of this enzyme
is its participation in an enzyme chain, together with 5'-nucle-
otidase, to control the availability of ligands (ATP, ADP, AMP,
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and adenosine) for both nucleotide and nucleoside receptors,
and consequently, the duration and extent of receptor activa-
tion (38). Recently, in our laboratory, we observed that a
memory task (step-down inhibitory avoidance task) can alter
apyrase and 5'-nucleotidase activities in hippocampal synap-
tosomes of rats. The modulation of these enzyme activities
can be involved in specific biochemical events related to
memory acquisition (5).

Among a variety of P, ligands, suramin has been used as a
nonselective antagonist of P, and P,, purinoceptors (15,35).
It has also been suggested that suramin can interact with
NMDA receptors probably as an antagonist (26). It blocked
ATP-mediated fast synaptic transmission (13) and antago-
nized ATP-activated currents in PC12 cells (25). However,
suramin is able to facilitate synaptic responses recorded from
hippocampal slices (34). The action of suramin involves vari-
ous other biological effects. Suramin has been reported to
have inhibitory effects on the ecto-apyrase of Torpedo electric
organ (22) and on the ecto-ATPase activity from several
sources (3,14,23,37).

In the present investigation, we demonstrate the effect in
vitro of suramin on apyrase activity from hippocampal synap-
tosomes of rats.

Because our recent studies indicate that apyrase activity
participate in the mechanisms of memory acquisition (5) and
suramin is able to facilitate synaptic responses, inducing LTP
(34), we evaluate the effects of intrahippocampal infusion of
suramin on retention of a learning task, the step-down inhibi-
tory avoidance task. The actions of suramin on extracellular
ATP degradation and its possible effects on mechanisms of
memory are discussed.

MATERIALS AND METHODS

Subjects

Male Wistar rats (age, 70-90 days; weight, 220-260 g) from
our breeding stock were housed five to a cage, with water and
food ad libitum. The animal house was kept on a 12-h light/
dark cycle (lights on at 0700 h) at a temperature of 23°C.

Subcellular Fractionation

The rats were killed by decapitation, and their hippocampi
were removed and gently homogenized in S vol of an ice-cold
medium consisting of 320 mM sucrose, 0.1 mM EDTA, and
5.0 mM HEPES, pH = 7.5, with a motor-driven Teflon-glass
homogenizer. The synaptosomes were isolated as described
previously (24). Briefly, 0.5 m! of the crude mitochondrial
fraction was mixed with 4.0 m! of an 8.5% Percoll solution and
layered onto an isoosmotic Percoll/sucrose discontinuous gra-
dient (10/16%). The synaptosomes that banded at the 10/16%
Percoll interface were collected with wide tip disposable plas-
tic transfer pipettes. The synaptosomal fractions were washed
twice at 15,000 X g for 20 min with the same ice-cold medium
to remove the contaminating Percoll and the synaptosome
pellet was resuspended to a final protein concentration of ap-
proximately 0.5 mg/ml. The material was prepared fresh daily
and maintained at 0-4°C throughout preparation.

Enzyme Assays

The reaction medium used to assay apyrase activity was es-
sentially as described previously (2), and contained 5.0 mM
KCl, 1.5 mM CaCl,, 0.1 mM EDTA, 10 mM glucose, 225 mM
sucrose, and 45 mM TRIS-HCI buffer, pH 8.0, in a final vol-
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ume of 200 p.l. The concentrations of suramin [8-(3-benzoam-
ido-4-methylbenzamido) naphtalene-1,3,5,-trisulfonic acid] used
in the assay were in the 12-150-uM range. The enzyme prepa-
ration (10-20 pg protein) was added to the reaction mixture
and preincubated for 10 min at 37°C. The reaction was initi-
ated by the addition of ATP or ADP to a final concentration
of 1.0 mM, and stopped by the addition of 200 I 10% trichlo-
roacetic acid. The samples were chilled on ice for 10 min and
100-pl samples were taken for the assay of released inorganic
phosphate (Pi) (10). Incubation times and protein concentra-
tion were chosen to ensure the linearity of the reactions. Con-
trols with the addition of the enzyme preparation after addi-
tion of trichloroacetic acid were used to correct nonenzymatic
hydrolysis of the substrates. All samples were run in duplicate.
Protein was measured by the Coomassie Blue method (6), using
bovine serum albumin as standard.

Surgery

Animals were implanted under thionembutal anesthesia
(30 mg/kg, ip), with bilateral 30-g cannuale aimed 1.0 mm
above the CAl area of the dorsal hippocampus (18,19,36).
Coordinates for the guide cannulae were A —4.3,1. 4.0,V 2.0
(27). Histological verification of cannulae placement was as
previously described (18,19,36). Two to 24 h after the end of
the behavioral experiments, a 0.5 pl infusion of 4% methylene
blue was applied through the infusion cannulae. The brains
were removed and conserved in a 10% formalin solution, and
cannula placement was verified. Only data for animals consid-
ered to have cannulae correctly placed in the desired area
were submitted to final analysis (Fig. 3). The placements were
correct in 90% of the animals.

Behavioral Procedures

Three to 5 days after surgery, animals were submitted to
the behavioral procedures. Training and test session proce-
dures were as described in several previous reports (18,19,36).
A 50 cm wide, 25 cm high, 25 cm deep acrylic box was used.
The left extreme of the box was occupied by a 7 cm wide, 3 cm
high formica platform. The rest of the floor was a grid of par-
allel 0.1 cm caliber steel bars spaced 1 ¢cm apart. In the train-
ing sessions, the animals were gently placed ou the platform
and their latency to step down with the four paws on the grid
was measured. On stepping down, animals received a 0.4 mA,
60 Hz footshock for 2 s, and were withdrawn from the box.
The test session was procedurally identical except that the
footshock was omitted. Training-test interval was 24 h. A ceil-
ing of 180 s was imposed in the test session, i.e., animals with
retention latencies higher than 180 s were computed with this
value. Test session step-down latency was used as a measure
of retention (18,19,36).

Drug Infusion Procedure

Immediately after training in the task, a cannula was fitted
into the guide cannula. The infusion cannula was connected
by a polyethylene tube to a microsyringe (18,19,36). The tip of
the infusion cannula protruded 1.0 mm beyond that of the
guide cannula and was, therefore, aimed at the CA1 region of
the dorsal hippocampus. Animals were infused with 0.5 pl sa-
line (0.9% NaCl), or different doses of suramin {0.01, 0.1, 1.0,
or 10.0 pg) dissolved in 0.5 pl saline. The solutions injected
were brought to pH 7.4 with 0.1 N phosphate buffer.
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FIG. 1. Effect of suramin on ATP (A) and ADP (B) hydrolysis by
the apyrase activity in synaptosomes from hippocampus of rats. Bars
represent the mean *= SD of four experiments. The control ATPase
and ADPase actvities (100% = no suramin added) measured were
153.02 = 9.95 nmol Pi X min~! X mg~! protein and 44.62 = 3.0 nmol
Pi X min~! X mg~! protein, respectively. *p < 0.05.

Statistical Analysis

The statistical analysis used in the in vitro experiments was
one-way analysis of variance (ANOVA). Training and test
sessions step-down latency differences among groups were
evaluated by one-way Kruskal-Wallis analysis of variance,
followed by a Mann-Whitney test when necessary. Compari-
sons between training and test sessions latencies within each
group were made by a Wilcoxon test.

RESULTS

The effect of suramin on apyrase activity (ATP and ADP
hydrolysis) was measured in synaptosomes from the hippo-
campus of adult rats. A significant inhibition of apyrase activity
(16 and 20% for ATP and ADP, respectively) in relation to
control (no suramin added = 100% of activity) was observed
at a concentration of 12 uM. The inhibition observed was con-
centration-dependent, with the apyrase activity markedly re-
duced in the presence of 150 wM suramin (41 and 40% for
ATP and ADP in relation to control activity, respectively) (Fig.
1A and 1B).
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FIG. 2. Kinetic analysis of the inhibition of apyrase by suramin in
hippocampal synaptosomes of rats. The graphs show double-recipro-
cal plots of apyrase activity for ATP (A) and ADP (B) concentrations
(0.1-0.25 mM) in the absence (+) and in the presence of 15 uM (4),
45 uM (O) and 75 uM (V) suramin. All experiments were repeated
at least four times and similar results were obtained. Data presented
were from individual experiments.

The kinetics of the interaction of suramin witi: apyrase ac-
tivity in synaptosomes from hippocampus was also determined
(Fig. 2). The Lineaweaver-Burk double-reciprocal plot was an-
alyzed over the range of ATP and ADP concentrations as sub-
strates (0.1-0.25 mM) in the absence and presence of suramin
(15-75 uM). The data indicated that the inhibition of ATP and
ADP hydrolysis by suramin was noncompetitive, because the
K,, values did not change significantly, while maximal ATPase
and ADPase velocities decreased with increasing suramin con-
centrations (Fig. 2A and 2B). The K; values (inhibition con-
stant) were determined from Dixon plots (plots not shown). The
K, values obtained were 72.8 = 7.1 uM for ATP (means =
SD, n=4)and 109 = 10.6 uM for ADP (means = SD.»n = 4).

In the present study, we also evaluated the effect of intra-
hippocampal infusion of suramin on retention of an aversive
learning task, the step-down inhibitory avoidance task. The
results for the inhibitory avoidance task are siiown in Fig. 3.
There were no significant differences among groups in train-
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FIG. 3. Effect of intrahippocampal infusion of suramin (0.01. 0.1.
1.0. and 10.0 pg/side) on retention of step-down inhibitory avoidance
task. Data are median (interquartile range) of retention test step-
down latencies. n = 10~15 animals per group. *Significantly different
from the saline group (p < 0.05) by the Mann—-Whitney U-test.

ing session latencies (Kruskal-Wallis analysis of variance, p >
0.10). but there was a significant difference in retention test
latencies among groups (Kruskal-Wallis analysis of variance.
p < 0.05). Groups treated with suramin at doses 0.01 and 0.1
pg did not show significant difference when compared to the
saline group (Mann—-Whitney test. p > 0.10).

Groups treated with suramin at doses 1.0 and 10.0 pg
showed a significant impairment of retention when compared
with the saline group (Mann-Whitney test. p < 0.01). There
was a significant difference between training and test session
performances in the vehicle group. 0.01 and 0.1 pg suramin
groups (Wilcoxon test, p < 0.01). but not in the suramin 1.0
and 10.0 pg-treated groups (Wilcoxon test, p > 0.05). The re-
sults show that immediate posttraining intrahippocampal in-
fusions of suramin impaired inhibitorv avoidance retention in
a dose-dependent response.

DISCUSSION

In the present investigation. we showed that suramin can
inhibit the apyrase activity in hippocampal synaptosomes of
rats. Inhibitory effects of this compound on ATP breakdown
have been previously described. Suramin inhibits ecto-ATPase
activity from guinea pig urinary bladder (14). endothelial cells
(23), blood cells (3), Xenopus oocvtes (37). and can also in-
hibit ecto-apyrase activity from Torpedo electric organ (22).
In agreement with the reports indicated above that suramin
inhibits ATP breakdown in a noncompetitive manner (3,14,22).
our results showed a similar mechanism of inhibition on apy-
rase activity in rat hippocampal synaptosomes. The K; values
obtained for inhibition of apyrase by suramin were of the mi-
cromolar order. These results agree with the K, values ob-
tained for the inhibition of this enzyvme in Torpedo electric
organ (22). However, we suggest that hippocampal apyrase
(K;=72.8and 109 uM for ATP and ADP. respectively) is less
sensitive to suramin than Torpedo ecto-apyrase (K; = 43 and
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30 pM for ATP and ADP. respectively) (22). To our knowi-
edge, this is the first report about suramin as an inhibitor of
ATP diphosphohydrolase activity in synaptosomes from cen-
tral nervous system (hippocampus). The usefulness of suramin
as an inhibitor of hippocampal apyrase is questionable, be-
cause it is itself a P,-purinoceptor antagonist (15). It has been
suggested that ATP-metabolizing enzymes and P,-purinocep-
tors have similar binding domains. thus suramin can either al-
ter ATP degradation and/or block purinergic neurotransmis-
sion (16). Because of its inhibitory effect on ATP degradation,
the potency of suramin as an antagonist can be understimated
if it is tested against agonists (ATP. ADP. AMP) that are sub-
strates for ectonucleotidases (11).

