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RESUMO

O nosso laboratdrio tem demonstrado que plaquetas de ratos expressam uma ecto-
enzima denominada ATP difosfoidrolase (EC 3.6.1.5) que hidrolisa ATP e ADP até AMP. Um
possivel papel fisiolégico para esta enzima seria a participacdo em uma cadeia enzimatica
juntamente com uma 5’-nuclectidase (EC 3.1.3.5) para a hidrolise completa do ATP até
adenosina na circulagdo. Assim, a ATP difosfoidrolase hidrolisa ATP e ADP até AMP e a 5-
nucleotidase hidrolisa AMP até adenosina. Enquanto que o ATP e o ADP s&o descritos como
nucleotideos ativos nos vasos sanguineos, sendo que o ADP é um fator de agregagdo
plaquetaria; a adenosina é um vasodilatador e inibidor da formacdo de microtrombos.
Considerando que a ATP difosfoidrolase e a 5'-nucleotidase s&o importantes para a degradag&o
de ATP, ADP e AMP e, possivelmente, para a formacdo de adenosina, a alteragfdo destas
atividades enzimaticas pode representar um fator que contribui para a injuria vascular em
mecanismos patoldgicos associados aos radicais livres. N6s demonstramos o efeito in vitro de
radicais livres nas atividades da ATP difosfoidrolase e da 5-nucleotidase de piaquetas de ratos.
As plaquetas foram expostas a um sistema que forma radicais livres sendo que estas enzimas
foram inibidas. A inibicdo enzimatica ndo aconteceu quando adicionamos glutationa (GSH) e
cisteina no meio de incubagao. Os resultados indicam que tiis plasmaticos de peso molecular
baixo s&8o importantes para a defesa contra a injuria causada pelos radicais livres sobre estas
enzimas. Como a nossa proposta é que a ATP difosfoidrolase e a 5'-nucleotidase regulam a
concentragdo de nucleotideos no microambiente plaquetario, a nossa hipotese é que ©
metabolismo de nucleotideos e, consequentemente, a formag@o de adenosina por estas
enzimas podem ser alterados por radicais livres levando a formagéo de microtrombos cardiacos
e cerebrais em doengas vasculares como a isquemia. Estudos tém mostrado que pacientes com
doenga cerebrovascular isquémica apresentam formacdo de microtrombos periféricos. Além
disso, a isquemia cerebral causa a morte de neurdnios vuineraveis devido a excitoxicidade e ao
estresse oxidativo, sendo que esta injuria é limitada quando o fenémeno de pré-
condicionamento isquémico é induzido. Muitos estudos tém sugerido que ha a prote¢éo contra a
injuria neuronal apds o pré-condicionamento porque um episédio de isquemia breve induz
tolerdncia a episédios isquémicos mais longos. Como o efeito protetor pelo pré-
condicionamento contra a injuria tem sido atribuido & adenosina, é possivel que as enzimas
envolvidas na formagdo deste nucleosideo no sistema nervoso e na circulagéo participem deste
fendémeno como moduladores. A atividade de uma ATP difosfoidrolase de sinaptossomas de
hipocampo de ratos tolerantes a isquemia cerebral foi demonstrada no nosso laboratério. No
presente trabalho, nés investigamos a hipbtese de que a isquemia cerebral transitéria e o pré-
condicionamento podem alterar o metabolismo de nucleotideos na circulac@o periférica. Assim,
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os efeitos da isquemia cerebral, da reperfusdo e do pré-condicionamento foram estudados nas
atividades da ATP difosfoidrolase e da 5-nucleotidase de plaquetas de ratos. Ratos adultos
foram submetidos a um unico episddio isquémico (2 ou 10 min), ou a um episddio isquémico
duplo (pré-condicionamento isquémico = 2+10 min) pelo método de oclusdo dos quatro vasos.
Ratos néo pré-condicionados e pré-condicionados também foram submetidos a reperfuséo. Os
episodios isquémicos de 2 ou 10 min inibiram a hidrélise do ATP e do ADP pela ATP
difosfoidroiase de plaquetas. Por outro lado, a hidrélise do AMP pela 5'-nucleotidase aumentou
depois de 2 min de isquemia, enquanto que com o episédio isquémico de 10 min ndo houve
efeito. O pré-condicionamento isquémico ativou ambas as enzimas. Os efeitos da reperfusdo
foram diferentes para cada grupo experimental. As atividades enzimaticas retornaram aos niveis
do controle no grupo que foi submetido a 2 min de isquemia e reperfuséo. A atividade da ATP
difosfoidrolase permaneceu inibida até 30 dias de reperfuséo apds 10 min de isquemia.
Sessenta minutos e 1 dia de reperfusdo apds 10 min de isquemia inibiu a atividade da 5'-
nucleotidase. Por outro lado, a enzima foi ativada apds 10 min de isquemia seguidos de 2 e 5
dias de reperfusdo, mas retornou aos niveis do controle depois de 10 e 30 dias. O pré-
condicionamento isquémico cancelou os efeitos dos 10 min de isquemia e da reperfus&o sobre
as atividades enzimdticas. Os resultados indicam que a isquemia cerebral e a reperfusdo
alteram a degradacéo de ATP, ADP e AMP por plaquetas e, provavelmente, a formagao de
adenosina na circulacdo. Além disso, o pré-condicionamento isquémico ativa as enzimas
levando a um possivel aumento na degradagdo de ADP e formagdo de adenosina, € na
consequente regulacdo da formagao de microtrombos e do fornecimento de oxigénio ao tecido
vascular. Embora a isquemia cerebral cause efeitos periféricos, ainda nao foi definido se um
provavel estresse oxidativo estéa relacionado a estes efeitos. Entretanto, a ativagdo plaquetaria
na doenga cardiaca isquémica parece estar relacionada ao estresse oxidativo. No nosso estudo,
sugerimos que a isquemia cerebral e a reperfusdo podem causar, juntamente com o estresse
oxidativo cerebral e a morte celular, um estresse oxidativo periférico que provavelmente esta
relacionado as alteragbes enzimaticas e a formagdo de microtrombos. Entdo, o nosso objetivo
foi também estabelecer uma relagdo entre o pré-condicionamento isquémico cerebral e uma
possivel protegdo contra o estresse oxidativo periférico. Para avaliar esta possivel relacéo, nés
analisamos a emissdo de quimicluminescéncia iniciada por fert-butil hidroperéxido e o conteudo
de tidis, como medidas do estresse oxidativo periférico, no plasma de ratos ndo pré-
condicionados e pré-condicionados submetidos & isquemia cerebral produzida
pelo método de ocluséo dos quatro vasos. Os resuitados mostram que 2 e 10 min de isquemia
causam um aumento da quimioluminescéncia plasmatica quando comparada aos ratos controle.
No grupo que foi submetido a 2 min de isquemia, o efeito ndo permaneceu apds a reperfuséo.
No grupo que foi submetido a 10 min de isquemia, o aumento permaneceu até 1 dia depois da

reperfusdo sendo que os valores retornaram acs niveis do controle apds 2 dias. Entretanio, a
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quimioluminescéncia plasmatica de ratos pré-condicionados a isquemia (2+10 min) e a
reperfusé@o nao foi diferente quando comparada ao controle. Quando nés analisamos os tiois,
houve uma diminuigdo do conteudo de tidis plasmaticos depois de 2, 10 min e 2+10 min de
isquemia seguidos da reperfusdo. Assim, a isquemia causa, juntamente com o estresse
oxidativo cerebral e a morte celular, um estresse oxidativo periférico. Os ratos protegidos pelo
pré-condicionamento contra a morte neuronal ndo apresentaram um aumento da
quimioluminescéncia plasmatica causado pela isquemia cerebral. Além disso, a diminuigdo de
tidis plasmaticos em todos os grupos que foram submetidos a reperfusdo indica que estes
podem ser utilizados como antioxidantes. Concluindo, parece que as alteragbes nas atividades
da ATP difosfoidrolase e da 5'-nucleotidase de plaquetas de ratos podem estar relacionadas a
mecanismos patologicos associados aos radicais livres como a isquemia cerebral e a

reperfuséo.



ABSTRACT

‘ Reports from our laboratory have shown that rat bicod platelets contain an ecto-enzyme
denominated ATP diphosphohydrolase (EC 3.6.1.5) that hydrolyzes ATP and ADP to AMP. The
possible physiological role for this enzyme is o participate in an "enzyme chain” together with a
5'-nucleotidase (EC 3.1.3.5) for the complete hydrolysis of ATP to adenosine in the biloodstream.
Thus, ATP diphosphohydrolase activity hydrolyzes ATP and ADP to AMP and 5-nucleotidase
hydrolyzes AMP to adenosine. Whereas ATP and ADP are known to be vasoactive and platelet
active nucleotides, respectively, adenosine is described as a vasodilator and inhibitor of platelet
aggregation. Considering that ATP diphosphohydrolase and 5'-nucleotidase are important in
ATP, ADP and AMP degradation and, possibly, for adenosine generation, we have suggested
that the alteration of these enzymatic activities may represent a factor contributing to vascular
injury in pathologic free radical mechanisms. We have demonstrated the in vitro effects of free
radicals on ATP. diphosphohydrolase and 5'-nucleotidase activities from rat blood platelets.
Platelets were exposed to an oxidant-generating system and these enzymes were inhibited.
Enzymatic inhibition was prevented by glutathione (GSH) and cysteine. The results may indicate
that reduced low-molecular-weight thiols from plasma are important for the defense against the
oxidant injury by free radicals on the enzymes. Since we have proposed that ATP
diphosphohydrolase and 5-nucleotidase activities regulate the nucleotide concentration in the
platelet microenvironment, our hypothesis is that the nucleotide metabolism and, consequently,
adenosine generation by these enzymes may be affected by free radicals leading to facilitation
of cardiac or cerebral microthrombus formation in vascular diseases such as ischemia. Studies
have shown that patients with ischemic cerebrovascular disease present peripheral
microthrombus formation. It is also known that brain ischemia causes death of vulnerable
neurons due to excitotoxic-triggered oxidative stress, but such injury is markedly limited when an
ischemic preconditioning phenomenon is induced. Several studies have suggested that