Recently, our laboratory has showed that inhibitory avoid-
ance learning inhibits ectonucleotidase activities in hippocam-
pal svnaptosomes of rats (3). Because suramin was able to fa-
cilitate synaptic responses (34)., and this drug acts as an
apyrase inhibitor. we evaluated the effect of this drug on the
retention of step-down inhibitory avoidance task. The admin-
istration of suramin could potentiate the apvrase inhibition
observed in the acquisition of inhibitorv avoidance task (5).
increasing the ATP levels and improving the retention of this
memory task. On the basis of these considerations. the amne-
sic effect of suramin was unexpected. Our results show that
suramin can impair the retention of step-down inhibitory
avoidance task, in a dose-dependent way. when infused intra-
hippoccampally at doses of 1 and 10 pg. Independently of the
question whether there is an involvement of apyrase activity
in this condition. an important consequence of intrahippo-
campal infusion of suramin is the amnesic effect. This condi-
tion can be produced by interactions between different sys-
tems upon which suramin can exert its effects. including P»-
purinoceptors, NMDA receptors, and ATP-metabolizing en-
zymes. Suramin is an apparent exception to the list of drugs
that affect LTP or LTP-like phenomena and memory in a sim-
ilar way (20). because it facilitated synaptic responses in hip-
pocampal slices (34). but when given into the hippocampus
was amnesic. The different effects of suramin reinforce the
concept that. due to its broad spectrum of biological proper-
ties. the actions of this drug significantly depend on the sys-
tem studied (34).

A NMDA receptor-mediated Ca’* increase in hippocam-
pal neurons has been implicated in formation of memory of
the inhibitory avoidance learning (20). It is also known that
the induction of LTP in postsynaptic neurons requires a rise
in intracellular Ca?* concentration ([Cali). which is thought to
be mainly mediated by glutamate via N-methyl-D-aspartate
(NMDA) glutamate receptors (4). Stimulation of P,,-purinocep-
tors by ATP leads to a rise in [Ca]/ and suramin. with its an-
tagonist action. decrease Ca®* influx, which could impair the
svnaptic efficiency (17). Furthermore, it has been shown that
suramin can also antagonize N-methyl-D-aspartate (NMDA)
receptors (26). As suramin blocks P,,-receptors and NMDA
receptors, the impairing effect of this drug in memory may
be related to a blockade of Ca’" influx through these recep-
tor channels. As hippocampal LTP also depends on NMDA
receptors activation and increased Ca’" influx. our results
are controversial with the facilitatory effect of suramin on
induction of hippocampal LTP (34). Our results showed a
dissociation, rather than a correlation. between LTP and
memory.

The dissociation observed between the LTP studies and
the behavioral data could be related to LTP hippocampal sat-
uration. A different approach to study whether LTP is essen-
tial for learning is try to saturate all synapses in the hippocam-
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pus by electrical stimulation. assuming that the upregulation
of all synapses should make learning impossible. This predic-
tion arises from the idea that neural networks store informa-
tion as a specific distribution of synaptic strengths that would
be disrupted by saturation of their capacity for LTP (1). The
first studies have showed that after saturation. animals were
not able to learn a spatial task very well, while animals in
which hippocampus was stimulated but LTP was allowed to
decay were not impaired (9). It was observed in the LTP stud-
ies that the magnitude of suramin effect was concentration de-
pendent (34). At 12 pM, the effect became saturated, and a
increased in the suramin concentration did not enhance the
magnitude of the population spike (34). On the basis of these
considerations. it is possible to suggest that. in the doses used
in the behavioral studies. the suramin-induced potentiation
could result in maximal expression of LTP in the entire popu-
lation of relevant synapses (saturation). which could produce
significant learning and memory deficits.

Another important action of suramin is its interaction with
protein kinase C (PKC). It has been shown that PKC can be
inhibited or activated by suramin in a type-dependent manner
by multiple mechanisms (21). The chain of events starting
with Ca?* increase and PKC activation. followed by protein
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synthesis. may account for a response amplification not neces-
sarily related to LTP but otherwise involved in memory
(20.29). It is probable that compounds able to alter one of
these events can promote changes in synaptic efficiency.

Accordingly. in this study we have shown the action of
suramin. a Po-purinoceptor antagonist, on the apyrase activity
and on the retention of a learning task. the step-down inhibi-
tory avoidance task. Probably the amnesic effects of suramin
is related to its antagonist action on P,-purinoceptors. NMDA
receptors and/or to its inhibitory effects on ATP degradation.
Further investigation is required to determine the exact bio-
chemical mechanism involved in the amnesic effect, and
whether there is a relationship between apyrase inhibition
and the induction of amnesia by suramin.
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Abstract

Adenosine has been proposed as an endogenous anticonvulsant which can play
an important role on the seizure initiation, propagation and arrest. Besides the release of
adenosine per se, the ectonucleotidase pathway is an important metabolic source of
extracellular adenosine. Here we evaluated ATP diphosphohydrolase and 5°-
nucleotidase activities in synaptosomes from hippocampus and cerebral cortex at
different periods after induction of status epilepticus (SE) by intraperitoneal
administration of pilocarpine or kainate. Ectonucleotidase activities from synaptosomes
of hippocampus and cerebral cortex of rats were significantly increased at 48-52 hours,
7-9 days and 45-50 days after induction of SE by pilocarpine. In relation to kainate
model, both hippocampal enzymes were enhanced at 7-9 days and 45-50 days, but only
5’-nucleotidase remains elevated at 100-110 days after the treatment. In cerebral cortex,
an increase in ATP diphosphohydrolase was observed at 48-52 hours, 7-9 days and 45-
50 days after induction of SE by kainate. However, 5’-nucleotidase activity only
presented significant changes at 45-50 days and 100-110 days. Our results suggest that
SE can induce late and prolonged changes in ectonucleotidases activities. The regulation
of the ectonucleotidase pathway may play a modulatory role during the evolution of

behavioral and patophysiological changes related to temporal lobe epilepsy.

KEYWORDS: ATP diphosphohydrolase, 5’-nuclectidase, adenosine, kainate model,

pilocarpine model, temporal lobe epilepsy.
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1. Intreduction

Adenosine is an endogenous nucleoside that possess anticonvulsant (Cavalheiro
et al., 1987; Kostopoulos et al. 1989; During and Spencer, 1992) and neuroprotective
properties (Turski et al., 1985; MacGregor et al., 1997). This action involves, probably
the inhibition of seizure initiation and propagation “in vivo” and “in vitro” (Kostopoulos
et al, 1989; Whitcomb et al, 1990), an effect which has been attributed by the
activation of A, receptors (Brundege and Dunwiddie, 1997). In addition, adenosine has
well established presynaptic inhibitory actions due to reduction in neurotransmitters
release, including glutamate, dopamine, serotonin and acetylcholine (Ribeiro, 1995;
Brundege and Dunwiddie, 1997). The ability of endogenous adenosine to diffuse locally
and exert modulatory effects on independent pathways in hippocampus might suggests
that this nucleoside could contribute to the phenomena of synaptic plasticity (Mendonga
and Ribeiro, 1997)

Besides the release of adenosine as such, biochemical studies have established
that a potential source of adenosine is its formation in the extracellular space from
adenine nucleotides (Dunwiddie et al., 1997). ATP is a chemical mediator of fast
excitatory transmission and its action occur through P2-purinoceptors (Abbrachio and
Burnstock, 1998; D1 Iorio et al., 1998). It has been showed that, on high-frequency (100
Hz) burst stimulation, the release of ATP is enhanced (Cunha et al., 1996) and marked
increases in adenosine levels can occur under various conditions (e.g. hypoxia,
ischemia, seizures) (Brundege and Dunwiddie, 1997; Braun et al., 1998). Once adenine
nucleotides reach the extracellular space, they are subsequently converted to adenosine
through the action of ecto-enzymes (Zimmermann, 1996, Bonan et al., 1998). We have
demonstrated that ATP is hydrolyzed to adenosine in the synaptic cleft by the

conjugated action of an ATP diphosphohydrolase (apyrase, ATPDase, EC 3.6.1.5) and a
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5”-nucleotidase (EC 3.1.3.5) (Sarkis and Salto, 1991; Battastini et al., 1995). Ecto-ATP
diphosphohydrolase is an enzyme able to hydrolyze adenine triphosphonucleoside
(ATP) to its equivalent monophosphonucleoside (AMP) and inorganic phosphate. Then,
AMP can produce adenosine by the action of an ecto-5’-nucleotidase (Zimmermann,
1996). The recently cloned ecto-apyrase is a noncovalent tetrameric protein (Wang et
al., 1998b) expressed in primary neurons and astrocytes (Wang et al., 1997), presenting
a wide distribution in cerebral cortex, hippocampus, cerebellum, glial and endothelial
cells (Wang et al., 1998a).

Human temporal lobe epilepsy (TLE) is associated with complex partial seizures
that can produce secondarily generalized seizures and motor convulsions (Engel et al,,
1997, Mathern et al., 1997). The pilocarpine and kainic acid models are useful animal
models to investigate the development and neuropathology related with TLE. These
models induce a prolonged SE, which causes neuronal loss, mossy fiber sprouting in
hippocampus and spontaneous recurrent seizures (Cavalheiro et al., 1991; Mello et al.,
1993; Ben-Ari, 1985; Cronin et al, 1992) Here we investigated the ATP
diphosphohydrolase and 5’-nucleotidase activities at different times after induction of
SE by pilocarpine and kainate models. These results can provide new information about

biochemical events during the temporal evolution of long-lasting changes induced by

both models studied.

2. Material and Methods

2.1. Pilocarpine Model

Female Wistar rats (age, 70-90 days; weight, 200-240 g) from our breeding
stock were housed five to a cage, with water and food ad libitum. The animal house

was kept on a 12 h light/dark cycle (ligths on at 7:00 am) at a temperature of 23+1°C.
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The pilocarpine model has been previously described (Cavalheiro et al,, 1991; Mello
et al., 1993). A total of 75 animals were injected with pilocarpine and monitored
behaviorally for at least 6 hours. Total mortality was 40% and 4% did not developed
SE. Only animals (42 rats) that evolved to SE characterized by generalized motor
seizures were used. In summary, thirty minutes after subcutaneous pretreatment with
scopolamine methylnitrate 1mg/Kg (to minimize peripheral cholinergic effects), a
single dose of pilocarpine (350 mg/Kg, dissolved in saline) was injected
intraperitoneally. After a pilocarpine injection, the animal became hypoactive;
generalized convulsions and limbic SE usually occur 40-80 minutes after the injection.
After a silent period of 14 % 3.0 days (ranging from 4-44 days), all animals developed
spontaneous seizures (2-15 per month), characterizing the chronic period. There is no
evidence of spontaneous remission for at least 6 months (Cavalbeiro et al., 1991;

Mello et al., 1993).

2.2 Kainate Model

In this model, female Wistar rats (age, 70-90 days; weight, 200-250 g) were
maintained in the same conditions reported above. Kainate model has been described
previously (Ben-Ari, 1985; Lothman et al., 1981; Cronin et al., 1992). A total of 60
animals were injected with kainate and monitored behaviorally for at least 6 hours.
Total mortality was 21% and 9% of animals did not develop SE. Only animals that
reached SE characterized by generalized motor seizures were used (42 rats) in the
experiments. In summary, animals received a single dose of kainate intraperitoneally
(10 mg/kg, dissolved in saline). During the first 20-30 minutes, they have “staring”
spells. During the next 30 minutes animals had head nodding and several wet-dog

shakes. One hour after kainic acid treatment, they have recurrent limbic motor seizures,
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evolving to a full motor limbic SE. This model did not consistently induce spontaneous

recurrent seizures (i.e. often < 50% of the treated rats were observed to have seizures)

(Cronin et al., 1992).

2.3. Animal Preparation and Subcellular Fractionation

Animals were sacrificed by decapitation at different times after SE initiation
(24-28 hours; 48-52 hours; 7-9 days, 45-50 days, 100-110 days). When chronic
animals were tested, subcellular fractionation was prepared during interictal period.
After removal, brains were placed into ice-cold isolation medium (320 mM sucrose, 5
mM HEPES, pH 7.5, and 0.1mM EDTA) and were cut longitudinally. Total
hippocampi (100-110 mg of tissue) and total cerebral cortex (450-500 mg of tissue)
of both hemispheres were immediately dissected on ice. In pilot experiments, we
have determined that the vehicle (saline) or scopolamine injection did not alter the
enzyme activities at the different times tested. Therefore, a group of naive rats were
used as control and the subcellular fractionation and enzyme assays were carried out
simultaneously with the kainate or pilocarpine treated-groups at the different times
studied. The total hippocampi and cerebral cortex were gently homogenized in 5 and
10 volumes, respectively, of ice-cold isolation medium with a motor-driven Teflon-
glass homogenizer. The synaptosomes were isolated as described previously (Nagy
and Delgado-Escueta, 1984). Briefly, 0.5 ml of the crude mitochondrial fraction was
mixed with 4.0 ml of an 8.5% Percoll solution and layered onto an isoosmotic
Percoll/sucrose discontinuous gradient (10/16%). The synaptosomes that banded at
the 10/16% Percoll interface were collected with wide tip disposable plastic transfer
pipettes. The synaptosomal fractions were washed twice at 15000 x g for 20 min with

the same ice-cold medium to remove the contaminating Percoll and the synaptosome



pellet was resuspended to a final protein concentration of approximately 0.5 mg/ ml.