protection against neuronal injury after preconditioning occurs because a brief episode of

ischemia induces tolerance to longer ischemic episodes. Since it has been postulated that the
injury-limiting effect of preconditioning can be attributable to adenosine, it is possible that
enzymes involved in the production of adenosine in the nervous system and in the circulation
should participate or modulate such phenomenon. The activity of synaptosomal ATP
diphosphohydrolase from the hippocampus of rats tolerant to brain ischemia has been
demonstrated. In the present study, we examined the hypothesis that transient brain ischemia
and preconditioning may aiter nucleotide peripheral metabolism.Thus, the effects of brain
ischemia, reperfusion and preconditioning on rat blood platelet ATP diphosphohydrolase and 5’
nucleotidase activities were evaluated. Adult rats were submitted to single ischemic episodes (2



or 10 min), or to a double ischemic episode (ischemic preconditioning - 2+10 min) by the four-
vessel occlusion method. Naive and preconditioned rats were also reperfused. Single ischemic
episodes inhibited ATP and ADP hydrolysis by platelet ATP diphosphohydrolase. On the other
hand, AMP hydrolysis by 5-nucleotidase was increased after 2 min ischemia, whereas the 10
min ischemic event had no effect. Ischemic preconditioning caused activation of both enzymes.
The effects of reperfusion were distinct for each experimental group. Enzyme activities returned
to control levels in the 2 min ischemic group. The decrease in ATP diphosphohydrolase activity
was maintained up to 30 days of reperfusion after 10 min ischemia. Sixty min and 1 day of
reperfusion after 10 min ischemia inhibited 5-nucleotidase activity. On the other hand, the
enzyme activity was activated after 10 min ischemia foliowed by 2 and 5 days of reperfusion, but
returned to control levels after 10 and 30 days. Interestingly, ischemic preconditioning cancelied
the effects of 10 min ischemia and reperfusion on the enzymatic activities. The results indicate
that brain ischemia alter ATP, ADP and AMP degradation from platelets and probably the
generation of adenosine in the circulation. Furthermore, ischemic preconditioning activates the
enzymes leading to a possible increase in ADP degradation and adenosine formation, and the
consequent regulation of microthrombus formation and vascular tissue oxygen supply. Although
it has been shown that brain ischemia induces peripheral effects, it has not been defined if a
probabile oxidative stress is related to these effects. However, it has been suggested that in
ischemic heart disease platelet activation is related to oxidative stress. In our study, we have
suggested that cerebral ischemia and reperfusion may cause, along with brain oxidative stress
and cell death, a peripheral oxidative stress that probably is related to enzymatic alterations and
microthrombus formation. Thus, our objective was also to establish a relationship between brain
ischemic preconditioning and a possible protection against the state of peripheral oxidative
stress. To evaluate this possibie relationship, we measured the fert-butyl hydroperoxide-initiated
chemiluminescence emission and thiol content, as measures of peripheral oxidative stress, in
plasma of naive and preconditioned rats submitted to brain ischemia produced by the 4-vessel
occlusion method. Results show that both 2 and 10 min of ischemia cause an increase of
plasma chemiluminescence when compared to control rats. In the 2 min ischemic group, the
effect was not present after reperfusion. In the 10 min ischemic group, the increase was present
up to 1 day after recirculation and values returned to control levels after 2 days. However, rats
preconditioned to ischemia (2+10 min) and reperfusion showed no differences in plasma
chemiluminescence when compared to controls. When we analyzed thiols, there was a
decrease of plasma thiol content after 2, 10 min and 2+10 min of ischemia followed by
reperfusion when compared to controls. Thus, ischemia causes, along with brain oxidative stress
and cell death, a peripheral oxidative stress. Rats protected against neuronal death by
preconditioning do not exhibit ischemia-induced increases in plasma chemiluminescence.
Furthermore, the decrease in thiol content in all reperfused groups indicates its antioxidant



capacity. In conclusion, it seems that changes in ATP diphosphohydrolase and 5-nucleotidase
activities from rat blood platelets may be related to pathologic free radical mechanisms such as
cerebral ischemia-reperfusion.
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I. INTRODUGAO

1.1 ATP difosfoidrolase (apirase, EC 3.6.1.5).

A denominagdo ATP difosfoidrolase (apirase) surgiu na literatura cientifica em
1945, quando MEYERHOF descreveu as enzimas capazes de remover dois fosfatos
labeis do ATP e um do ADP sendo AMP o produto final da reagéo. A partir de 1945, e
principalmente na Ultima década, varias ATP difosfoidrolases foram descritas em
diferentes tipos de células sugerindo um papel importante no metabolismo celular.
Estudos sobre a localizacéo e 0 mecanismo de catalise das ATP difosfoidrolases, bem
como sobre as fungdes do ATP, ADP e AMP no metaboli_smo, indicam o envolvimento
da enzima na regulagdo dos niveis de nucleotideos nas células e tecidos
[KOMOSZYNSKI, 1994].

Além da atividade de hidrélise do ATP e do ADP, uma caracteristica exclusiva
das ATP difosfoidrolases é a de hidrolisar outros nucleosideos di- e trifosfatados, o que
as diferencia das ATPases que somente tem afinidade para hidrolisar o ATP
[KOMOSZYNSKI & WOJTCZAK, 1996]. Sendo assim, a capacidade de hidrolisar
nucleosideos di- e trifosfatados também sugere que provaveimente as ATP
difosfoidrolases participem em diversos mecanismos.

Varios papéis fisioldégicos tém sido propostos para as ATP difosfoidrolases
dependendo da localizagdo da atividade em diferentes organismos e tecidos, e sempre
associado ao catabolismo intra- ou extracelular de nucleotideos. Esta enzima esta bem
estudada em vegetais [TRAVERSO-CORI et alii, 1965; TOGNOLI & MARRE, 1981;
VALENZUELA et alii, 1989; KETTLUN et alii, 1992]. Em vegetais, o papel fisiolégico ndo
esta estabelecido e os estudos realizados restringem-se as caracteristicas cinéticas da

enzima, embora alguns autores tenham proposto sua participacdo no metabolismo



celular. Em batatas, as evidéncias apontam para um possivel papel “anti-alimentador”
para a enzima uma vez que o ATP, se disponivel, deve servir como fagoestimulante
para diversos insetos [RIBEIRO et alii, 1984].

Os invertebrados também apresentam a ATP difosfoidrolase. Um papel anti-
trombético foi proposto para a ATP difosfoidrolase presente na saliva de insetos
hematdfagos [RIBEIRO & GARCIA, 1980]. A enzima da saliva de inseto hidrolisa 6 ADP
do sangue do hospedeiro retirando o nucleotideo capaz de induzir agregacéo
plaquetéria, e assim favorece a alimentac&o do inseto [SARKIS et alii, 1986; RIBEIRO
et alii, 1989; RIBEIRO et alii, 1990; RIBEIRO et alii, 1991]. Na superficie externa do
tegumento de Schistossoma mansoni também foi descrita a ATP difosfoidrolase que
provavelmente tem uma funcdo anti-hemostatica [VASCONCELLOS et alii, 1993;
VASCONCELLOS et alii, 1996].

ATP difosfoidrolases também tém sido descritas em membranas celulares de
diferentes espécies de mamiferos, incluindo células de tecidos normais e tumorais [LE
BEL et alii, 1980; KNOWLES et alii, 1983; YAGI et alii, 1989; YAGI et alii, 1991; PIEBER
et alii, 1991; YAGI et ali, 1992; VALENZUELA et alii, 1992; PICHER et alii, 1993;
~KETTLUN et alii, 1994; KACZMAREK et alii, 1996; SEVIGNY et alii, 1997]. Com o
trabatho de PIEBER et alii [1991], o papel anti-trombético dessa enzima também foi
demonstrado em mamiferos. A ATP difosfoidrolase de homogenato e fracdo
microssomal de tecido da placenta de rato foi descrita como sendo capaz de inibir a
agregacao plaquetaria quando hidrolisa o ADP [PIEBER et alii, 1991]. Além disso, a
partir do trabalho de YAGI et alii [1992] foi sugerido uma possivel participacdo da
enzima na transducao de sinal através da adesdo célula-céluia.

Nos ultimos dez anos a enzima tem sido muito estudada em nosso laboratério.

Os primeiros estudos foram realizados em sistema nervoso central (SNC) de ratos.



Posteriormente, alguns trabalhos foram feitos com o objetivo de identificar ATP
difosfoidrolases no sistema cardiovascular de ratos. Em SNC, uma ATP difosfoidrolase
foi caracterizada em sinaptossomas de hipotalamo de ratos [SCHADECK et alii, 1989].
Em 1991, BATTASTINI et ali identificaram essa atividade enzimética em fracdo
sinaptossomal de cértex cerebral de ratos adultos. Recentemente, a ATP difosfoidrolase
foi caracterizada e solubilizada a partir de membrana plasmatica sinaptica de ratos
[BATTASTINI et alii, 1995]. Com relagdo ao sistema cardiovascular, outros trabalhos de
caracterizacdo foram realizados em nosso laboratdério. Foi descrita uma ATP
difosfoidrolase em plaquetas intactas de ratos [FRASSETTO et alii, 1993] e de humanos
[PILLA et alii, 1996] bem como em sarcolema cardiaco de ratos [OLIVEIRA et ali,
1997].