The material was prepared fresh daily and maintained at 0-4°C throughout

preparation.

2.4 Enzvme Assavs

The reaction medium used to assay the ATP diphosphohydrolase activity was
essentially as described previously (Battastini et al.,, 1991) and contained 5.0 mM
KCl, 1.5 mM CaCl,, 0.1 mM EDTA, 10 mM glucose, 225 mM sucrose and 45 mM
TRIS-HCI buffer, pH 8.0, in a final volume of 200 ul. The synaptosome preparation
(10-20 pug protein) was added to the reaction mixture and preincubated for 10 minutes
at 37°C. The reaction was initiated by the addition of ATP or ADP to a final
concentration of 1.0 mM and stopped by the addition of 200 ul 10% trichloroacetic
acid. The samples were chilled on ice for 10 minutes and 100 ul samples were taken

for the assay of released inorganic phosphate (Pi) (Chan et al., 1986).

The reaction medium used to assay the 5 -nucleotidase activity contained 10
mM MgCl,, 0.1 M TRIS-HCI, pH 7.0 and 0.15 M sucrose in a final volume of 200ul
(Heymann et al., 1984). The synaptosome preparation (10-20 pg protein) was
preincubated for 10 minutes at 37°C. The reaction was initiated by the addition of
AMP to a final concentration of 1.0 mM and stopped by the addition of 200 ul of
10% trichloroacetic acid; 100ul samples were taken for the assay of released
inorganic phosphate (Pi) as described by Chan et al. (1986). In both enzyme assays,
incubation times and protein concentration were chosen in order to ensure the
linearity of the reactions. Controls with the addition of the enzyme preparation after

addition of trichloroacetic acid were used to correct nonenzymatic hydrolysis of the



substrates. All samples were run in duplicate. Protein was measured by the

Coomassie Blue method (Bradford, 1976), using bovine serum albumin as standard.

2.5 Statistical Analysis

The data obtained for the enzyme activities are presented as mean = S.D. of a
number of animals studied in each condition. The statistical analysis used for in vivo
experiments was one-way ANOVA, followed by Duncan multiple range test. /n vitro
effect of convulsant drugs on ectonucleotidase activities was evaluated by Student’s t-

test. P < 0.05 was considered to represent a significant difference in both statistical

analysis used.

3. Results

3.1. Ectonucleotidase activities after status epilepticus induced by pilocarpine

The effect of temporal evolution of pilocarpine model was evaluated on ecto-ATP
diphosphohydrolase and 5’-nucleotidase activities in synaptosomes from hippocampus
and cerebral cortex of rats. As showed in Figure 1A, there was a 78% increase in ATP
hydrolysis in hippocampal synaptosomes of rats at 48-52 hours after the induction of SE.
This increase reached the maximum value (86% increase) at 7-9 days after the SE when
compared to the respective control group. The ATPase activity was kept high and then
gradually decreased (36% increase in relation to control group) at 45-50 days after
pilocarpine-induced SE. The results related to ADP hydrolysis by ATP
diphosphohydrolase showed a significant 50% increase at 48-52 hours after the
pilocarpine-induced SE. This increase attained a peak (187%) at 7-9 days after the

induction of the SE and gradually decreased (37% increase in relation to control group)



at 45-50 days after the event (Fig.1A). The data obtained about 5'-nucleotidase showed a
very similar profile when compared to ATP diphosphohydrolase. It is possible to observe
a significant increase of 5’-nucleotidase activity at 48-52 hours (64%), 7-9 days (134%)
and 45-50 days (99%) after the induction of SE (Fig 1A). Both ectonucleotidases
activities did not change at 24-28 hours and 100-110 days after SE induced by
pilocarpine in hippocampal synaptosomes of rats.

Since these ectonucleotidases are widely expressed in rat brain (Wang et
al.,1998a), we also evaluate possible changes in these enzyme activities in synaptosomes
from cerebral cortex after induction of SE by pilocarpine. In relation to ATP hydrolysis, a
significant increase (34%) was observed only in the group tested at 48-52 hours after SE
(Fig. 1B). However, under the same conditions, ADPase activity was significantly
increased at 48-52 hours and 7-9 days after the SE (44% and 49%, respectively). The 5’-
nucleotidase activity showed a significant peak of activity (104% increase) at 7-9 days and
gradually decreased (62% increase) at 45-50 days after SE, recovering the normal activity
at 100-110 days after the event (Fig. 1B). In order to avoid the influence of age in animals
tested at 100-110 days after SE, we analyzed these enzyme activities in both structures,
hippocampus and cerebral cortex, in naive animals with the same age (180-200 days).
There was no significant difference in the ectonucleotidase activities when compared to

younger control rats (age, 90-100 days) (data not shown).

3.2 Ectonucleotidase activities after SE induced by Kainate

There were no significant changes in the enzyme activities studied in
hippocampal synaptosomes at 24-28 hours and 48-52 hours after induction of SE by
kainate (Fig.2A). However, a significant increase in ATP (53%), ADP (114%) and

AMP (31%) hydrolysis was observed at 7-9 days after SE. These effects remained
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signiﬁcant at 45-50 days after SE (46%, 80% and 131% for ATP, ADP and AMP,
respectively) in hippocampal synaptosomes. However, the ATP and ADP hydrolysis
promoted by ATP diphosphohydrolase gradually vdecreased, recovering the normal
activity at 100-110 days after event (Fig. 2A). Respect to 5’-nucleotidase at the same
period, it is still possible to observe a significant increase (60%) in AMP hydrolysis.
The séme temporai analysis was performed in synaptosomes from cerebral
cortex of adult rats after status epilepticus induced by kainate. A significant increase of
| ATP diphosphohydrolase (23% and 20% for ATP and ADP, respectively) was
observed at 48-52 hours after SE. However, under the same condition, there was no
significant effect on 5'-nucleotidase (Fig. 2B). Figure 2B has also showed an increase of
ATP (28%) and ADP (43%) hydrolysis at 7-9 days after the event. In the group tested
at 45-50 days after SE, an increase in ectonucleotidase activities (42%, 46% and 94%
for ATP, ADP and AMP, respectively) was also observed, but only 5 -nucleotidase
aqtivity'remaining increased (41%) at 100-110 days after the event in synaptosomes

from cerebral cortex of rats.

3.3.Effects in vitro of convulsant drugs on ectonucleotidase activities

| ‘In order to discard the influence of the residual drugs used to induce status
epilepticus on fhe ectonucleotidase activities during earlykperiods, we analyzed the
effeét in ﬁtrb of these drugs on ATP diphosphohydrolase and 5'-nucleotidase. The
dx;hgs and concentrations tested were 5 mM kainate, 10 mM pilocarpine, 0.5 mM
scbpbiamine or 10 mM pilocarpine plus 0.5 mM scopolamine in both synaptosomal
fréctions analyzed. The results revealed no statistically significant alterations in vitro for
ectonucleotidase activities in the presence of these drugs in synaptosomes from

hippocampus or cerebral cortex of rats, suggesting that the increased nucleotide
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hydrolysis is induced by the models and not by the drug administration (data not

shown).

4. Discussion
This work was performed in order to investigate possible changes in
ectonucleotidases activities at different times after spontaneous recovering of status
epilepticus induced by pilocarpine and kainate. The co-localization of the genes for
human ecto-apyrase/CD39 (10q 23.1-24.1) and for the susceptibility to partial epilepsy
(10q 22-24) suggest that a mutation of the ecto-apyrase gene might exert a significant
role in the epilepsy (Malizewski et al. 1994; Ottmann et al., 1995; Wang et al., 1997).
Our results have showed a substantial increase in ectonucleotidases activities in
hippocampal synaptosomes between 48 h-50 days after SE induced by pilocarpine. In
cerebral cortex, we observe an increase in ATP diphosphohydrolase activity at 48-52
hours after SE, but only ADP hydrolysis remaining increased at 7-9 days after the event.
This result indicates the participation of an ATP diphosphohydrolase, since ADP is
considered a substrate marker for this enzyme activity (Battastini et al., 1991; Sarkis
and Salt6é, 1991). However, it is important to note that the apparent temporal
dissociation observed between both substrates (ATP and ADP) can be due to the
simultaneous presence of two different enzymes involved in the nucleotide hydrolysis,
an ATP diphosphohydrolase and an ecto-ATPase (Kegel et al., 1997). These enzymes
have been identified in molecular terms and differ in their preference for the substrates.
(Zimmermann, 1996). Both enzymes are expressed as ecto-enzymes in the brain, but
their specific localization and interactions are still unknown.
In the kainic acid model, the results have showed a novel feature, that is the

activation of AMP hydrolysis at 100-110 days after SE. It is interesting to observe that
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the transient alterations and different time course of ectonucleotidases activities
observed between the models could be due to differences in the behavioral course,
including the time for the first spontaneous seizure (1-3 weeks in kainate model; 45-100
days in pilocarpine model), the number of animals that present chronic epilepsy (lower
in the kainate treatment, often < 50% of the treated rats), as well pharmacological and
histopathological findings specific for each model (Cavalheiro et al., 1995; Cronin et
al., 1992).

The cellular pattern of expression of 5’-nucleotidase can vary substantially both
with developing and on lesioning of nervous tissue (Zimmermann, 1996). Whereas 5°-
nucleotidase in the adult nervous system has a predominantly glial association, it is
transiently present also at synapses that are related to the regenerative sprouting
responses and synaptogenesis in this system (Schoen et al., 1999). Thus, it appears that
5’-nucleotidase is expressed on reactive glial as well as neural cells (Zimmermann,
1996). The procedure used in our experiments for the isolation of synaptosomes allows
the preparation of a synaptosomal-enriched fraction, but not immunopurified, presenting
a glial and myelin contamination in the range of 0,3% (Nagy and Delgado-Escueta,
1984). Therefore, it is not possible exclude the glial contamination in our preparation.
However, it is important to consider that, in all treatments studied, we prepare
synaptosomal fractions from control group in the same conditions used to the treated
group. Thus, independently of the localization of ecto-5’-nucleotidase, this enzyme
activity was significantly increased after kainate or pilocarpine treatments.

Changes in other synaptosomal enzymes involved in ATP hydrolysis has been
observed after the induction of SE. It has been showed alterations in synaptosomal ecto-
ATPase in rat brain during prolonged SE induced by lithium and pilocarpine (Nagy et

al., 1997). Nagy et al. (1990) also demonstrated that synaptosomal ecto-ATPase activity
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is decreased in the anterior region of hippocampus (epileptogenic zone), but it is
increased in the posterior zone (nonepileptogenic zone), containing CA3 and granule
cells of dentate gyrus. A significant decrease in Na', K'-ATPase activity was observed
in the acute and silent period of pilocarpine model, but an increase of this activity was
observed during the chronic period (Fernandes et al, 1996). Similar results was
observed in hippocampus of rats treated with kainate (Anderson et al., 1994).
Alterations in Na', K'-ATPase activity could promote a control of excitability,
produced by release of Ca'” and glutamate during seizures (Fernandes et al., 1996).
Although our findings did not showed a correlation between the extent of
changes in ectonucleotidases activities and the extent of sprouting, we also cannot
discard completely this possibility. Recently, Schoen et al. (1999) has showed that 5’°-
nucleotidase is present in synapses of aberrant mossy fibers in the inner molecular layer
of the dentate gyrus of rats after seizures induced by systemic kainate treatment or
electrical kindling. The expression of 5’-nucleotidase on synaptic membranes of
sprouting mossy fibers could be an adaptive response of the epileptic hippocampus.
Therefore, it 1s concluded that, in both the normal and epileptic hippocampus, 5°-
nucleotidase 1s associated with axons capable of a plastic sprouting response (Shoen et
al., 1999). The glycoprotein 5’-nucleotidase may help to stabilize a newly formed,
sprouted synapse, due other non-enzymatic functions. 5 -nucleotidase is involved in
signal transduction as differentiation antigen CD73. It may also serve cell recognition
since it 1s attached to cell membrane by a glycosyl phosphatidylinositol anchor, carries
the HNK-1 epitope during periods of synaptic maturation and binds to proteins of the
extracellular matrix (Schoen et al, 1999). The involvement of the ATP
diphosphohydrolase in the synaptic plasticity could be related to cell adhesion.

Adhesion is a phenomenon often coupled to particular ATP diphosphohydrolases —
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either directly via intrinsic ecto-ATP diphosphohydrolase activity exhibited by some
known adhesion molecules, e.g, NCAM, or indirectly as shown by homotypic adhesion
triggered by monoclonal antibodies against CD39, recently showed to be an ecto-ATP
diphosphohydrolase (Dzhandzhugazyan et al., 1998). Immunohistochemical studies are
in progress in our laboratory in order to observe the distribution of ectonucleotidases
activities after induction of SE induced by kainate and pilocarpine models.

Our findings lead us to the hypothesis that an increase in ectonucleotidases
activities could modulate the seizure activity in a time window (48h-110 days) after SE,
contributing to production of extracellular adenosine, a known endogenous
neuromodulator (During and Spencer, 1992, Brundege and Dunwiddie, 1997). If ATP 1s
released in large amounts and for a long time, it may promote an dramatic increase in
intracellular calcium levels mediated by P2x receptors, that could represent a significant
damage, as that induced by excess of glutamate (Edwards et al., 1992). If all members
of ectonucleotidase pathway work at an elevated rate, an efficient removal of
extracellular ATP and enhanced adenosine production could occur in this condition.
Then, adenosine could modulate the release of a variety of neurotransmitters, including
glutamate, acetylcholine, noradrenaline and dopamine (Brundege and Dunwiddie, 1997,
Di Orio et al., 1998). In summary, after SE, an important adaptive plasticity of
ectonucleotidase pathway could occur in order to decrease ATP levels, an excitatory
neurotransmitter, and to increase adenosine levels, a neuroprotective compound.
Recently, we have reported the participation of these ectonucleotidases in specific
biochemical events related to membry acquisition and consolidation, suggesting an
important role of this pathway in synaptic plasticity during physiologic events (Bonan et

al.,, 1998).
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In summary, the results reported here show significant alterations in the
synaptosomal ectonucleotidase activities at different times after SE induced by two
different animal models of epilepsy - pilocarpine and kainate models. The accurate
knowledge of the modulation of these enzyme activities at different periods after SE

could be used to design a novel class of drugs in the epilepsy treatment.
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LEGENDS TO FIGURES
Fig.1: Effects of pilocarpine model on ATP (), ADP (@) and AMP (A) hydrolysis in
synaptosomes from hippocampus (A) and cerebral cortex (B) at different times after the
induction of status epilepticus in adult rats. The control activities in hippocampal
synaptosomes were 120.9 + 13 , 424+ 7 and 15.8 + 3 nmol Pi.min”.mg” protein for
ATP, ADP and AMP hydrolysis, respectively. The control activities in synaptosomes
from cerebral cortex were 142.8 + 12.3, 47 + 5.5 and 15.3% 2.6 nmol Pi.min” . mg"
protein for ATP, ADP and AMP hydrolysis, respectively. Bars represent means + S.D.
of at least eight animals. (*) ATP hydrolysis in treated-group significantly different
from control ATP hydrolysis. (a) ADP hydrolysis in treated-group significantly
different from control ADP hydrolysis. (b) AMP hydrolysis in treated-group

significantly different from control AMP hydrolysis. (p<0.05, Duncan Test).

Fig.2. Effect of kainate model on ATP (M), ADP (@) and AMP (A) hydrolysis in
synaptosomes from hippocampus (A) and cerebral cortex (B) at different times after the
induction of status epilepticus in adult rats. The control activities in hippocampal
synaptosomes were 126.9 + 13.8, 42.6 + 82 and 16 + 2.8 nmol Pi.min”. mg” protein
for ATP, ADP and AMP hydrolysis, respectively. The control activities in
synaptosomes from cerebral cortex were 144 + 13.5, 50+ 5.9 and 15.3 +2.66 nmol
Pi.min".mg™” protein for ATP, ADP and AMP hydrolysis, respectively. Bars represent
means + S.D. of at least eight animals. (*) ATP hydrolysis in treated-group significantly
different from control ATP hydrolysis. (a) ADP hydrolysis in treated-group
significantly different from control ADP hydrolysis. (b) AMP hydrolysis in treated-

group significantly different from control AMP hydrolysis. (p<0.05, Duncan Test).
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ABSTRACT

The ectonucleotidase pathway is an important metabolic source of extracellular
adenosine. Adenosine has potent anticonvulsant effects on various models of epilepsy.
One of these models is pentylenetetrazol (PTZ) kindling, in which repeated
administration of subconvulsive doses of this drug induces progressive intensification of
seizure activity. In this study, we examine the effect of a single convulsive injection (60
mg/kg, 1.p.) or 10 successive (35 mg/kg, ip.) injections of PTZ on synaptosomal
ectonucleotidases. Our results have showed that no changes in ectonucleotidase
activities were seen at 0, 1, and 24 h or at 5 days after a single convulsive PTZ injection.
However, in PTZ-kindling, rats showing greater resistance to the kindling present an
increase in ATP hydrolysis in synaptosomes from hippocampus and cerebral cortex
(44% and 28%, respectively). These results suggest that changes in nucleotide
hydrolysis may represent an important mechanism in the modulation of chronic

epileptic activity in this model.

KEYWORDS: Ectonucleotidases; adenosine; epilepsy; kindling; pentylenetetrazol.



INTRODUCTION

Kindling is widely used as an experimental model of epilepsy and
epileptogenesis. This model refers to a phenomenon whereby repeated administration of
subconvulsant electrical or chemical stimuli gradually raises the sensibility of the
animal until the same stimuli eventually becomes convulsive (1,2,3). One of the most
used ways to induce kindling is by repeated systemic administration of subconvulsant
doses of pentylenetetrazol (PTZ), which induce progressive intensification of seizure
activity in response to the same dose (3). The enhanced seizure susceptibility induced
by kindling is a long-lasting, possibly permanent, alteration in the neuronal excitability,
probably attributable to plastic changes in the synaptic efficacy (4).

Several studies have shown that adenosine, an ubiquitous neuromodulator, has
potent anticonvulsant effects on various models of epilepsy, including PTZ-kindling
(5,6,7). Adenosine agonists administered either centrally or peripherally reduce seizure
activity in a dose-dependent manner in electrically kindled rats (8). Furthermore, an
increased affinity for adenosine A; receptors has been observed in the hippocampus of
kindled rats, suggesting that these receptors might play a role in the anticonvulsant
effects of adenosine analogues (9). Furthermore, drugs capable of reducing adenosine
effects, such as methylxanthines, increase the duration of seizures and facilitate the
development of status epilepticus (10).

Changes in adenosine-mediated neuromodulation involve not only adenosine
release as such, but also the extracellular catabolism of ATP by ectonucleotidases,
which constitute a highly sophisticated pathway designed to control the rate, amount
and timing of adenosine formation (11,12). We have demonstrated that ATP is
hydrolyzed to adenosine in the synaptic cleft by the conjugated action of an ATP

diphosphohydrolase (apyrase, ATPDase, EC 3.6.1.5) and a 5’-nucleotidase (EC 3.1.3.5)



34

(13, 14). Furthermore, Kegel et al. (15) have shown that an ecto-ATPase is co-expressed
with an ecto-ATP diphosphohydrolase in rat brain. These enzymes had previously been
identified in biochemical terms and were shown to hydrolyze a variety of purine and
pyrimidine nucleoside di-and triphosphates (12, 16). However, ecto-ATPase and ecto-
ATP diphosphohydrolase differ in their preference for nucleoside 5’-diphosphates.
Ecto-ATPase has a very high preference for ATP over ADP whereas the related ecto-
ATP diphosphohydrolase (ecto-apyrase) hydrolyzes both substrates equally as well (12).
Subsequently, an ecto-5’-nucleotidase participates, together with ecto-ATPase and ecto-
ATP diphosphohydrolase, in the complete hydrolysis of ATP to adenosine in the
synaptic cleft (16,17) Ecto-5-nucleotidase is an enzyme able to hydrolyze
monophosphonucleosides (AMP) to its equivalent nucleoside (adenosine) and inorganic
phosphate (16).

Considering that adenosine seems to play a role in the modulation of seizure
behavior induced by kindling, we decided to study if changes in ectonucleotidases can
be involved in this process. For this purpose, we examined the effect of single or
chronic injections of PTZ on synaptosomal ectonucleotidases in the hippocampus and
cerebral cortex of rats. These results can provide new information on the role of these
ectonucleotidases in the control of adenosine levels and their participation in the

evolution of behavioral long-lasting changes induced by kindling.



EXPERIMENTAL PROCEDURE

Treatments

Female Wistar rats aged 60-80 days and weighing 150-200g from our breeding
stock were housed five per cage, with water and food ad libitum. The animal house
was kept on a 12 h light-dark cycle (lights on at 7:00 am) at a temperature of 23+1°C.
Procedures for the care and use of animals were adopted according to the regulations
published by the Brazilian Society for Neuroscience and Behavior.
| The kindling procedure consisted of 1.p. injections of PTZ (35 mg/kg, dissolved
in saline 0.9% saline) once every 48 h, totaling 10 stimulations. After each PTZ
injection the animals were observed for 30 minutes and the seizure pattern was
recorded. Kindling stage was classified according to the stages proposed by Racine (2):
stage 0, no reéponse; 1, facial clonus; 2, head nodding; 3, forelimb clonus; 4, rearing
with bilateral forelimb clonus; 5, rearing and falling with bilateral forelimb clonus. The
control group was injected with saline (10 injections with the same periodicity and
volume as the treated group) and was also observed for 30 minutes (18). All the
injections were performed between 11:00 am and 15:00 h. After the stimulation period
animals were divided into two groups according to the mean of the 3 highest kindling
stages attained in the last five injections. The kindled animals were divided in group I
(GI), with mean kindling stage lower than 3 in all animals, and group I (GII), with
mean stage higher than 3 for all animals. Animals were killed by decapitation 5 days
after the last injection, the brain structures were removed and subcellular fractionation
and enzyme assays were carried out.

In the acute seizure model, animals received a single convulsive injection of
PTZ (60 mg/kg, i.p., dissolved in 0.9% saline). Only animals showing fonic—clonic

seizures within 4 min after the injection were included in the study. Treated groups were
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killed by decapitation either immediately, 1h, 24 h or 5 days after the injection. Control
group was injected with saline and the subcellular fractionation and enzyme assays were
carried out simultaneously with treated-groups at the different times studied.

Subcellular Fractionation

After removal, brains were placed into ice-cold isolation medium (320 mM
sucrose, 5 mM HEPES, pH 7.5, and 0.1mM EDTA) and hippocampi and cerebral
cortex were immediately dissected on ice. The hippocampi and cerebral cortex were
gently homogenized in 5 and 10 volumes, respectively, of ice-cold isolation medium
with a motor-driven Teflon-glass homogenizer. Synaptosomes were isolated as
described previously (19). Brefly, 0.5 ml of the crude mitochondrial fraction was
mixed with 4.0 ml of an 8.5% Percoll solution and layered onto an isoosmotic
Percoll/sucrose discontinuous gradient (10/16%). The synaptosomes that banded at
the 10/16% Percoll interface were collected with wide tip disposable plastic transfer
pipettes. The synaptosomal fractions were washed twice at 15000 x g for 20 min with
the same ice-cold medium to remove the contaminating Percoll and the synaptosome
pellet was resuspended to a final protein concentration of approximately 0.5 mg/ ml.

The material was prepared fresh daily and maintained at 0-4°C throughout

preparation.

Enzyme Assays

The reaction medium used to assay ATP and ADP hydrolysis was essentially
as described previously (17) and contained 5.0 mM KCl, 1.5 mM CaCl,, 0.1 mM
EDTA, 10 mM glucose, 225 mM sucrose and 45 mM TRIS-HCI buffer, pH 8.0, in a
final volume of 200 ul. The synaptosome preparation (10-20 ug protein) was added
to the reaction mixture and preincubated for 10 minutes at 37°C. The reaction was

initiated by the addition of ATP or ADP to a final concentration of 1.0 mM and



stopped by the addition of 200 ul 10% trichloroacetic acid. The samples were chilled
on ice for 10 minutes and 100 pl samples were taken for the assay of released
inorganic phosphate (Pi) (20).