Além de estudos de caracterizagdo e localizagdo da enzima em diferentes
tecidos, a atividade da ATP difosfoidrolase frente a diferentes situagdes fisiolégicas ou
patolégicas também tem sido estudada. Em sistema nervoso, foi realizado um estudo
ontogenético em cértex cerebral de ratos [MULLER et alii, 1993]. Também foi descrito o
efeito da desnutricio em sinaptossomas de coértex cerebral de ratos [ROCHA et alii,
1990b] bem como o efeito da clorpromazina em sinaptossomas de nicleo caudado de
ratos [ROCHA et alii, 19902a]. Além disso, o efeito da fenilalanina e seus metabdlitos foi
estudado em sinaptossomas de cértex cerebral de ratos [WYSE et alii, 1994], bem
como o efeito de metais pesados como cloreto de merctrio [OLIVEIRA et alii, 1994],
acetato de cadmio [BARCELLOS et alii, 1994] e cloreto de aluminio [SCHETINGER et
alii, 1995]. SCHETINGER et alii [1994] ainda estudaram a atividade da enzima em
hipocampo de ratos pré-condicionados a isquemia cerebral. Em 1996, demonstrou-se
que a atividade da ATP difosfoidrolase de membrana plasmatica sinaptica é sensivel a

peroxidacéo lipidica e que a vitamina E tem um efeito protetor evitando este processo e,



consequentemente, a inibicdo da enzima [VIETTA et alii, 1996]. BONAN et alii [1997]
mostraram o efeito do 9-amino-1,2,3,4-tetrahydroacridine (THA) sobre a atividade da
ATP difosfoidrolase de sinaptossomas de ratos. Em plaquetas, foi descrito que a
enzivma € inibida e sua cinética alterada por ATP e ADP livres, ou seja, nas formas nao
complexadas com calcio [FRASSETTO et alii,1995]. Além disso, a ATP difosfoidrolase
de plaquetas também ¢ inibida por radicais livres enquanto que a glutationa e a cisteina
protegem sua atividade [FRASSETTO et alii, 1997] (Capitulo 1 da tese).

Um das possiveis func¢des fisiolégicas propostas pelo nosso grupo para a ATP
difosfoidrolase é a sua participagédo, juntamente com a 5'-nucleotidase (EC 3.1.3.5), em
uma cadeia enzimatica para a hidrélise completa do ATP até adenosina. Assim, a ATP
difosfoidrolase hidrolisa ATP e ADP até AMP e a 5-nucleotidase hidrolisa AMP até
adenosina. A cadeia enzimatica esta representada na figura I-1. Em sistema nervoso, a
cadeia enzimatica tem a funcéo de hidrolisar o ATP, uma molécula neurotransmissora
[EVANS et alii, 1992], e assim pode contribuir para a formacdo de adenosina, um
neuromodulador [WILLIANS, 1984]. Considerando o sistema vascular, a ATP
difosfoidrolase é importante porque também hidrolisa o ADP, um agregante plaquetario
[COLMAN, 1990], e assim juntamente com a 5'-nucleotidase pode produzir adenosina,
molécula considerada como um potente inibidor da agregagéao plaquetaria [KITAKAZE
et alii, 1991] e vasodilatador [ENGLER, 1991]. Sendo assim, a nossa proposta é que a
ATP difosfoidrolase de plaquetas, ao hidrolisar o ADP no seu microambiente, participe
do controle da formagéo de microtrombos na circulagcdo evitando a oclusdo de vasos

sanguineos [SARKIS et alii, 1997].
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1.2 ADP extracelular e agregacgao plaquetaria.

~ Estudos datados da década de sessenta mostraram que o ADP era capaz de
induzir a agregacgéo plaquetaria [GAARDER et ali, 1961]. Neste trabalho somente o
ADP e o desoxi-ADP tiveram esse efeito sendo que vinte e dois nucleotideos foram
testados. As reagbes da ativagdo plaquetaria séo‘ desencadeadas pelo ADP
extracelular liberado de plaguetas, eritrécitos ou células endoteliais lesadas e incluem
exposicdo dos sitios de ligagdo para o fibrinogénio, influxo de célcio extracelular e
- mobilizacéo de calcio intracelular, alteragSes em proteinas citoesqueléticas, fosforilagcéo
da cadeia leve da miosina e residuos de tirosina em muitas proteinas bem como
secrecao do contetido de granulos das plaquetas [COLMAN, 1990; HOLMSEN, 1996].

O ADP desempenha dois papéis importantes na ativacéo plaquetaria. Em baixas
concentragdes (0.1 a 0.5 uM) o ADP induz mudanca da forma plaquetéria caracterizada
pela formagéo de pseudopodos, um processo reversivel. Em concentragdes mais altas
(2 a 5 uM), ocorre liberacdo do conteido dos granulos alfa e grénulos densos e
agregacao plaquetaria irreversivel [COLMAN, 1990].

A ativacdo plaquetaria comega com a ligagdo de um agonista extracelular ao
seu respectivo receptor na superficie da plaqueta, mas é o sinergismo de varios
agonistas que realmente determina o grau de agregacéo in vivo. Assim, o resuitado da
interac&o do primeiro agonista com seu receptor é a produgéo de outros agonistas que
amplificam a resposta plagquetaria [HOLMSEN, 1996]. Além do ADP, o fator de
agregacao plaquetaria (PAF), a trombina, o colageno, o tromboxano A, , a serotonina e
a adrenalina também s&o considerados agregantes plaquetarios [HOLMSEN, 1996]. O
ADP como agonista & capaz de induzir a secregdo do contetido dos granulos densos e

granulos alfa. Os granulos alfa contém fatores de coagulagdo (fator V e VIl e



fibrinogénio) e de crescimento (fator de crescimento derivado de plaqueta - PDGF),
proteinas especificas de plaquetas (fator 4 e B-tromboglobulina) e glicoproteinas
(trombospondina e fibronectina). Os granulos densos além de armazenar serotonina,
também tém grandes quantidades de ATP e ADP que estdo presentes em agregados
moleculares os quais mantém o equilibrio osmético. O ADP secretado dos grénulos
densos no meio extracelular pode aumentar ainda mais a resposta estimulatéria

[HOLMSEN, 1996].

1.2.1 Receptores purinérgicos P,y

O receptor P,; pode ser diferenciado de todos os outros receptores purinérgicos
P, porque o ADP é o seu agonista natural enquanto que o ATP & um antagonista
competitivo. Por outro lado, o ATP & um agonista para todos os outros subtipos de
receptores P, (Pax, P2y, Poy e Poz). Além disso, o receptor P, € especifico de plaquetas
e de algumas células leucémicas [MURGO et alii, 1992; MURGO et alii, 1994], ao
contrario de outros receptores P, que s8o expressos em muitos tecidos [GACHET et
alii, 1996].

O ADP induz agregacéo plaquetaria através de um receptor purinérgico P,r.
Entretanto, parece que existem dois tipos de receptores para o ADP em plaquetas. Um
receptor responsavel pela agregacdo plaquetaria e inibicdo da adenilato ciclase, o
receptor P,r, € um segundo receptor responsavel pela mudanca da forma das
plaquetas e influxo de calcio proposto como sendo um P,y [GACHET et alii, 1996;
MACKENZIE et alii, 1996]. As caracteristicas do receptor P,r ainda séo discutidas. Os
receptores purinérgicos P, podem ser acoplados a uma proteina G (P.y € Pyy) ou a
canais idnicos (P,x e Pyz), mas ainda ndo esta claro em quais dessas duas categorias o

receptor P,y participa. Na realidade, parece ter algumas caracteristicas das duas



categorias sugerindo que também ha mais de um tipo de receptor P,y em plaquetas
[HOURANI & HALL, 1994].

A maioria dos agregantes plaquetarios atuam através de receptores acoplados
a uma proteina G para estimular uma fosfolipase C (PLC), com a resuitante ativacéo de
uma proteina kinase C (PKC) via diacilglicerol (DAG) e mobilizacéo de caicio intracelular
via inositol 1,4,5-trifosfato (IP;) [HOURANI & CUSACK, 1991]. Além disso, essas
substancias também causam influxo de célcio [HEEMSKERK & SAGE, 1994]. Muitos
agregantes inibem a adenilato ciclase via uma proteina G;, mas essa inibicao parece
nao ser responsavel pela agregacéo plaquetaria. Entretanto, como a adenosina e a
prostaciclina inibem a agregacéo por estimular a adenilato ciclase, a- inibicdo dessa
enzima por agregantes pode aumentar a agregac¢éo in vivo [HOURANI & CUSACK,
1991]. O ADP e o 2-metiltioADP foram demonstrados como sendo ativadores de uma
proteina G em plaquetas [GACHET et alii, 1992]. Estudos recentes sugerem que esta
proteina G pode ser uma G, responsavel pela inibicdo da adenilato ciclase [OHLMANN
et alii, 1995].

Muitas proteinas que ligam o ADP tém sido propostas como sendo receptores
para este nucleotideo: uma proteina de 100kDa denominada agreguina [COLMAN,
1990] e mais recentemente uma proteina de 43kDa [CRISTALIl & MILLS, 1993]. No
entanto, ndo existem evidéncias de que essas proteinas sejam realmente receptores
para o ADP em plaquetas. Sendo assim, como o proprio receptor P,y ainda nao foi
totaimente caracterizado por técnicas bioquimicas ou de biologia molecular, certamente
um melhor conhecimento da via de ativagdo plaquetaria pelo ADP serd muito

importante para a identificagcdo desse receptor.



1.3 &-nucleotidase (EC 3.1.3.5).

A 5-nuclectidase catalisa a hidrélise de 5-AMP até adenosina e fosfato
inorganico em diferentes tipos de células. Essa enzima é uma glicoproteina [ancorada a
GPI (glicosil-fosfatidilinositol)] intrinseca de membrana plasmatica [ZIMMERMANN,
1992], mas também estd presente em membranas de reticulo endoplasmatico
[MAGNMUSSON et ali, 1974] e em forma solivel no citosol [ORFORD &
SAGGERSON, 1996].