The reaction medium used to assay the 5’-nucleotidase activity contained 10
mM MgCl,, 0.15 M sucrose and 0.1 M TRIS-HC], pH 7.0 in a final volume of 200ul
(21). The synaptosome preparation (10-20 pg protein) was preincubated for 10
minutes at 37°C. The reaction was initiated by the addition of AMP to a final
concentration of 1.0 mM and stopped by the addition of 200 pul of 10% trichloroacetic
acid; 100ul samples were taken for the assay of released inorganic phosphate (Pi)
(21). In both enzyme assays, incubation times and protein concentration were chosen
in order to ensure the linearity of the reactions. Controls with the addition of the
enzyme preparation after addition of trichloroacetic acid were used to correct
nonenzymatic hydrolysis of the substrates. All samples were run in duplicate. Protein
was measured by the Coomassie Blue method (22), using bovine serum albumin as
standard.

Statistical Analysis

87

The data obtained for the enzyme activities are presented as mean + SD. of a

number of animals studied in each condition. The statistical analysis used for kindling

experiments was one-way ANOVA, followed by Duncan multiple range test. In the

acute treatment, results were compared using two-way ANOVA and one-way ANOVA,

followed by Duncan multiple range test. A p < 0.05 was considered to represent

significant difference in statistical analysis used.

a
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RESULTS

As expected, PTZ-kindling produced a progressive increase in the seizure
susceptibility of the treated rats. After the 10" stimulation, animals were divided into
two groups: group I (G, n=6), in which the mean kindling stage was 3 or less, with an
overall average of 2.35 and group II (GII, n=6), which the mean stage was greater than
3 and averaged 4.2. Enzyme assays in these animals showed a significant increase in
ATP hydrolysis (44%) among the less severely kindled animals (GI) in synaptosomes
from hippocampus, when compared to the saline group (p<0.05) (Table 1). The
kindling-resistant group (GI) also presented a significant increase (28%) on ATP
hydrolysis in synaptosomes from cerebral cortex (Table 2). On the other hand, the
kindling-susceptible group (GII), which presented more severe seizures, did not show
significant changes in ATP hydrolysis in both fractions analyzed (hippocampus and
cerebral cortex), when compared to controls (Tables 1 and 2). There was no significant
difference in ADP and AMP hydrolysis among the three groups (Tables 1 and 2).

In order to examine if the altered ATP hydrolysis was due to the chronic, long-
lasting changes induced by kindling or to a residual effect of the drug, we investigated
the enzymes activities at different times after a single acute seizure induced by PTZ (60
mg/kg, ip.). Following the single PTZ injection, all animals included in the study
presented generalized tonic-clonic seizures. However, our results did not show
significant differences in ATP, ADP and AMP hydrolysis in all times tested
(immediately, 1h, 24h and 5 days) after the single injection of PTZ in synaptosomes of

hippocampus and cerebral cortex (data not shown).
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DISCUSSION

The present study demonstrates that animals more resistant to kindling present
an increased ATP hydrolysis in synaptosomes from hippocampus and cerebral cortex
when compared to controls. It is important to note that different effects for ATP and
ADP hydrolysis can be due to the simultaneous presence of two different enzymes
involved in the nucleotide hydrolysis, an ATP diphosphohydrolase and an ecto-ATPase
(15). These results suggest the participation of an ecto-ATPase, since ATP is considered
a substrate marker for this enzyme activity (12, 16).

Changes in synaptosomal enzymes involved in ATP hydrolysis has been
observed in other animal models of epilepsy. For example, alterations in synaptosomal
ecto-ATPase in rat brain are observed during prolonged status epilepticus induced by
lithtum and pilocarpine (23). Furthermore, Fernandes et al. (24) have showed a
significant decrease in Na’, K'-ATPase activity in acute status epilepticus and in the
silent period of the pilocarpine model of epilepsy. However, a significant increase in
this activity was observed during the chronic period, characterized by recurrent
spontaneous seizures (24). Similar results were observed in hippocampus of rats treated
with kainate (25). Alterations in Na', K'-ATPase activity could promote a control of the
excitability produced by the release of Ca** and glutamate during seizures (25).

If ATP is released in large amounts and for a long time, it may promote an
dramatic increase in intracellular calcium levels mediated by P,x receptors, which could
cause significant damage similar to that induced by excessive glutamate release (26).
Our findings lead us to the hypothesis that an increase in ATP hydrolysis by an ecto-
ATPase, can produce high levels of ADP. Then ADP, by stechiometric effect, is
hydrolyzed by conjugate action of ATP diphosphohydrolase and 5’-nucleotidase,

producing an increase in adenosine levels. Thus, the activation of ecto-ATPase, the first
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enzyme of the pathway, can contribute to production of extracellular adenosine, a
known endogenous neuromodulator (5, 27). In summary, adaptive plasticity in chronic
epilepsy could involve a decrease in the levels of ATP, an excitatory neurotransmitter,
and a simultaneous increase in the concentration of adenosine, a neuroprotective
compound. This balance can be achieved through a delicate regulation of the amount of
ATP released and of the rate of ATP hydrolysis by ectoenzymes.

It has been proposed that adenosine and adenosine analogs possess
anticonvulsant properties, an effect which has been attributed by the activation of A,
receptors (28). Single and repeated pentylenetetrazol-induced convulsions are
associated with significant increases of A; adenosine receptors in the cortex,
hippocampus and cerebellum (29). It has been suggested that the increase in A; receptor
number, along with the rise in nucleotidase activities and cerebral adenosine levels,
might contribute to prevent cellular excitation and to maintain the neuronal homeostasis
(30).

Therefore, our results suggest that an increase in ATP hydrolysis and,
consequently, in adenosine levels could represent an important compensatory
mechanism in the development of chronic epilepsy, explaining why these changes are
associated with less severe seizures in PTZ-kindled rats. These alterations seems to be
related to the chronic, long-lasting synaptic plasticity induced by kindling, since such
changes are not seen in acute seizures, which are insufficient to activate these
mechanisms. When these results are considered together, they support the hypothesis
that changes in nucleotide hydrolysis may represent an important mechanism in the

modulation of epileptogenesis.
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TABLE 1. Effect of PTZ kindling on ectonucleotidase activities in synaptosomes from

hippocampus of rats

Group N Hippocampus
ATP ADP AMP
Saline 6 101,7+15.8 372+ 98 184 + 3.1
GI 6 146,6 +8,03° 40,9+ 10,8 17,1 +18
GII 6
120,4 + 20,1 414 +43 204 +3.9

Data are expressed as mean + S.D. Saline= saline-injected group. GI= kindling-resistant
group (mean kindling stage < 3, average= 2,35). GII= kindling-sensitive group (mean
Kindling stage >3, average = 4,2).

2 Significantly different from the saline group (p <0.05) by one-way ANOVA , followed

by Duncan multiple range test.
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TABLE 2. Effect of PTZ kindling on ectonucleotidase activities in synaptosomes from

cerebral cortex of rats

Group N Cerebral Cortex
ATP ADP AMP
Saline 6 120,9 + 14,1 40,1+ 7.9 17,8 +4,1
GI 6 1547+ 142° 441493 159+3.8
GIl 6
119,7+ 25,7 476 £ 11,1 133+27

Data are expressed as mean = S.D. Saline= saline-injected group. GI= kindling-resistant
group (mean kindling stage < 3, average= 2,35). GII= kindling-sensitive group (mean
Kindling stage >3, average = 4,2).

2 Significantly different from the saline group (p <0.05) by one-way ANOVA , followed

by Duncan multiple range test.
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IIL. DISCUSSAQ

Os resultados apresentados nesta tese demonstram que as atividades
ectonucleotidasicas apresentam-se alteradas em condi¢des fisiologicas e patologicas
capazes de induzir plasticidade sinaptica, tais como a memoria e a epilepsia.

As atividades de hidrdlise de ATP e ADP pela ATP difosfoidrolase e AMP pela
5’-nucleotidase de sinaptossomas de hipocampo de ratos apresentam-se inibidas
imediatamente apos a sessdo de treino em uma tarefa de esquiva inibitéria. Entretanto,
somente a hidrolise de ATP foi significativamente inibida 30 minutos apos a sessdo de
treino, ndo ocorrendo mudangas significativas com relacgdo a hidrolise de ADP (Capitulo
1, BONAN et al, 1998). Sabendo-se que a cadeia de ectonucleotidases é uma via
desenvolvida para regular a velocidade de degradacdo de ATP e, consequentemente, a
formacdo de adenosina, algumas consideracdes poderiam ser feitas.

O hipocampo tem sido bastante utilizado como um modelo para o estudo de
mecanismos envolvidos na plasticidade sinaptica, tais como potenciagdo de longa
duragio (LTP), que ocorre apods breve estimulagdo de alta freqiiéncia (100Hz) (BLISS
& COLLINGRIDGE, 1993). Este fendmeno se constitui em uma modificacdo da
eficiéncia sinaptica de longa durago, que tem sido repetidamente proposto como um
modelo molecular envolvido em certas formas de aprendizado e memoria (BLISS &
COLLINGRIDGE, 1993; IZQUIERDO & MEDINA, 1995).

Estudos tém demonstrado que o ATP exdgeno, em baixas concentragdes, €
capaz de induzir potenciacdo sinaptica em fatias hipocampais (WIERASZKO &
SEYFRIED, 1989; FUIII et al., 1999). Além disso, foi demonstrado que a liberagdo de
ATP ¢ maior apos estimulo de alta freqii€ncia (100Hz) utilizado para induzir LTP, e
que, nesta condigdo, a via das ectonucleotidases contribui para a formagio de adenosina

extracelular (CUNHA et al., 1996). O mecanismo através do qual o ATP extracellular
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induz a formacdio de uma LTP estavel ainda ndo foi esclarecido O envolvimento do
sistema purinérgico na potencia¢io de longa-duracio foi investigado através do uso de
analogos rigidos do ATP (WIERASZKO & SEYFRIED, 1994). O ATP extracelular e
seu analogo ATP-y-S amplificaram permanentemente a magnitude das respostas
analisadas, mas outros analogos rigidos do ATP ndo exerceram a mesma agio agonista.
Portanto, estes autores sugerem que o mecanismo em questio poderia envolver um novo
tipo de receptor purinérgico ainda ndo descrito ou que a hidrolise do fosfato-gama de
ATP ou ATP-y-S poderia ser uma condi¢do necessaria para a ocorréncia deste efeito
(WIERASZKO & SEYFRIED, 1994). A remoc¢do do fosfato-gama destes nucleotideos
poderia envolver a participacdo de uma ecto-ATPase, uma ecto-ATP difosfoidrolase ou
uma ecto-proteina quinase. O ATP poderia ser utilizado como substrato por ATPases e
proteinas quinases. Entretanto, ATP-y-S € um analogo de ATP que resiste a agdo de
uma ATPase, mas pode ser usado por quinases na tiofosforilagdo de proteinas
(WIERASZKO & SEYFRIED, 1994). Estudos demonstram que o ATP extracelular
atua como substrato para que as ecto-proteinas quinases possam induzir a LTP através
da fosforilacdo de dominios extracelulares de proteinas de membrana na regido CAl do
hipocampo (FUJII et al., 1995). Recentemente, foi demonstrado que um efeito
cooperativo entre o ATP extracelular e os receptores NMDA € necessario para
desencadear os processos envolvidos na indugio da LTP, possivelmente através do uso
do ATP extracelular na fosforilagdo dos dominios extracelulares dos receptores NMDA
(FUJ et al., 1999).

Com base nestas consideracdes, nossos resultados sugerem que a inibi¢do
significativa observada sobre as atividades da ATP difosfoidrolase e 5’-nucleotidase,
imediatamente apoOs a sessdo de treino na tarefa de esquiva inibitéria, poderia diminuir a

hidrolise de ATP, aumentando sua disponibilidade na fenda sinaptica (Capitulo 1,
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BONAN et al., 1998). O aumento dos niveis de ATP extracelular pode desempenhar um
papel importante na modulagdo da eficiéncia sinaptica através de diversos mecanismos.
Apesar dos efeitos diversos dos agonistas de ATP sobre a LTP (WIERASZKO &
SEYFRIED,1994), é possivel especularmos que o aumento na disponibilidade de ATP
sugerida por nossos resultados permite a ativagdo de receptores P2, tais como P2X e
P2Y. Embora o subtipo de purinoreceptores envolvido na indugdo da LTP ainda nio
tenha sido determinado, a ativa¢do dos receptores ionotropicos P2X poderia conduzir ao
influxo de calcio extracelular. Além disso, a ativagdo dos receptores metabotropicos
P2Y acoplados a proteina G/ Fosfolipase C poderia produzir os segundos mensageiros
inositol-1,4,5-trifosfato (IP3) e o diacilglicerol (DAG) (BERRIDGE, 1993; RALEVIC
& BURNSTOCK, 1998). O inositol-1,4,5-trifosfato promove a mobilizagdo do calcio
do reticulo endoplasmatico, elevando a concentragdo de calcio no citosol e o
diacilglicerol ativa proteinas quinases, como a PKC (NESTLER et al., 1984).