A 5'-nucleotidase de membrana plasmatica é descrita como sendo uma ecto-
enzima que contribui em uma cascata enzimatica para a completa hidrolise do ATP,
ADP e AMP extracelular até adenosina. Assim, essa enzima catalisa a etapa final da
cascata enzimética quando desfosforila o AMP. Por ser uma das enzimas responsaveis
pela produgcdo de adenosina em varios tecidos [NISHIO et alii, 1987; ZIMMERMANN,
1992; ZIMMERMANN et alii, 1993; DARVISH, 1996}, a 5’-nucleotidase possui um papel
fisiolégico importante. A inativagéo extracelular do ATP e do ADP até AMP com a
consequente formacdo de adenosina por uma 5-nucleotidase induzem diferentes
efeitos fisiologicos uma vez que o ATP e o ADP s&o agonistas de receptores
purinérgicos P, [HARDEN et alii, 1995}, enquanto que a adenosina é um agonista de
receptores purinérgicos P, [OLAH & STILES, 1995]. Sendo assim, a degradacéo
desses nucleotideos até adenosina por ecto-enzimas é um mecanismo importante para
o controle dos efeitos fisioldgicos que ocorrem através dos receptores P, e P,. Além
dessa funcdo catalitica, também tem sido atribuido a 5-nucleotidase um papel na
adeséo e no reconhecimento celular por estar associada a componentes de membrana

plasmatica [VOLKNANDT et alii, 1991; ZIMMERMANN, 1992].
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1.4 Adenosina

A adenosina € um nucleosideo com importantes fungdes biolégicas. Desde a
sua identificacdo no miocardio em 1929 [DRURY & SZENT-GYORGY! et alii, 1929],
muitos pesquisadores tém mostrado que este nucleosideo também controla muitos
processos no sistema nervoso além do sistema cardiovascular. Com relacdo ao
sistema nervoso central, a adenosina tem varias agdes quando se liga a receptores
purinérgicos A4: inibicdo da liberagdo de neurotransmissores, inibicdo da transmisséo
sinaptica, supressdo espontidnea da excitacido neuronal [MEGHLI et ali, 1989] e
reducdo no influxo de calcio [DOLPHIN & ARCHER, 1983]. Muitos trabalhos tém
demonstrado que a adenosina possui agdo neurotransmissora e neuromoduladora em

-varias areas do sistema nervoso central de mamiferos [PHILLIPS & WU, 1981]. Sua
capacidade de inibir a liberacéo de neurotransmissores leva a hipétese de a adenosina
tenha como funcdo manter o “ténus inibitdrio” na neurotransmissdo excitatéria
[WILLIANS, 1984] e que também atue como neuromodulador inibitério [DUNWIDDIE,
1980].

Foi demonstrado que os niveis de adenosina cerebrais aumentam quando
diminui a concentracdo de oxigénio disponivel [VAN WYLEN et alii, 1986; PEREZ-
PINZON et alii, 1993] na isquemia [WINN et alii, 1979] e em convulsdes [WINN et alii,
1980]. Assim, a adenosina pode influenciar fungées neuronais além de atuar sobre a
regulacdo do fluxo sanguineo uma vez que é considerada vasodilatadora e inibidora da
agregacédo plaquetaria quando se liga a receptores purinérgicos A, no musculo liso
vascular e em plaquetas, respectivamente [PHILLIS, 1989; KITAKAZE et alii, 1991]. Na
isquemia o papel neuroprotetor da adenosina é evidente. Essa protegcéo é devida aos
seguintes mecanismos: 1) diminuigdo da liberacdo de aminoacidos excitatérios como o

glutamato via receptor purinérgico A,; 2) manutengcdo da homeostase intracelular de
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célcio; e 3) manutencdo do potencial de membrana, para que n&o ocorra
despolarizacéo induzida, fazendo com que os canais de K* dependentes de voltagem
n&o sejam bloqueados [RUDOLPHI et alii, 1992b].

A adenosina também tem varias funcbes cardiacas. Quando ocorre uma
isquemia do miocardio a irrigacdo sanguinea é comprometida e grande quantidade de
adenosina é formada pelo coragdo em hipéxia numa tentativa de recuperar o fluxo
sanguineo coronario € manter o equilibrio entre o forneciniento e a exigéncia de
oxigénio [ELY & BERNE, 1992]. Além disso, esse nucleosideo pode: 1) inibir os efeitos
metabdlicos e hemodinamicos da estimulacio beta-adrenérgica por mecanismos pré-
sinapticos e pds-sinapticos para reduzir o gasto de energia do coragdo quando o
fornecimento de oxigénio fica limitado [DOBSON et alii, 1987]; 2) reduzir o ritmo
cardiaco pela inibicdo da formacdo e conducdo do impulso nos nodos sino-atrial e
atrio-ventricular, respectivamente [SCHRADER, 1990]. Clinicamente, a adenosina
parece eliminar a taquicardia superventricular [DI MARCO et alii, 1985}; 3) inibir a
formacdo de anions superéxido por neutréfilos humanos; este efeito pode diminuir a
injaria causada por radicais livres de oxigénio induzida por neutréfilos sobre as células
endoteliais [CRONSTEIN et alii, 1986]. Os anions superdxido de leucécitos ativados
estdo envolvidos na degradacdo do EDRF/NO (fator de relaxamento derivado‘ do
endotélio/éxido nitrico), o que resultaria em vasoconstricdo [GRYGLEWSKI et ali,
1986]. Durante a isquemia cardiaca, essa acdo antinflamatoéria da adenosina pode
limitar a proporcéo do infarto [ENGLER et alii, 1986; CRONSTEIN, 1994]; 4) estimular a
producao de 6xido nitrico pelas células endoteliais, um mecanismo que também induz
vasodilatagao [LI et alii, 1995]; e 5) inibir a agregacédo plaquetaria sendo portanto anti-

trombogénica [KITAKAZE et alii, 1991].
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Recentemente, outras funcdes tém sido atribuidas a adenosina. ABBRACCHIO
et alii [1995] mostraram que esse nucleosideo pode induzir apoptose (morte celular
programada) de células astrogliais. Foi demonstrado que a adenosina também ativa as
enzimas antioxidantes catalase, superdxido dismutase, glutationa peroxidase e também
a enzima associada glutationa redutase possivelmente através da sua ligagdo a
receptores purinérgicos A; acoplados a proteina G e a fosfolipase C. O aumento da
concentragao de calcio intracelular e diacilglicerol a partir dessa reacao leva a ativagéo
de uma proteina quinase C e subsequente fosforilacdo e ativagdo das enzimas
antioxidantes [RAMKUMAR et alii, 1995]. O resultado deste processo é uma protegdo
eficiente contra os danos causados pelas espécies reativas de oxigénio e a peroXidag:éo
lipidica em situagdes como isquemia e reperfusdo. Além disso, a adenosina tem sido
descrita como sendo um “scavenger” de radicais livres hidroxil (OH) [YOKOI et alii,
1995; KUNZEL et alii, 1996].

Estas fungbes protetoras da adenosina no sistema nervoso e cardiovascular
indicam que manipulacdes farmacoldgicas dos niveis deste nucleosideo podem ter
efeitos terapéuticos na prevengéo e no tratamento de injlrias cardiacas e cerebrais

[FRASSETTO et alii, 1995; PHILLIS, 1995; VON LUBITZ et alii, 1995].

1.4.1 Receptores purinérgicos P,

Entre os receptores purinérgicos, os receptores P, sfo bastante estudados. Os
receptores P, s&o ativados com o potencial agonista na ordem de adenosina > AMP >
ADP > ATP e estdo subdivididos em Aj,, A, Az, Az, As € A, Estes receptores

também sdo mediadores das respostas de ativacdo através de mecanismos de
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transducao de sinal multiplos; s&o acoplados a uma proteina G que liga nucleotideos da
guanina [OLAH & STILES, 1995; WINDSCHEIF, 1996].

A adenosina tem varios modos de acéo dependendo do tipo de receptor Py que
é ativado. O receptores A, A; € A; tém uma acgdo diferenciada sobre a atividade da
adenilato ciclase: os receptores A; e A; inibbem a enzima e os receptores A, a ativam.
Esta enzima é inibida ou estimulada através do acoplamento com uma proteina G; ou
G,, respectivamente. Como consequéncia, os niveis de AMPc (AMP ciclico) intracelular
diminuem ou aumentam, respectivamente. Com o aumento destes niveis, proteinas
quinase dependentes de AMPc (PKA) s&o ativadas podendo fosforilar muitas proteinas
modulando-as e alterando fungdes fisiologicas [WINDSCHEIF, 1996].

A atividade da guanilato ciclase também ¢é estimulada através de uma proteina
Gs e leva a formacédo de GMP ciclico (GMPc) que ativa proteinas quinase especificas
(PKG). Esta estimulagdo também é mediada por receptores A, e tem como efeitos a
reducéo da concentracdo intracelular de caicio e a vasodilatagdo [WINDSCHEIF, 1996].

Além da relacdo dos receptores A, € A; com a inibicdo da atividade da adenilato
ciclase, a ativagdo destes receptores pode estimular a enzima fosfolipase C (PLC)
através de uma proteina G,. Esta enzima hidrolisa o fosfatidilinositol-4,5-difosfato (PiP,)
até inositol-1,4,5-trifosfato  (IP;) e diacilglicerol (DAG), que s&o mensageiros
secundarios. O IP; induz a liberacéo de calcio intracelular armazenado enquanto que o
DAG ativa proteinas quinase C (dependentes de calcio) que podem fosforilar proteinas.
Além disso, os receptores A, também s&o mediadores de efeitos em canais de potassio
e calcio [WINDSCHEIF, 1996].

Diversos eventos fisiolégicos podem ser mediados pelos receptores P, em
diferentes tipos celulares dependendo do subtipo de receptor que é ativado. Dentre

estes, destacamos os efeitos sobre: o ritmo cardiaco, a contratilidade do coracéo, o
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tonus vascular, a modulacdo na liberacdo de neurotransmissores, a adipdlise e a

agregacao plaquetaria [SEVIGNY & BEAUDOIN, 1994].

1.5 Isquemia cerebral

A isquemia é definida como uma interrup¢do completa ou parcial do aporte de
sangue a um determinado tecido resultando, consequentemente, em um decréscimo de
chegada de oxigénio e metabélitos [SWEENEY et alii, 1995]. O sistema nervoso central
é um dos tecidos mais sensiveis a isquemia e a hipdxia porque apresenta um
metabolismo oxidativo ativo e poucas reservas energéticas [MARANGOS et alii, 1990}

A isquemia cerebral pode ser focal ou global. A isquemia focal é devida a
presenca de trombos ou embolia sendo caracterizada pela interrupgéo do aporte de
sangue apenas para uma regiao especifica do cérebro. A isquemia global acontece
apds uma parada cardiaca e caracteriza-se pela interrupcdo da circulacdo para todo o
cérebro [SWEENEY et alii, 1995]. O episédio isquémico pode ser transitério se houver
reperfusdo posterior, ou permanente se houver dano vascular irreversivel e
impossibilidade de reperfusao.