A ativagdo do sistema purinérgico pelo ATP extracelular, em conjunto com
receptores glutamatérgicos do tipo NMDA, AMPA e receptores metabotropicos,
poderia contribuir para a indug@o e manutengio de fendmenos plasticos, tais como LTP,
e/ou para ativagcdo dos mecanismos de aquisi¢do da memoria.

Outro mecanismo através do qual o ATP extracelular pode influenciar a
eficiéncia sinaptica € a fosforilacdo de proteinas extracelulares. A fosforilagdo de
proteinas € considerada um mecanismo fundamental nos processos envolvidos na
indu¢do de mudancas de longa duragdo da atividade sinéptica, como ocorre na formacio
do aprendizado e memoria (CHEN et al, 1996; IZQUIERDO & MEDINA, 1997).
Estudos descreveram que, durante a fase de inducdio da LTP, ocorre fosforilagio de
proteinas extracelulares, sendo o ATP extracelular utilizado como substrato (CHEN et

al., 1996). A diminuigdo na hidrolise de ATP observada em nossos resultados apds a
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sessio de treino na tarefa de esquiva inibitoria também poderia aumentar a
disponibilidade do ATP extracelular como substrato para uma ecto-proteina quinase
(Capitulo 1, BONAN et al., 1998). As alteragSes observadas imediatamente apos a
sessdo de treino sugerem um importante papel destas enzimas, modulando as
concentracdes extracelulares de ATP e, consequentemente, a ativagio das vias de
sinalizagdo dependentes de ATP extracelular, como por exemplo a fosforilagdo de
proteinas extracelulares .

A inibigdo observada somente para a hidrolise do ATP, 30 minutos apds a
sessdo de treino na tarefa de esquiva inibitéria, nos conduz a sugerir uma possivel
participacdo de uma ecto-ATPase, uma vez que ndo houve mudanca paralela na
hidrolise de ADP neste mesmo periodo (Capitulo 1, BONAN et al, 1998). A
possibilidade deste efeito ser mediado por uma ecto-ATPase nio pode ser excluida, pois
tem sido demonstrada a sua co-expressdo juntamente com uma ATP difosfoidrolase em
cérebro de ratos (KEGEL et al., 1997). Outra possibilidade que deve ser considerada € o
fato de que estudos demonstram que a adi¢@o de um anticorpo especifico para proteina
quinase C inibe a ecto-fosforila¢@o de proteinas, bloqueando a estabiliza¢do da LTP 30—
40 minutos apos a estimulagdo (CHEN et al.,1996). Considerando que a ecto-
fosforilagdo € fundamental para a manutengdo da LTP 30-40 minutos apés sua indugio,
¢ possivel sugerir que a diminui¢@o na hidrolise de ATP, 30 minutos apos a sessdo de
treino (Capitulo 1, BONAN et al., 1998), poderia contribuir para a manuten¢io dos
processos de plasticidade sinaptica envolvidos na formagio da memoria.

Independentemente da questdo da hidrolise do ATP ser inibida por uma ATP
difosfoidrolase e, consequentemente, o nucleotideo poder ser utilizado como um
substrato para ecto-proteina quinase, uma importante conseqiiéncia do metabolismo do

ATP extracelular € a formagao de adenosina. Tem sido sugerido que a adenosina exerce
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um papel inibitério, o qual foi mediado pela interagio com os receptores Ai, e um efeito
excitatorio sobre a LTP, mediado pelos receptores A, (DE MENDONCA & RIBEIRO,
1994). Portanto, os niveis de adenosina enddgena sdo capazes de modular mecanismos
de plasticidade sinaptica, como a LTP. Entretanto, foi demonstrado que a aplicagdo de
um antagonista seletivo de receptor Ajs, SCH 58261, facilitou a retengdo quando
administrado imediatamente apds o treino em uma tarefa de esquiva passiva, sugerindo
que o receptor A, poderia diminuir a retengdo da memoria de esquiva passiva (KOPF
et al., 1999). A inibigdo das atividades ectonucleotidasicas imediatamente apds o treino
(BONAN et al., 1998, Capitulo 1 e 2) poderia reduzir os niveis de adenosina na fenda
sinaptica, prejudicando sua ligagdo nos receptores Aza, que apresentam uma menor
afinidade para adenosina, e desta forma, contribuindo para a aquisicdo da memoéria de
esquiva.

Uma vez que as alteragdes observadas imediatamente apos a sessdo de treino da
tarefa de esquiva inibitoria sugeriam a participagdo destas enzimas na aquisi¢do da
memoria, nods investigamos possiveis alteragdes das ectonucleotidases apos a sessdo de
teste, no sentido de analisar uma possivel relacdo com a evocagdo da tarefa. Nossos
resultados ndo demonstraram alteragdes significativas apos a sessdo de teste, sugerindo
o envolvimento das ectonucleotidases na aquisicdo, mas ndo na evoca¢ido da memoria

Na tentativa de investigar a possivel participa¢do da via das ectonucleotidases na
fase de consolidagdo da memoria, nds avaliamos estas atividades enzimaticas em
periodos de tempo mais prolongados, como por exemplo 3 e 6 horas apds a sessdo de
treino. Além disso, sabe-se que no periodo pos-treino, o hipocampo opera em conjunto
com a amigdala (IZQUIERDO & MEDINA, 1997) e, apés 30 a 60 minutos, com o

cortex entorrinal e cortéx parietal (IZQUIERDO et al., 1997). Por este motivo, nds
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investigamos esta cadeia enzimatica em outras estruturas cerebrais além do hipocampo,
como cortex entorrinal e cortex parietal, as quais também atuam na formagdo da
significativa da ATP difosfoidrolase imediatamente apds o treino em sinaptossomas de
cortex entorrinal (Capitulo 2). O cortex entorrinal processa muitos tipos de memoria e

possivelmente esta envolvido na integragdo da informagdo processada no hipocampo

.....

.....

atividade da ATP difosfoidrolase em hipocampo e cortex entorrinal sugere uma agado
integrada das ectonucleotidases de ambas as estruturas como um dos eventos
bioquimicos necessarios para a aquisi¢cdo da memoria (BONAN et al., 1998; Capitulo 1
e 2). Com relagdo ao cortex parietal, ndo foram observadas altera¢gdes nas
ectonucleotidases nos periodos de tempo analisados, sugerindo que a modulag@o destas
atividades enzimaticas em cortex parietal ndo parece ser necessaria para a memoria de
esquiva inibitéria (Capitulo 2).

O provavel mecanismo de modulagdo das ectonucleotidases apos o aprendizado
nesta tarefa permanece a ser elucidado. Tal modulagiio provavelmente ndo envolve
sintese protéica nas alteragdes que foram observadas imediatamente apds o treino, ndo
havendo tempo suficiente para a ocorréncia de uma sintese protéica alterada neste grupo
(O minutos). Portanto, parece bastante provavel que tal regulacdo poderia envolver um
mecanismo de modulacdo covalente, como a fosforilagdo. Entre os diversos eventos
observar um aumento da atividade da PKG, CaMKII, PKC e PKA imediatamente apos a
sessdo treino e um novo pico de atividade da PKA 3 horas apos a sessdo de treino

(IZQUIERDO & MEDINA, 1997). Recentemente, nosso laboratério apresentou
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evidéncias indicando que a ATP difosfoidrolase trata-se de uma proteina fosforilada,
sugerindo uma possivel modulagio desta atividade enzimatica por fosforilagdo (WINK,
1999). Além disso, a analise da seqii€ncia de aminoacidos da ecto-apirase apresenta um
sitio para proteina quinase dependente de AMPc ou GMPc, quatro sitios de fosforilagdo
para PKC e dois sitios de fosforilagdo para caseina quinase (SMITH & KIRLEY, 1998).
A proteina quinase C, caseina quinase II e proteina quinase dependente de AMPc tém
também sido identificadas como ecto-proteinas quinases (CHEN et al.,1996; WALTER
et al, 1996), o que poderia tornar a enzima susceptivel a modificagdes funcionais
mediadas por ecto-fosforilagdo. Além disso, a por¢io C-terminal da ecto-apirase
consiste de 20 aminoacidos, com sitios intracelulares para PKC e proteina quinase
dependente de AMPc ou GMPc, possibilitando modificages poOs-translacionais da
proteina também do lado citoplasmatico (SMITH & KIRLEY, 1998).

Com relagio a atividade da ecto-5’-nucleotidase em sistema nervoso central,
ainda ndo ha evidéncias de que esta atividade seja modulada por fosforilagdo.
Entretanto, em musculo cardiaco, tem sido vastamente estudada a ativagiio da ecto-5-
nucleotidase por PKC (SATO et al., 1997; KITAKAZE et al., 1997).

E importante salientar a ocorréncia da ativagio de proteinas quinases especificas
(IZQUIERDO & MEDINA, 1997). A estrutura da ATP difosfoidrolase apresenta sitios
de fosforilagdo para algumas destas proteinas quinases, tais como a PKC, cuja atividade
aumenta imediatamente e 30 minutos apos a sessio de treino (BERNABEU et al., 1995;
CAMMAROTA et al, 1997) e a PKA, cuja atividade aumenta imediatamente e 3-6
horas ap6s o treino (BERNABEU et al., 1997). E interessante ressaltar que as alteragdes
observadas nestas atividades quindsicas apds a sessdo de treino coincidem com aquelas

observadas sobre as ectonucleotidases hipocampais (Capitulo 1 e 2, BONAN et al,
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1998) e sobre a ATP difosfoidrolase de sinaptossomas de cortex entorrinal de ratos
(Capitulo 2). Tal coincidéncia sugere que a modulagdo da via das ectonucleotidases,
nesta condic¢io, seja mediada por fosforilagéo.

Portanto, alteracdes nas atividades ectonucleotidasicas especificas ao
Estes estudos constituem as primeiras evidéncias de que as ectonucleotidases podem
estar envolvidas em especificos eventos bioquimicos relacionados a aquisi¢do e
consolida¢do da memoria de uma tarefa aversiva (Capitulo 1 e 2, BONAN et al,, 1998).

E portanto fundamental que sejam realizados estudos adicionais para confirmar
com clareza qual o mecanismo de regulagio capaz de modular estas atividades
enzimaticas, bem como um maior detalhamento de suas fun¢des em outras estruturas
cerebrais também envolvidas na forma¢do da memoria (amigadala, cortex pré- frontal,
cortex cingulado) e em outros tipos de aprendizado menos aversivos.

Apesar dos efeitos de analogos rigidos de ATP e antagonistas de
purinoreceptores P2 serem bastante diversos nos mecanismos de plasticidade sindptica
(WIERASZKO & SEYFRIED, 1994; WIERASZKO, 1995), nos investigamos o efeito
da infusjo intra-hipocampal de suramina na retengio da tarefa de esquiva inibitoria em
ratos (Capitulo 3, BONAN et al., 1999). A idéia de testar esta droga surgiu a partir da
analise dos seguintes pontos: 1) A suramina € um antagonista nio seletivo de
purinoreceptores P2 e também atua como um inibidor de ecto-apirases e ecto-ATPases
de diversas fontes (MARTf et al., 1996; RALEVIC & BURNOSTOCK, 1998); 2)
Apesar da sua agdo antagonista em P2X e P2Y, a suramina promoveu uma amplificagio
do potenciais excitatorios pos-sinapticos em fatias hipocampais, facilitando a indugio

da LTP (WIERASZKO, 1995); 3) Nossos resultados anteriores demonstraram que as
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ectonucleotidases hipocampais estdo inibidas apdés o treino na tarefa de esquiva
inibitéria (Capitulo 1 ¢ 2, BONAN t al., 1998).

Nossa hipotese nos conduziu a pensar que a administragdo de suramina, um
inibidor de ectonucleotidases, poderia potencializar a inibi¢do da apirase observada apos
aumentando os niveis de ATP e promovendo uma facilitacdo na reteng@o desta tarefa.
Desta forma, nosso objetivo era compreender um pouco melhor o envolvimento do
sistema purinérgico e das ectonucleotidases na formagdo e processamento da memoria.