A isquemia cerebral tem sido muito estudada em modelos experimentais
[HUNTER et alii, 1995]. A isquemia cerebral global transitdria, realizada neste trabatho,
pode ser produzida em ratos ndo anestesiados pela ocluséo dos quatro vasos (4-VO): a
oclusdo permanente das duas artérias vertebrais e a oclusdo transitéria das duas
carétidas comuns impedem o aporte de sangue ao cérebro [PULSINELLI et alii, 1982].

Durante a isquemia cerebral ocorrem diversas alteracées no sistema nervoso
central (tecido neuronal) e na circulagdo central e periférica que séo descritas a seguir.
As consequéncias moleculares da isquemia cerebral incluem mudancas nos sistemas

de sinalizacao intercelular (neurotransmissores, neuromoduladores), nos sistemas de
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transducéo de sinais (receptores, canais ibnicos, segundos mensageiros e reagdes de
fosforilagao), no metabolismo (carboidratos, proteinas, acidos graxos, radicais livres) e

na regulacéo da expresséo génica [PULSINELLI, 1992] (Figura I-2).
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1.5.1 Efeitos no sistema nervoso central

A injuria e morte neuronal s&0 as principais consequéncias da isquemia cerebral.
Durante os primeiros momentos da isquemia as células sofrem uma privacéo de glicose
e do aceptor mitocondrial de elétrons, o oxigénio, necessarios para o metabolismo
oxidativo normal. Com a falta de oxigénio, a glicélise aerébica torna-se prejudicada e a
glicose passa a ser degradada anaerdbicamente. Assim, a producéo de ATP torna-se
insuficiente e ha acidose celular [MARTIN et alii, 1994]. A acidose intracelular pode ser
causada por um actmulo de acido lactico, um aumento na tensédo de CO, (PCO,) e por
prétons gerados na degradacéo do ATP e no metabolismo da glicose [FAROOQUI et
alii, 1994; PULSINELLI, 1992]. O principal efeito da diminuicdo do pH celular é a
formacao de edema, a inibi¢do na recaptacéo de neurotransmissores e a formacédo de
radicais livres [FAROOQUI et alii, 1994].

Durante a isquemia também ha um aumento da liberagcdo de glutamato e de
outros aminoacidos excitatérios como o aspartato e a cisteina no espacgo extracelular
[SLIVKA & COHEN, 1993; PHILLIS & O'REGAN, 1996]. Existem evidéncias de que o
aumento da liberacdo de glutamato, resultando em despolarizacdo € aumento na
concentracao intracelular de calcio, € a principal causa da morte neuronal na isquemia
cerebral. A suscetibilidade neuronal ao glutamato e aos demais aminoacidos
excitatérios acontece pela intensa estimulagdo dos receptores NMDA (N-metil-D-
aspartato), AMPA (alfa-amino-3-hidréxi-5-metil-4-isoxasole-4-propionato) e KA (cainato)
sendo que este processo é denominado excitoxicidade [SWEENEY et alii, 1995].

O aumento da entrada de calcio para dentro da célula, através da abertura de
canais acoplados aos receptores para os aminoacidos excitatérios, também esta

relacionado com a injuria e morte celular [FAROOQUI et alii, 1994; KRISTIAN &
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SIESJO, 1996]. O céicio é o segundo mensageiro mais importante no tecido neuronal.
Quando aumenta a sua concentracio intracelular, um grande numero de eventos
metabdlicos que interferem na recuperagéo dos neurdnios é desencadeado. Entre eles
estdo: a ativagdo de enzimas hidroliticas dependentes de calcio; o aumento na
deplecdo de ATP; a ativagdo de fosfolipases, quinases, fosfatases e proteases;
alteracdes na expressdo génica; e o aumento na producido de espécies reativas de
oxigénio através da ativacdo da fosfolipase C [SWEENEY et alii, 1995]. Com o aumento
da hidrélise de fosfolipideos de membrana, acidos graxos livres, incluindo o &cido
araquidodnico, sdo acumulados [FAROOQUI et alii, 1994]. Essa hidrdlise desfaz o
gradiente idnico e € um dos fatores responséaveis pela morte neuronal [CHAVKO &
NEMOTO, 1992). Ha trés processos envolvidos no dano causado pela isquemia na
membrana celular: a ativagdo de fosfolipases A4, A, e C [CHAVKO & NEMOTO, 1992;
FAROOQUI et alii, 1994]; a inibicao da ressintese de fosfolipideos causada pela baixa
carga energética; e mudancas na integridade da membrana podendo causar ruptura
mecénica [FAROOQUI et alii, 1994].

Os 4acidos graxos, liberados durante a isquemia pelas fosfolipases, séo
desacopladores da fosforilacéo oxidativa e causam o efluxo de caicio e potassio da
mitocdndria para o citosol. O acido araquiddnico produzido é substrato para a formacéo
de prostaglandinas, tromboxanos e leucotrienos que s&o reguladores do fluxo
sanguineo cerebral. Além disso, essas substancias podem gerar radicais livres de
oxigénio que peroxidam acidos graxos de membrana causando também alteracées na
estrutura de proteinas [FAROOQUI et alii, 1994].

As espécies reativas de oxigénio sdo descritas como sendo um dos principais
mediadores fisiopatoldégicos da degeneracdo neuronal induzida pela isquemia. O seu

papel de injuria na isquemia ficou evidente a partir de estudos que demonstraram que
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varios “scavengers” protegiam contra o dano isquémico [WATANABE et alii, 1994}, e
camundongos transgénicos que expressavam mais a enzima superdxido dismutase
sofriam menos danos celulares quando submetidos a isquemia focal [KINOUCHI et ali,
1991]. A maior parte do dano provocado por essas espécies acontece durante a
reperfusdo, ou seja, no momento em que o tecido isquémico volta a receber a
circulagao sanguinea [HALL, 1993]. Durante a reperfusao, a chegada de oxigénio ao
tecido é intensa e este comega a equilibrar o seu metabolismo. Entretanto, a
capacidade de utilizagdo de oxigénio pela citocromo oxidase mitocondrial (cadeia
respiratéria) no metabolismo oxidativo celular é ultrapassada, favorecendo a produgao
de espécies reativas de oxigénio [PIANTADOS] & ZHANG, 1996]. Por outro lado,
parece que a extensdo dos danos causados pela producdo de espécies reativas de
oxigénio durante a reoxigenacédo € dependente da duragdo e amplitude da isquemia
prévia [AGARDH et alii, 1991].

Outro fator que induz a formacgéo de espécies reativas de oxigénio no sistema
nervoso central em situacbes de isquemia e reperfuséo, é a prépria excitoxicidade. A
liberacéo de aminoacidos excitatérios e a ativagao dos seus receptores pode estimular
a formacdo de espécies reativas de oxigénio, e o aumento da producdo dessas
espécies pode levar a uma maior liberagdo de aminoacidos excitatérios. Portanto, existe
uma relagéo entre a excitoxicidade e o estresse oxidativo [YANG et alii, 1996]. Assim, o
estresse oxidativo é devido a um aumento da produg¢éo de radicais livres mas também
é devido a uma diminuicéo da capacidade antioxidante endégena [HALLIWELL, 1992].

Além da producdo de espécies reativas de oxigénio pela cadeia respiratoria e
pelo processo de excitoxicidade, a adenosina produzida em concentragcbes elevadas
durante a isquemia quando completamente degradada também pode formar essas

espécies (radical superéxido - O,” e perdxido de hidrogénio - H,O,). A conversdo da
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xantina desidrogenase a xantina oxidase durante a isquemia e hipéxia é responsavel
por esse processo [ROY & McCORD, 1983].

Entre as espécies reativas de oxigénio, o radical hidroxil (OH) é considerado
muito deletéreo as células. A peroxidacdo de lipideos, principalmente de membranas
[BROMONT et alii, 1989], a fragmentacéo e agregacdo de proteinas comprometendo a
funcionalidade da mesmas e a quebra de fitas e modificacdo de bases de acidos
nucleicos sdo alguns efeitos dessas espécies [FAROOQUI et alii, 1994]. Além do radical
hidroxil, o éXido nitrico (NO) também é um radical livre envolvido em mecanismos da
isquemia cerebral. Em neurbnios, o NO é sintetizado por uma oéxido nitrico sintetase
(NOS) dependente de Ca*-caimodulina que fica muito ativa durante a isquemia
[SWEENEY et alii, 1995].

Durante a isquemia cerebral o éxido nitrico pode ter efeitos protetores e téxicos.
As diferencas observadas com relagdo aos efeitos do éxido nitrico na viabilidade
celular estdo relacionadas a presenca ou auséncia do radical superéxido (O,7). Na
isquemia o superoxido pode combinar-se ao 6xido nitrico dando origem ao anion
peroxinitrito que & muito téxico como oxidante [JADECOLA, 1997]. Por outro lado, o
6xido nitrico tem acdes protetoras porque é vasodilatador, inibidor da agregacéo
plaquetaria e inibidor de receptores NMDA o que limitaria a excitoxicidade [IADECOLA,
1997].

O éxido nitrico é o Gnico radical livre que tem fungbes protetoras na isquemia,
mas existem outros mecanismos protetores como: a acdo de enzimas antioxidantes
[TRUELOVE et alii, 1994], e a modulagéo da temperatura cerebral [GLOBUS et alii,
1995; ZHAO et alii, 1996]. Assim, a hipotermia tem um efeito neuroprotetor na isquemia
que estad relacionado a redugéo“'aa formacdo de espécies reativas de oxigénio

[GLOBUS et alii, 1995; ZHAO et alii, 1996].
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1.5.2 Efeitos periféricos

Além dos efeitos da isquemia cerebral no sistema nervoso central, alguns efeitos
periféricos também tém sido descritos. O éxido nitrico formado em neurdnios pode
difundir através do endotélio para o espaco intravascular durante a isquemia cerebral e
a reperfusdo. KUMURA et alii [1994] mostraram que durante a isquemia cerebral focal
seguida de reperfusdo em ratos ocorre um aumento plasmatico de oxido nitrico e

kpn’ncipalmente de seus produtos (nitratos e nitritos). Os niveis de nitrosil hemoglobina

(HbNO) na circulagédo periférica aumentam significativamente durante a reperfusdo e a
superoxido dismutase contribui ainda mais para este efeito, o que indica que também
ha reacéo entre o 6xido nitrico e radicais superdxido durante a reperfusdo formando
peroxinitrito [KUMURA et alii, 1996].

A ativacdo plaquetaria e a agregacao com eritrocitos é um dos principais efeitos
periféricos da doencga isquémica cerebrovascular [ISAKA et alii, 1989; TANAHASHI et
alii, 1996). O fator de ativacio plaquetaria (PAF) é rapidamente sintetizado, liberado ou
expressado pelo endotélio e pela membrana de neutrdfilos, de mondcitos e de
plaquetas durante a isquemia cerebral [LINDSBERG et alii, 1991]. Este fator induz
ativacdo de plaquetas e de leucdcitos e é considerado um dos principais mediadores de
danos a tecidos, inclusive no sistema nervoso central, durante a isquemia cerebral
[MATSUO et alii, 1996]. Os eritrécitos também tém um papel importante na agregagéo
plaquetaria. A agregagdo parece estar relacionada ao hematdcrito, sendo que este
efeito pela presenca de eritrocitos € devido ao dano celular e liberacdo de ADP, um
agregante plaquetario [SANIABADI et alii, 1987].

Alteracdes “in vitro” da funcionalidade de plaquetas tém sido descritas em

pacientes com doenga cerebrovascular isquémica sugerindo que modificagées em
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receptores e granulos aifa de plaquetas podem ocorrer na circulagdo. Assim, parece
que dlicoproteinas da superficie de plaquetas sao alteradas em pacientes com

isquemia cerebral [LEGRAND et alii, 1991].

1.5.3 Pré-condicionamento isquémico

O fenémeno de pré-condicionamento de um tecido contra o dano da isquemia
também conhecido por tolerancia isquémica induzida foi descrito originalmente por
MURRY et alii [1986], que demonstraram que pequenas oclusbes das artérias
coronarias (isquemias subletais) seguidas de reperfusdo protegiam o coragdo de
cachorros quando uma isquemia e reperfusdo letais ocorriam posteriormente. A partir
deste trabalho, muitos modelos foram estabelecidos para o estudo deste fendmeno em
diferentes espécies de animais e tecidos, destacando-se aqueles de isquemia cardiaca
ou cerebral [LOSANO et ali, 1996; RESHEF et alii, 1996]. O modelo de tolerancia
induzida em ratos utilizado neste trabalho foi estabelecido em nosso laboratério por
Schetinger et alii [1994].

Em camundongos, a relacdo entre o dano isquémico e a tolerancia induzida
também foi estudada. Foi observado que ahimais submetidos a episédios breves de
isquemia cerebral (2 minutos), que ndo causam dano celular, apresentam tolerancia a
periodos mais longos de isquemia (10 ou 20 minutos) 0os quais causam morte neuronal
de até 90% em determinadas regiées do cérebro. Assim, o fendmeno de tolerancia
induzida é observado pela auséncia ou diminui¢do da injuria neuronal [KITIGAWA et alii,
1990; KIRINO et alii, 1991].

Véarios mecanismos tém sido propostos para explicar o fenémeno de protecdo
do pré-condicionamento isquémico. Um papel protetor € atribuido a algumas proteinas

que comegam a se expressar apos um episédio isquémico breve, entre elas estdo as
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“heat shock proteins” (proteinas de choque térmico), a proteina glial fibrilar acida
(GFAP) e a c-fos [KITIGAWA et alii, 1990; KIRINO et ali, 1991; FAROOQUI et alii,
1994). A prote¢ado permite que a célula seja exposta a um novo episddio isquémico sem
sofrer danos irreversiveis.

Além da sintese de determinadas proteinas, alguns autores sugerem que os
mecanismos para 0 aumento da produgdo de adenosina s&o muito importantes no
processo de tolerancia. Alguns estudos indicam que o efeito protetor do pré-
condicionamento isquémico € atribuido & este nucleosideo [LIU et alii, 1991; TOOMBS
et alii, 1992]. O processo é iniciado pela liberagdo de adenosina, o produto da
degradagao do ATP, que ativa os receptores A; na superficie externa da membrana
celular. Essa ligagao aos receptores estimula uma cascata de eventos intracelulares,
finalmente resultando em uma melhor capacidade para resistir ao dano isquémico
[RESHEF et alii, 1996]. YTREHUS et ali [1994] demonstraram que o0 pré-
condicionamento protege o cora¢do de coelhos contra a injuria isquémica pela ativagao
da proteina quinase C, sendo que este efeito foi atribuido a adenosina ou a
catecolaminas [TSUCHIDA et alii, 1994]. Além disso, a ativagdo da proteina quinase C
estimula a atividade da ecto-5'-nucleotidase de cardiomidcitos de ratos, mediando a
protecdo. Assim, parece que a ativagdo da proteina quinase C protege o miocardio
contra a injaria pela fosforilagdo e ativacdo da ecto-5'-nucleotidase e consequente
producao de mais adenosina [KITAKAZE et alii, 1996b; NODE et alii, 1997].

Estes efeitos de protecdo do fenémeno de pré-condicionamento mostram a

importancia dos mecanismos de adaptacé&o celular contra o dano isquémico letal.
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1.6 Radicais livres

Radicais livres sao espécies quimicas altamente reativas que diferem de todas
as outras por possuirem um elétron ndo pareado. Todas as espécies quimicas
convencionais apresentam uma caracteristica em comum: elas tém pares eletrénicos
completos ocupando regides do espaco denominadas orbitais. Os elétrons podem ser
caracterizados como sendo cargas negativas circulando em torno de um ntcleo
positivo. A razdo pela qual eles necessitam ser pareados é que, além de tracar uma
6rbita em torno do nucleo, eles também giram em torno de seu proprio eixo; e para
manter a estabilidade, cada elétron que gira para direita deve ser equilibrado por um
elétron que gira para a esquerda (spins opostos) em um mesmo orbital. Portanto, uma
ligacéo quimica comum € constituida por dois elétrons, sendo que cada lado da ligagéo
contribui com um elétron. Quando a ligacéo se rompe ela se divide de modo que um
fragmento retém ambos os elétrons e o outro ndo retém nenhum. Mas & possivel que
uma ligacdo se rompa de tal mbdo que cada um dos dois fragmentos retenham um
elétron da ligacéo, isto €, por divisdo homolitica. Se este processo ocorrer e se um dos
fragmentos resultantes mantiver uma existéncia independente por um periodo
suficiente para reagir independentemente com outra molécula ou ion, entdo estes
fragmentos s&o qualificados como radicais livres [DEL MAESTRO, 1980; HALLIWELL,
1991}. Os radicais livres de oxigénio também s&o considerados espécies reativas de
oxigénio, porém o inverso nao € correto. Este Gltimo termo foi criado porque nem todas
as espécies envolvidas nas reagdes de radicais possuem elétrons desemparelhados.

O elétron desemparelhado confere ao radical livre uma certa instabilidade, tanto
no plano energético como cinético. Do ponto de vista energético, os radicais livres

tendem a obter elétrons de seus companheiros eletrénicos. Do ponto de vista cinético, o
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fato dos radicais livres possuirem um elétron ndo acoplado sobre sua érbita periférica,
favorece consideravelmente as colisbes biomoleculares e a sua aproximagédc com
outras moléculas. Assim, quando o radical livre reage com uma molécula vizinha, ele
transforma rapidamente esta Ultima também em radical livre ao ir em busca de um
elétron “estabilizador”. Desta maneira, comega uma reagéo em cadeia de formagao de
radicais livres [DEL MAESTRO, 1980].

Existem alguns fatores que promovem a atividade dos radicais livres como os
ions de metais de transicdo que podem perder ou ganhar um elétron a medida que
mudam o seu estado de valéncia, o grau de insaturacao das moléculas, a irradiacdo de
alta energia (raios X e luz ultra-violeta) e o oxigénio molecular. O oxigénio molecular é
crucial para a maioria dos processos dos radicais livres. E uma molécula original que
comporta dois elétrons desemparelhados (bi-radical) e é no entanto estavel, ndo reage
espontaneamente com as moléculas néo radicais. Por outro lado, o oxigénio apresenta
uma afinidade muito grande por outras areas moleculares instaveis. Assim, a prépria
molécula de oxigénio pode gerar diversos intermediarios de radicais livres muito
reativos. Estes intermediarios sdo os responsaveis pelos efeitos do oxigénio [DEL

MAESTRO, 1980} (Figura I-3).