Entretanto, deveriamos confirmar o efeito inibitorio da suramina sobre a apirase
hipocampal, uma vez que n3o havia nenhum estudo demonstrando o efeito in vitro desta
droga sobre a apirase de sistema nervoso central. Nossos resultados demonstraram que
a imbicdo promovida pela suramina foi concentragdo-dependente, do tipo ndo
competitivo, com valores de Ki (72,8uM e 109 puM para ATP e ADP,
respectivamente) muito proximos aqueles descritos para apirases de outras fontes
(Capitulo 3, BONAN et al., 1999).

Apos esta confirmagdo, realizamos a infusdo intra-hipocampal de diferentes
concentragdes de suramina imediatamente apds a sessdo de treino e analisamos a
retencdo da tarefa. O efeito amnésico promovido pela suramina foi inesperado,
demonstrando que a administragdo intra-hipocampal desta droga prejudica a retengdo da
tarefa de uma forma dose-dependente (Capitulo 3, BONAN et al., 1999). Esta condi¢do
pode ser produzida devido ao amplo espectro de efeitos biolégicos da suramina, por
exemplo, agindo como antagonista de receptores P2 ¢ NMDA (RALEVIC &
BURNSTOCK, 1998) e como inibidor das enzimas que metabolizam o ATP (MARTI,
1996; Capitulo 3, BONAN et al, 1999). Considerando que a suramina bloqueia

receptores P2 e NMDA, o efeito amnésico desta droga pode estar relacionado com o
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bloqueio do influxo de célcio através destes receptores, fator fundamental para o disparo
dos mecanismos de aquisi¢do da meméria (IZQUIERDO & MEDINA, 1995).

Outro aspecto que deve ser considerado € que a dissociagdo observada entre o0s
efeitos da suramina sobre a LTP (WIERASZKO, 1995) e os dados comportamentais
(Capitulo 3, BONAN et al, 1999) pode estar relacionada com um fendmeno
denominado saturagio da LTP. Este fend6meno demonstra que a expressdo maxima da
LTP em uma populacio de sinapses (saturacdo) poderia produzir prejuizos no
aprendizado e na memoéria (BARNES et al., 1994). Tal fendmeno esta fundamentado na
idéia de que as redes neurais armazenam a informac¢do através de uma distribuicdo
especifica de forgas sinapticas (HEBB, 1949), a qual poderia ser rompida pela saturagdo
da sua capacidade para LTP (BARNES et al., 1994). Com base nestas consideracgdes €
possivel especular que, nas doses usadas em nossos estudos comportamentais, a
potenciacao induzida pela suramina resultou na saturagdo da LTP em uma populagio de
sinapses, o que poderia produzir um significativo déficit de memoria e aprendizado.

A utilidade da suramina como um inibidor da apirase hipocampal € questionavel,
uma vez que esta droga possui diversos efeitos biologicos, tais como antagonizando
receptores P2 e NMDA. Outro aspecto a ser analisado € o fato de enzimas de
degradac@o de nucleotideos extracelulares e os receptores P2 possuem dominios de
ligacdo similares, assim suramina pode tanto alterar a degradacdo de ATP e/ou bloquear
a neurotransmissdo purinérgica. A compreensdo da importancia do sistema purinérgico
e das ectonucleotidases em fendmenos de plasticidade sinaptica e nos mecanismos de
formacio da memoria passa necessariamente pela busca de agonistas, antagonistas e
inibidores mais especificos para este sistema, no sentido de evitar a influéncia de outros

sistemas neurotransmissores nos efeitos observados.
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Considerando que as ectonucleotidases regulam os niveis extracelulares de ATP
e adenosina, os quais podem agir na modulagdo da plasticidade sindptica em condigdes
fisioldgicas, como na memoria e LTP, tornou-se importante investigar essas atividades
enzimaticas em situagdes patologicas, como a epilepsia, também capazes de produzir
plasticidade sinaptica (Capitulo 4 e 5).

Diversos estudos tém considerado a adenosina um importante anti-convulsivante
endogeno, devido a sua agdo neuromoduladora, mediada através da ativagdo de
receptores A; (CHIN, 1989; KOSTOPOULOS et al., 1989, DURING & SPENCER,
1992). Além da liberagdo de adenosina como tal, uma importante fonte de adenosina €
originada a partir do metabolismo de nucleotideos no espago extracelular (BRUNDEGE
& DUNWIDDIE, 1997). Atualmente, existem poucos dados na literatura a respeito do
comportamento das atividades ectonucleotidasicas na epilepsia.

Em 1990, NAGY et al. demonstraram que a atividade ecto-ATPasica estava
diminuida em sinaptossomas de cortex cerebral, mas encontrava-se substancialmente
aumentada em hipocampo posterior de humanos epilépticos. Recentemente, uma
redugdo na atividade da ecto-ATPase de sinaptossomas de cortex cerebral de ratos foi
observada apos estado epiléptico induzido por litio e pilocarpina (NAGY et al., 1997).

Na tentativa de aumentar nossa compreensdo a respeito das possiveis alteragdes
das ectonucleotidases na epilepsia, investigamos o efeito de diferentes modelos animais
de epilepsia sobre as atividades da ATP difosfoidrolase e 5’-nucleotidase de
sinaptossomas de hipocampo e cortex cerebral de ratos.

No Capitulo 4, nés demonstramos os efeitos da indugdo de epilepsia pelos
modelo da pilocarpina ¢ do modelo do acido cainico sobre as atividades
ectonucleotidasicas. Estes modelos sdo bastante utilizados para investigar o

desenvolvimento e a neuropatologia relacionados a epilepsia de lobo temporal. Nossos
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resultados demonstram uma ativagio significativa das ectonucleotidases apos a inducdo
do estado epiléptico. Este efeito foi bastante similar tanto em sinaptossomas de
hipocampo como em cortex cerebral de ratos (Capitulo 4). Entretanto, € importante
notar que a aparente dissociagdo temporal entre os efeitos observados para a hidrolise de
ATP e ADP em cortex cerebral pode ser devido a presenca de duas enzimas diferentes
envolvidas na hidrdlise de nucleotideos, uma ecto-ATP difosfoidrolase € uma ecto-
ATPase.

Neste modelo, as alteragdes nas atividades iniciam 48-52h, atingem um pico
maximo 7-9 dias e apresentam alteracGes menos significativas 45-50 dias apos o estado
epiléptico induzido por pilocarpina (Capitulo 4). Sabe-se que durante o periodo
silencioso do modelo, que varia entre 4 a 44 dias, os animais n3o desenvolvem crises
(CAVALHEIRO et al., 1995). O periodo silencioso representa um intervalo de tempo
onde ocorre uma ativa reorganizagdo e brotamento sinapticos. Durante este periodo,
intervengdes terapéuticas podem deter ou redirecionar a reorganiza¢do sinaptica, bem
como prevenir a epileptogénese (CAVALHEIRO, 1995). Isto nos conduz a hipdtese de
que a ativagdo da via das ectonucleotidases pode ser considerada um dos mecanismos
bioquimicos modulados como conseqiiéncia da reorganizagdo sinaptica e plasticidade
caracteristica deste periodo. Entretanto, 100-110 dias apos a indug¢do do estado
epiléptico, quando os animais estdo no periodo cronico do modelo, caracterizado por
crises espontdneas recorrentes, as atividades enzimaticas ndo apresentam mudangas
significativas (Capitulo 4).

Com relagdo ao modelo do 4acido cainico, um aumento nas atividades
ectonucleotidasicas também foi observado. Entretanto, em sinaptossomas de
hipocampo, foi observada uma ativagido mais tardia destas atividades, iniciando-se 7-9

dias e estendendo-se até 45-50 dias apos a inducdo do estado epiléptico. Com relagio a
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este modelo, um novo aspecto deve ser considerado, que é o aumento na hidrdlise do
AMP, 100-110 dias ap6s a indugio do estado epiléptico (Capitulo 4).

As alteragdes transitorias bem como o perfil das mudangas observadas entre os
modelos poderiam ocorrer devido a diferengas no desenvolvimento das alteragdes
comportamentais especificas para cada modelo, que incluem o tempo para a primeira
crise espontanea (1-3 semanas no modelo do acido cainico; 45 dias-100 dias no modelo
da pilocarpina), bem como com relagdo ao numero de animais que desenvolvem
epilepsia crénica (< 50% dos ratos tratados no modelo do acido cainico)
(CAVALHEIRO et al, 1982; CRONIN & DUDEK, 1988; CRONIN et al., 1992). Tais
diferencas também poderiam estar relacionadas a mudangas morfolégicas progressivas e
ao dano neuronal especifico de cada modelo (perda neuronal, gliose, brotamento axonial
e reorganizacdo sinaptica). O modelo da pilocarpina produziu degeneragio neuronal na
regides CA4 e CA3 do hipocampo dorsal, mas a degeneragdo ndo foi observada na
regido CAl (TURSKI et al., 1983). Isto representa uma clara diferenga em relagio ao
modelo do acido cainico, uma vez que a degeneracdo da regido CAl é proeminente em
ratos, 24 horas apos a inje¢do de acido cainico (BEN-ARI, 1985). Isto indica que os
mecanismos hipocampais sdo diferentemente envolvidos nos efeitos convulsivantes
induzidos por acido cainico e pilocarpina (TURSKI et al., 1983). Também devem ser
consideradas as caracteristicas farmacoldgicas de cada modelo. Ambos os modelos
induzem ao dano neuronal devido a um efeito citotoxico, envolvendo receptores
glutamatérgicos e o influxo de calcio (AVANZINI et al., 1997). Entretanto, no modelo
da pilocarpina, a estimulagdo excessiva dos receptores colinérgicos muscarinicos
conduz ao inicio da atividade convulsiva no sistema limbico, estado epiléptico e dano
neuronal (CAVALHEIRO, 1995). Ja no modelo do 4cido cainico, o inicio da atividade

convulsiva ¢ atribuido a seu efeito direto em receptores para aminoacidos excitatorios
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no hipocampo, devido a alta concentragdo de receptores de acido cainico nesta regiao
(BEN-ARI, 1985; AVANZINI et al., 1997).

Apesar destes modelos induzirem ao dano neuronal e brotamento de fibras
musgosas no hipocampo, as diferengas comportamentais, histopatologicas e
farmacologicas especificas de cada modelo podem ter colaborado para as diferencgas
temporais observadas nas atividades ectonucleotidasicas. Portanto, nosso estudo
demonstra que altera¢Ges bioquimicas, como diferengas temporais no metabolismo de
nucleotideos extracelulares, também podem ser observadas entre os modelos analisados.

Embora nosso estudo ndo permita estabelecer uma correlagdo entre as alteragoes
nas atividades ectonucleotidasicas e extensdo dos brotamentos de fibras musgosas
induzidas pelos modelos, n6és também nfio podemos descartar completamente esta
possibilidade. Ap6s uma lesdo, a 5’-nucleotidase ¢ detectada ndo somente em microglia
ou astrocitos, mas € transitoriamente presente nas sinapses que estdo relacionadas a
respostas de brotamento regenerativo e sinaptogénese (SCHOEN & KREUTZBERG,
1994). Recentemente, um estudo de SCHOEN et al. (1999) mostrou que a 5'-
nucleotidase esta presente nas sinapses de fibras musgosas na camada molecular interna
do giro denteado de ratos apos tratamento com acido cainico ou kindling, sendo menos
detectada no grupo controle. Neste estudo, os autores propde que a S'-nucleotidase esta
associada a ax6nios capazes de produzir respostas plasticas em hipocampo de ratos
normais e epilépticos. A expressdo de 5-nucleotidase em membranas sinapticas de
brotamentos de fibras musgosas poderia ser uma resposta de adaptacdo do hipocampo
de animais epilépticos a esta condi¢do (SHOEN et al., 1999).

Analisando nossos resultados, € possivel especular que a ativagdo da via das
ectonucleotidases também poderia comresponder a uma resposta de adaptagdo do

hipocampo e cortex cerebral. Tal adaptacdo poderia contribuir para a remog¢ao eficiente
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de ATP, um neurotransmissor excitatorio, e aumentar a producdio de adenosina, um
composto neuromodulador. O ATP extracelular também tem sido proposto como um
composto citotoxico. Se o ATP ¢ liberado e em quantidades grandes e por um periodo
de tempo prolongado, ele pode causar um acimulo de célcio intracelular mediado pela
ativacdo de receptores P2X, o que poderia ser tdo prejudicial quanto aquele induzido
pelo excesso de glutamato (EDWARDS et al.,, 1992; BRAUN et al.,, 1998). Portanto,
uma ativacdo das ectonucleotidases poderia neutralizar este efeito.