+ le- - + le- + le- B
0, —>—> 0 —>—> H,0, —> — OH + OH
oxigénio radical dnion superoxido 20" perdxido de radical hidroxila ion hidroxila
molecular 1 e nio pareados hidrogénio 1 e ndo pareado nenhum e
2 e ndo nenhum e ndo ndo pareado
pareados pareado

e+
H,0 H,0

Figura I-3. intermediarios de radicais livres gerados pela molécula de oxigénio.
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1.6.1 Radicais livres e plaquetas

Nos ultimos anos, muitos estudos tém mostrado a relagéo entre os radicais
livres e a funcdo plaquetaria devido as evidéncias que mostram o seu papel
fisiopatolégico na doenca cardiovascular. Entre os primeiros estudos, esté o trabalho de -
MARCUS et alii [1977], que demonstraram a producio do radical superdxido (O,") por
plaquetas. Estudos posteriores mostraram que durante a agregacao, espécies reativas
de oxigénio, como o peréxido de hidrogénio (H;0,), séo liberadas por plaguetas [DEL
PRINCIPE et alii, 1985]. O perdxido de hidrogénio produzido pode ser transformado em
um radical muito reativo, o radical hidroxil (OH), através da reacéo de Fenton que utiliza
o ion Fe*, e a agregacéo plaquetaria pode ser inibida por “scavengers” deste radical
[IULIANO et alii, 1994]. Entdo, a ativacdo de plaquetas expostas ao perdxido de
hidrogénio pode ser mediada por radicais hidroxil formados em uma reacédo do tipo
Fenton [IULIANO et alii, 1994]. A partir deste papel do radical hidroxil, os radicais livres
de oxigénio tém sido propostos como sendo “segundo mensageiros” no processo de
ativagdo plaquetaria [IULIANO et alii, 1997; LANDER, 1997]. Assim, parece que a
fosfolipase A, é um corhponente importante uma vez que inibidores dessa enzima
impedem a ativacdo de piaquetas por radicais livres [IULIANO et alii, 1992]. A
estimulacéo da fosfolipase A, também pode ocorrer indiretamente através da ativagao
do sistema de fosforilagdo tirosina quinase por radicais livres [CLARK & BRUGGE,
1993]. Os radicais livres também podem afetar a fungdo plaquetaria por reagirem com o
oxido nitico (NO), uma molécula vasodilatadora liberada pelo endotélio. O éxido nitrico
também é produzido por plaquetas e inibe a agregacéo quando induz o aumento da
concentracdo de GMP ciclico [MONCADA et alii, 1991]. Esta atividade biolégica do

oxido nitrico € limitada pela presenca do radical superéxido, estes reagem entre si para
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formar o &nion peroxinitrito (OONO’) que é muito reativo [DARLEY-USMAR &
HALLIWELL, 1996]. Assim, parece que os radicais livres de oxigénio também induzem
a agregacéo plaquetéaria por inibirem o efeito do 6xido nitrico, além do estimulo sobre o
mefabolismo do acido araquidénico e tirosina quinases [IULIANO et alii, 1997].

Estes estudos evidenciam que os radicais livres de oxigénio tém uma
contribuicdo importante na agregagao plaquetaria in vivo, e indicam que este efeito

pode ser relevante em eventos tromboticos.

1.6.2 Radicais livres e proteinas

Os radicais livres sdo especialmente nocivos para as proteinas, afetando
particularmente enzimas e proteinas de transporte, que podem por esta via ser
oxidadas e inativadas. Em consequéncia deste efeito dos radicais livres sobre as
proteinas, podem ocorrer graves alteragdes do metabolismo celular [WOLFF et alii,
1986].

A modificagdo de residuos de aminoacidos por radicais livres e a consequente
altera¢@o da atividade de uma proteina tém sido Util para identificar residuos essenciais
para a fungéo proteica [WOLFF et alii, 1986; VLIET et alii, 1995]. Em geral, a inibicdo e
a inativacao sdo consequéncias da alteragdo de enzimas por radicais livres. Entretanto,
a ativacdo de algumas enzimas pode ocorrer pela inativagao de um inibidor enzimatico
[WOLFF et alii, 1986].

Radicais livres como o radical hidroxil e os intermediarios da peroxidago lipidica
(Ex: radicais alcoxil - RO e peroxil - ROO’) podem fragmentar proteinas de membrana e
originar pontes intra e intermoleculares. Na peroxidacao lipidica, a agresséo de radicais
muito reativos, como o hidroxil, sobre as membranas celulares fosfolipidicas origina

uma reacdo em cadeia devida, por um lado, a existéncia de duplas ligagées carbono-
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carbono ao nivel de acidos graxos insaturados que facilitam o deslocamento do elétron
livre, e por outro lado, pela presenca de oxigénio molecular que facilmente forma par
atrayés de um de seus elétrons com o elétron livre deslocado potencializando a leséo.
Durante a peroxidagdo, o radical hidroxil capta um atomo de hidrogénio de um &acido
graxo insaturado. Este, com uma subita reorganizagdo de suas ligagdes duplas e em
presenga de oxigénio, forma um radical peroxil (ROO) que quando atua sobre uma
cadeia insaturada vizinha intacta transforma-se em um hidroperéxido ROOH instavel,
enquanto que outro radical lipidico peroxil que foi novamente formado pode recomecar
um novo ciclo. Os hidroperéxidos ROOH s&o convertidos, na presenca de ferro (Fe?'),
em radicais alcoxil que podem reiniciar uma nova cadeia de reagées. Os hidroperéxidos
tam‘bém se decompdem formando aldeidos, como o malonildialdeido, que podem
causar severos danos as proteinas de membrana, inativando enzimas e receptores.
Esta reagdo em cadeia é interrompida quando dois radicais livres interagem,
estabilizando-se, ou pelo seu encontro com moléculas antioxidantes denominadas
“scavengers” [HALLIWELL & CHIRICO, 1993].

O efeito de radicais livres e da peroxidacao lipidica sobre enzimas de membrana
é muito estudado. ATPases que participam do transporte de ions sdo alteradas
[MISHRA et alii, 1989; ROHN et ali, 1993] bem como enzimas que hidrolisam
nucleotideos extracelulares [POELSTRA et ali, 1990]. Nos ditimos anos, ATP
difosfoidrolase e 5'-nucleotidase tém sido descritas como sendo sensiveis aos radicais
livres [MISHRA et alii, 1990; SIEGFRIED et alii, 1996; CANDINAS et alii, 1996; VIETTA
et alii, 1996]. Estes trabalhos mostram a importancia do estudo de efeitos dos radicais
livres sobre enzimas que participam da hidrélise extracelular de ATP, ADP e AMP até

adenosina.
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1.7 Antioxidantes plasmaticos

Um antioxidante é definido como qualquer substancia que quando presente em
baixas concentragbes, comparadas as de um substrato oxidavel, retarda oﬁ previne
significativamente a oxidacdo deste substrato [HALLIWELL, 1995]. Existem diversas
estratégias celulares de defesa, denominadas antioxidantes, que étuam contra
processos mediados por espécies reativas de oxigénio, incluindo moléculas captadoras
e estabilizadoras de radicais e enzimas como a catalase, a superéxido dismutase e a
glutatipna peroxidase [HALLIWELL, 1995].

Os fluidos extracelulares contém quantidades pequenas de enzimas
antioxidantes. A maior parte dos antioxidantes extracelulares sdo proteinas que quelam
metais de transicdo impedindo a sua a¢&o como catalisadores na formacao de radicais
hidroxil, como a transferrina, a ferritina, a lactoferrina e a ceruloplasmina. Os fluidos
extracelulares também contém antioxidantes de peso molecular baixo, como o acido
ascorbico, a vitamina E, os carotendides, a bilirrubina, o acido trico e os tidis (-SH), que
estdo ativamente envolvidos na defesa contra as espécies reativas de oxigénio
[SORIANI et alii, 1994]. Tidis como a glutationa e a cisteina estdo presentes no plasma
de individuos saudaveis em concentracdes que variam de 10 a 20 uM [SORIANI et alii,
1994]. Embora a sua concentracido no plasma seja menor do que a encontrada
intracelularmente, estes tidis extracelulares sdo muito efetivos como antioxidantes.

A grande maioria dos grupos sulfidril (-SH) no plasma est4 associada a
albumina, uma proteina que, além das funcdes de regulagéo da pressédo osmética e de
transporte de varias substancias como acidos graxos, pigmentos biliares e algumas
drogas, tem sido descrita como sendo um antioxidante [HALLIWELL, 1988]. A albumina

tem uma vida média de aproximadamente 20 dias, esta presente no plasma em
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concentracdes que variam de 35 a 40 mg/mi (0.58 mM) e tem a capacidade de inibir a
formacgéo de radicais livres dependente de ions e atuar como “scavenger” de radicais
hidroxil [HALLIWELL, 1988]. Por sua alta concentracdo no plasma e rapido “turnover’, e
por'néo ter evoluido especificamente como um antioxidante, a albumina é caracterizada
como um antioxidante “de sacrificio”, ou seja, é danificada para proteger moléculas
mais nobres. Assim, moléculas de albumina s&o sacrificadas e desta maneira protegem
contra a agdo dos radicais livres; mas ao mesmo tempo como ha uma alta
concentragdo de albumina no plasma, este dano é bioldgicamente insignificante. A
albumina danificada é degradada proteoliticamente e renovada [HALLIWELL, 1988].
Entre as moléculas danosas para a albumina, o anion peroxinitrito formado a partir da
reacédo do oxido nitrico com o radical superdxido também € capaz de oxidar esta
proteina plasmatica [GATTI et alii, 1994; VASQUEZ-VIVAR et alii, 1996].

Trabalhos recentes indicam que a albumina pode ter influéncia no processo de
agregacao plaquetaria reduzindo a produgdo de tromboxano A,. Estas publicagtes
demonstram que a mortalidade pela doenga cardiovascular esta relacionada a baixas
concentracbes de albumina no plasma [PHILLIPS et alii, 1989; KULLER et alii, 1991;
PORCELLAT! et alii, 1995]. Além disso, a albumina € capaz de proteger o figado de rato
contra a injuria provocada pela isquemia e hipéxia [STRUBELT et alii, 1994]. Sendo
assim, a albumina pode ser considerada como um protetor contra o estresse oxidativo

[SIES, 1991].

1.8 Hip6teses do trabalho
Ha algum tempo, o nosso grupo de pesquisa tem estudado as ecto-enzimas
ATP difosfoidrolase e 5'-nucleotidase que, agindo em conjunto, levam a produgéo de

adenosina extracelular a partir de ATP ou ADP. O ADP esta relacionado com a
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agregacao plaquetaria, assim como os radicais livres, e a adenosina € um potente
inibidor deste processo. Assim, tornou-se importante investigar o efeito de radicais livres
sobre as atividades da ATP difosfoidrolase e da 5-nucleotidase expressas em
pladuetas de ratos.

A isquemia é descrita como uma doenga em que a producao de radicais livres é
um dos fatores responsaveis pela intensa injaria celular. Assim, decidimos investigar o
efeito periférico da isquemia e reperfus&o cerebral sobre a atividade de ecto-enzimas de
plaquetas envolvidas na hidrélise de nucleotideos até adenosina. Além disso, decidimos
investigar a possibilidade da isquemia e reperfusdo cerebral induzir um estresse
oxidativo periférico. Para este estudo, utilizou-se um modelo de isquemia cerebral global
transitéria em ratos para relacionar o efeito “in vivo” de uma doenga onde ha a
formacédo de radicais livres com a atividade de enzimas de plaquetas envolvidas na
degradacéo de ADP e formacg&o de adenosina. Como a isquemia e reperfuséo também
estimulam a agregacdo plaquetéria e a formacgdo de trombos, a escolha pelo estudo

com plaguetas foi importante.