Além disso, um dos principais fatores de sobrevivéncia neuronal € um
reabastecimento eficiente dos estoques de ATP depletados. Uma hidrolise eficiente de
ATP até adenosina poderia fornecer o nucleosideo que, apds sua recaptagdo por um
sistema de transporte bidirecional, poderia ser utilizado para a sintese de nucleotideos
(BRAUN et al., 1998). Existe uma série de trabalhos que discutem o papel
neuroprotetor da adenosina extracelular em diminuir a liberagio de aminoacidos
citotéxicos ou como uma agente vasodilatador (BRUNDEGE & DUNWIDDIE, 1997).

A adenosina poderia agir como neuroprotetor por inibir a liberagdo de uma
variedade de neurotransmissores, tais como glutamato, acetilcolina, noradrenalina e
dopamina, um efeito mediado pela ativagdo de receptores A; (BRUNDEGE &
DUNWIDDIE, 1997; DI ORIO et al, 1998). Recentemente, foi demonstrado que a
administra¢do intra-hipocampal de agonistas de receptor A; € Aza ndo protegeu o dano
neuronal produzido por cainato (JONES et al.,1998). Estes autores propde que os niveis
de adenosina poderiam aumentar significativamente como resultado da excitoxicidade
induzida pelo cainato, de forma que a ativagdo de receptores A, de baixa afinidade
para adenosina, poderia prejudicar a fung@o neuroprotetora do receptor A;. Portanto,
uma outra possibilidade que ndo pode ser descartada é o fato de que a ativa¢do das

ectonucleotidases poderia contribuir para um aumento significativo nos niveis de
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neuroprotetor dos receptores A;. Desta forma, o aumento das atividades
ectonucleotidasicas poderia ser uma alteragdo bioquimica caracteristica da plasticidade
desenvolvida por cada modelo, contribuindo para as mudancas morfologicas e
comportamentais observadas apds a indugdo do estado epiléptico.

Portanto, nossos resultados nos conduzem a pensar em dois papéis para estas
atividades ectonucleotidasicas que, apesar de contraditorios, ndo podem deixar de ser
considerados. Nossos resultados podem sugerir um papel neuroprotetor para estas
atividades, no sentido de aumentar a degradagdo de ATP, um neurotransmissor
excitatorio. Entretanto, o aumento destas atividades enzimatica poderia desempenhar
um papel prejudicial, pois ao aumentar substancialmente os niveis de adenosina,
ocorreria a ativagdo dos receptores Aza de baixa afinidade, prejudicando o efeito
neuroprotetor mediado pelos receptores A;. Estudos posteriores com a quantificagdo dos
niveis de adenosina nos diferentes modelos e periodos de tempo apos a indugdo do
estado epiléptico contribuirdo para compreensdo do papel desempenhado por esta cadeia
enzimatica.

Tem sido demonstrado que a adenosina e seus analogos tem efeitos anti-
convulsivantes em varios modelos de epilepsia, incluindo o modelo de kindling. No
capitulo 5, nossos resultados demonstraram um aumento na hidrolise de ATP em
sinaptossomas de hipocampo e de cortex cerebral de ratos que desenvolveram crises
menos severas em resposta ao kindling (estagio de kindling < 3, segundo RACINE,
1972). Entretanto, animais com crises mais severas (estagio de kindling >3, segundo
RACINE, 1972) ndo apresentaram alteragdes significativas nas atividades

ectonucleotidasicas (Capitulo 5). Estes resultados sugerem a participa¢do de uma ecto-
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ATPase, desde que essas alteracdes foram observadas somente com relagdo & hidrolise
de ATP (ZIMMERMANN, 1999).

O aumento na hidrolise de ATP por uma ecto-ATPase pode produzir um
aumento nos niveis de ADP, o qual por efeito estequiométrico, pode aumentar a
atividade das enzimas ATP difosfoidrolase e 5’-nucleotidase. Desta forma, a ativagdo da
ecto-ATPase, a primeira enzima na via de degradacio de ATP até adenosina, poderia
contribuir para um aumento do ultimo metabolito, o neuromodulador adenosina.

Estas alteragOes parecem estar relacionadas a plasticidade sinéptica cronica e de
longa duragdo induzida pelo modelo de kindling, desde que tais mudangas ndo foram
observadas apos a inducdo de crises agudas, as quais foram incapazes de ativar estes
mecanismos. De qualquer forma, parece existir uma relagdo entre intensidade de crise
induzida pelo kindling e hidrolise de ATP. E possivel especular que animais mais
resistentes ao kindling apresentam a hidrolise de ATP aumentada, no sentido de
remover este neurotransmissor excitatorio. Enquanto que, animais com crises mais
severas €, portanto, mais suscetiveis ao kindling, ndo apresentaram tal alteracdo. Esta
diferenca pode estar relacionada com a plasticidade especifica desencadeada pelo
modelo ou a caracteristicas inerentes dos animais utilizados.

Estudos tém demonstrado que crises convulsivas Unicas e repetidas induzidas
por pentilenetetrazol estdo associadas a um aumento significativo no ntumero total de
receptores A; (ANGELATOU et al,, 1990). Além disso, a afinidade de receptores A,
esta aumentada apos indugiio de kindling por estimulagdo elétrica (SIMONATO et al.,
1994). Portanto, uma aumento nos niveis de adenosina associado a um aumento no
nimero de receptores A; poderia representar uma resposta fisiologica compensatéria, no
sentido de prevenir a excitabilidade celular e manter a homeostase neuronal (DAVAL &

WERCK, 1993). Nossos resultados sugerem que mudangas nas atividades
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ectonucleotidasicas podem representar um dos mecanismos envolvidos no controle do
desenvolvimento da atividade convulsiva.

O mecanismo de modulagio das ectonucleotidases apos a inducdo dos diferentes
modelos animais de epilepsia permanece a ser elucidado. Como discutido
anteriormente, nos experimentos com a tarefa de memoria, a fosforilagdo poderia estar
envolvida em tal regulagdo. Entretanto, nos resultados relacionados a epilepsia, como as
altera¢Ges foram mais tardias (apos 48-52h) e bastante prolongadas (até 45-50 dias ou
100-110 dias), € possivel sugerir uma alteraco na sintese da enzima nestas condig¢Ges.

A presente demonstragio de que as ectonucleotidases apresentam suas
atividades diferentemente alteradas apés a aquisi¢do de uma tarefa de memoria ou apds
a inducdo de diferentes modelos de epilepsia, viabiliza a sugestdo de que estas enzimas
possam atuar na regulacio da atividade sinaptica, no sentido de controlar os niveis de
ATP e adenosina, de acordo com o tipo de plasticidade sinaptica desenvolvida, seja em
condigdes fisiologica ou patologicas.

Certamente, estudos futuros contribuirdo significativamente para a identificagio
do mecanismo de modulagdo destas enzimas em diferentes condigdes, bem como para

aumentar nossa compreensao sobre seu papel funcional na plasticidade sinaptica.



IV. CONCLUSOES GERAIS

Os resultados apresentados neste trabalho nos permitem observar que as
ectonucleotidases apresentam suas atividades diferentemente alteradas em condigdes
fisiologicas e patologicas, como na memoéria e na epilepsia. A inibigdo das
ectonucleotidases apos a aquisicio de uma tarefa de memoria, ou a ativagdo destas
atividades enzimaticas apos a indug@o de epilepsia por diferentes modelos, sugere que
estas enzimas podem atuar na regulacdo da atividade sinaptica, controlando os niveis
extracelulares de ATP e adenosina, de acordo com a plasticidade desenvolvida.

Portanto, nosso resultados nos permitem apresentar as seguintes conclusdes:

1.A sessdo de treino da tarefa de esquiva inibitoria produziu uma inibigdo significativa
na atividade da ATP difosfoidrolase e 5’-nucleotidase em sinaptossomas de hipocampo
de ratos sacrificados imediatamente apds o treino. Foi observada uma inibicdo
significativa somente para a hidrolise de ATP 30 minutos apos treino, ndo ocorrendo
alteragGes significativas com relacio a hidrolise de ADP. A atividade da ATP
difosfoidrolase também apresenta-se inibida 180 minutos apoés o treino em

sinaptossomas hipocampais, sugerindo que esta enzima pode estar envolvida na

.....

2. Apo6s a sessdo de teste da tarefa de esquiva inibitéria, ndo foram observadas
alteracGes significativas, sugerindo que a modulagcio da ATP difosfoidrolase e 5°-
nucleotidase € importante para os mecanismos de aquisi¢do da memoéria, mas n3o tem

efeito na evocagio.



116

3. A ATP difosfoidrolase apresentou uma inibicdo significativa em sinaptossomas de
cortex entorrinal de ratos sacrificados imediatamente apés treino. N3o houve mudancas
significativas nas atividades ectonucleotidasicas em sinaptossomas de cortex parietal.
Portanto, uma agdo integrada das ectonucleotidases de hipocampo e cortex entorrinal

parece ser um dos eventos bioquimicos envolvidos nas fases de aquisicdo e

consolidagio da meméria.

4. A suramina, um antagonista de receptores P2 e NMDA e um inibidor de
ectonucleotidases de diversas fontes, inibiu a atividade apirasica em sinaptossomas
hipocampais de ratos em uma forma concentracdo-dependente. A cinética de interagio
da suramina com a atividade apirasica demonstrou uma inibicdo do tipo nio-
competitivo, com valores de Ki de 72.8uM para ATP e 109uM para ADP. Apesar de
seus efeitos facilitatorios sobre a LTP, a suramina prejudicou a reten¢do de uma tarefa

de esquiva inibitoria apés infusdo intra-hipocampal, de uma forma dose-dependente.

5. O estado epiléptico induzido por pilocarpina aumentou significativamente as
atividades da ATP difosfoidrolase e 5’-nucleotidase em sinaptossomas de hipocampo de
Tatos sacrificados 48-52 horas, 7-9 dias e 45-50 dias apds sua indugio.

6. Em sinaptossomas de cortex cerebral, a ATP difosfoidrolase apresenta-se aumentada
48-52h apds a indugdo do estado epiléptico pela administragdo de pilocarpina, mas
somente a hidrolise do ADP permaneceu aumentada 7-9 dias apos o evento. A atividade
da 5’-nucleotidase apresentou ativagdo maxima 7-9 dias, permanecendo alterada 45-50
dias ap6s o estado epiléptico induzido por pilocarpina. Ndo houve alteragdes nos grupos

testados 24-28 horas e 100-110 dias apos a indugio do modelo.
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7. O modelo do acido cainico aumentou a atividade da ATP difosfoidrolase e 5°-
nucleotidase em sinaptossomas de hipocampo de ratos sacrificados 7-9 dias e 45-50 dias
apés o estado epiléptico. Somente a atividade da 5’-nucleotidase permaneceu

aumentada 100-110 dias apds a indug@o do modelo.

8. Em sinaptossomas de cortex cerebral, o modelo do acido cainico aumentou a
atividade da ATP difosfoidrolase nos grupos analisados 48-52h, 7-9 dias e 45-50 dias
apOs a indugio do estado epiléptico. A atividade da 5’-nucleotidase apresentou-se
aumentada 45-50 dias e 100-110 dias apds a indugdo do modelo. Nossos resultados
sugerem que o estado epiléptico induzido por pilocarpina e acido cainico pode induzir
alteragGes tardias e prolongadas nas atividades ectonucleotidasicas. Tais alteracGes
podem desempenhar um papel modulatério durante a evolugio das mudangas

comportamentais e patofisiolégicas induzidas pelo estado epiléptico.

9. Os animais com maior resisténcia ao desenvolvimento do kindling apresentaram um
aumento significativo na hidrolise do ATP em sinaptossomas de hipocampo e cortex
cerebral. Estes resultados sugerem a participagdo de uma ecto-ATPase, pois a
dissociacdo observada nos efeitos de ATP e ADP pode ser devido a presenca simultinea
de uma ATP difosfoidrolase € uma ecto-ATPase. Os animais que desenvolveram crises
mais severas no modelo de kindling ndo apresentaram mudangas significativas nas

ectonucleotidases em sinaptossomas de hipocampo e cortex cerebral.
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10. As crises agudas induzidas pela administracdo de uma dose unica de PTZ ndo
produziram alteracGes nas atividades ectonucleotidasicas de sinaptossomas de

hipocampo e cortex cerebral de ratos em nenhum dos periodos de tempo analisados (0

min, 1 hora, 24 horas, 5 dias) apos a indug@o da crise.
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