1.9 Objetivos do trabalho
1. Estudar o efeito “in vitro” de radicais livres, através de um sistema gerador,
sobre as atividades da ATP difosfoidrolase e 5-nucleotidase de plaquetas intactas de

ratos adultos.

2. Estudar o efeito “in vitro” de alguns antioxidantes sobre a ag&o dos radicais
livres na atividade das enzimas ATP difosfoidrolase e 5-nucleotidase de plaquetas

intactas de ratos adultos.
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3. Estudar o efeito de diferentes episddios de isquemia cerebral transitéria (2, 10
ou 2 + 10 minutos) e da reperfus@o sobre a atividade das enzimas ATP difosfoidrolase e
5’-nucleotidase de plaquetas intactas de ratos aduitos.

| 4. Estudar o efeito de diferentes episédios de isquemia cerebral transitoria (2, 10
ou 2 + 10 minutos) e da reperfusdo sobre a quimioluminescéncia plasmatica de ratos
adultos.

5. Estudar o efeito de diferentes episédios de isquemia cerebral transitoria (2, 10
ou 2 + 10 minutos) e da reperfusdo sobre a concentracéo de tidis plasmaticos em ratos
adultos.

6. Relacionar os efeitos dos episodios simples de isquemia cerebral (2 e 10
minutos) com os efeitos do episédio duplo (pré-condicionamento cerebral - 2 + 10

minutos).
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. SUMMARY

In the present report we demonstrate the in vifro effects of free radicals on an ecto-ATP
diphosphohydrolase activity (apyrase, EC 3.6.1.5) from rat blood platelets. Rat blood platelets were
exposed {o an oxidant-generating system (H,O/ Fe? [ ascorbate) and the ATP diphosphohydrolase
activity was inhibited. The enzyme inhibition was prevented by glutathione (GSH) and cysteine but
not by trolox as a vitamin E analogue. The TBARS (thiobarbituric acid reactive substances) assay
and the determination of sulphydryl groups indicate that the inhibition of the enzyme activity in resting
platelets is not related to lipid peroxidation or to oxidation of sulphydryl residues. These results
demonstrate the susceptibility of ATP diphosphohydrolase activity from platelets to free radicals and
suggest that amino acid residues which are essential for the enzyme function are probably modified.

Key words: ATP diphosphohydrolase, apyrase, ATPase-ADPase, platelets, free radicals, oxidative
stress.

INTRODUCTION

It has been demonstrated that oxygen radicals are involved in oxygen toxicity and that the
hydroxyl radical (HO") shows the highest reactivity with all biological components (1). The damaging
effect of HO" on biological systems is mainly associated with its high reactivity with molecules at its
site of formation (1). Some investigators havé demonstrated that HO® causes oxidative modification
of amino acid residues of proteins and that crosslinking and fragmentation of the proteins result in
loss of function (2,3). Thus, the modification of amino acid residues by HO® with subsequent changes

in enzyme activity have been used to identify essential residues for protein function. (4).

Earlier reports from our laboratory have shown that rat platelets contain a membrane ecto-
enzyme denominated ATP diphosphohydrolase (apyrase, EC 3.6.1.5) that hydrolyzes ATP and ADP
to AMP (5,6). The possible physiological role for this enzyme is to participate in an “enzyme chain”
together with a 5-nucleotidase for the complete hydrolysis of ATP to adenosine in the bloodstream.
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We have suggested that the nucleotide degradation in the bloodstream may play an important role in
the regulation of vascular tone and platelet gggregation since ATP and ADP are vasoactive and
platelet active nucleotides, respectively (7,8).

The present results show the in vitro effect of oxidative damage via the Fenton-like reaction
on the ATP diphosphohydrolase activity from rat blood platelets. Free radical species have been
reported to stimulate both the adhesive and aggregatory responses of platelets, and free radical
scavengers are therefore important regulators of platelet function (9). Since we have proposed that
ATP diphosphohydrolase from rat blood platelets regulates the nucleotide concentration in the
bloodstream, our hypothesis is that the nucleotide metabolism including ADP degradation by ATP
diphosphohydrolase may be affected by free radicals, leading to facilitation of cardiac or cerebral
microthrombus formation and its dangerous consequences. :

MATERIALS AND METHODS
Chemicals

Nucleotides, cysteine, reduced glutathione, superoxide dismutase and catalase were
obtained from Sigma Chemical Company (St. Louis, MO, USA). Vitamin E (trolox) was obtained from

Tanvimil, Laboratorios Ramos, Buenos Aires, Argentina. Hydrogen peroxide was obtained from’

Perhidrol, Merck, Darmstadt , Germany. All other reagents were analytical grade.
Platelet isolation.

Male Wistar rats from our breeding stock were maintained on a 12h light/12-h dark cycle in a
constant temperature room. Resting platelets were isolated as described by Hantgan (10). The intact
platelets were separated from plasma by gel filtration on a 1,6 x 7 cm Sepharose 2B column. The
column was equilibrated with a buffer consisting of 140 mM NaCl, 2.5 mM KCl, 10 mM HEPES,
5.5 mM dextrose, 0.2 mM EGTA and - 0.05 g% azide, pH 6.8 (Ca”'-free Tyrode’s buffer). Platelets
were eluted with the same buffer at room temperature, 0.5 mi fractions were collected and the tubes
containing platelets (determined-visually)-were-used for subsequent-experiments. The material was
prepared fresh daily.

Incubation and enzyme assay.

In order to test the effects of free radicals, the platelet preparation was incubated for 30 min.
in the presence of an oxidant-generating system (0.5 mM H,O,, 0.02 mM FeCl, and 5 mM ascorbate)
at 37°C (2,11,12). At the end of 30 min. incubation, 50 UW/ml superoxide dismutase and catalase were
added before the ATP diphosphohydrolase (apyrase, EC 3.6.1.5) activity assay. Superoxide
dismutase and catalase alone did not alter the ATP diphosphohydrolase activity. For the enzyme
activity assay, ATP and ADP hydrolysis by the platelet preparation was carried out in a medium
containing 120 mM NacCl, 5.0 mM KCI, 60 mM glucose, 5.0 mM CaCl;, 50 mM Tris-HCI buffer, pH
7.5, as previously described by us (5). The enzyme reaction was started by the addition of ATP or
ADP to a final concentration of 0.5 mM. incubation time (60 min.) and protein concentration (0.10 -
0.15 mg/mi) were chosen in order to ensure the linearity of the enzyme reaction. The reaction was
stopped by the addition of trichloroacetic acid to a final concentration of 5% (w/v). All assays were
run in duplicate with appropriate controls. Released Pi was measured by the method of Chan et at
(13). Values for ATPase and ADPase specific activities of ATP  diphosphohydrolase, that
corresponds to 100%, were 10.5 £ 1.2 (mean % SD, n=6) and 6.2 + 0.9 (mean + SD, n=6) nmol
phosphate (Pi) released / min / mg protein, respectively.

Determination of lipid peroxidation.
Lipid peroxidation was determined when the plateiet preparation was assayed for TBARS

(thiobarbituric acid reactive substances) formation (14). For TBARS determination the test material
was heated at acid pH with TBA (thiobarbituric acid) and the resulting chromogen extracted into
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butanol was measured by absorbance at 532 nm. TBARS formation was expressed as nmol TBARS /
mg protein. o :

Determination of platelet sulphydryl group-s,

Sulphydryl groups were determined by the method of Ellman (15) and are expressed as
nmol SH groups / mg protein.

Determination of protein.

Protein was determined by the Coomassie Blue method (16) with bovine serum albumin used
as standard.

Statistical analysis.

Data were analyzed statistically by the paired f-test or by one-way analysis of variance. P
values less than 0.05 were considered to be significant.

RESULTS AND DISCUSSION
Inhibition of ATPase and ADPase activities of ATP diphosphohydrolase.

The effects of the oxidant-generating system (H,O, / FeCl, / ascorbate) on ATPase and
ADPase activities of ATP diphosphohydrolase from platelets were studied. The results in Fig. 1 show
that in the presence of H;O,, Fe** and ascorbate there was a time-dependent inhibition of ATP and
ADP hydrolysis with a maximum decrease of the activity at 30 min. of incubation. H,O, or Fe* or
ascorbate alone did not affect ATP or ADP hydrolysis by ATP diphosphohydrolase (results not
shown). To demonstrate the effect of incubation time of the oxidant-generating system we compared
the 30 min time point (maximum inhibition) to the 5, 15,A60 and 90 min time points. ADP hydrolysis
at 30 min was significantly lower (P < 0.05) when compared to the results obtained at 5 min. and
15 min. ATP hydrolysis at 30 min was significantly lower (P < 0.05) when compared to the result at
5 min. On the other hand, the results at 60 min and 90 min for ATP and ADP hydrolysis were not
significantly different when compared to the result at 30 min. It is important to note that the overali
profile of these results showed a similar conduct of ATPase and ADPase activities of ATP
diphosphohydrolase.

Thus, because ATP diphosphohydrolase activity from platelets was inhibited by the oxidant-
generating system, we investigated the possibility that the lipid peroxidation could be responsible for
protein damage or inhibition of the enzyme activity. Recently, we demonstrated that lipid
peroxidation leads to the inhibition of ATPase-ADPase activities of ATP diphosphohydrolase from rat
synaptic plasma membrane (12).

Lipid peroxidation.

Lipid peroxidation is the most extensively studied biologically relevant free radical chain
reaction (17). In order to determine whether ATP diphosphohydrolase inhibition was due to lipid
peroxidation, TBARS formation was measured in resting and activated platelets. It is known that the
activation of rat platelets increases the exposure of polyunsaturated fatty acid-enriched phospholipids,
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Figure 1, Time-course of the inhibitory effect of the oxidant-generating system (0.5 mM H,0,
1 0.02 mM FeCl, / 5 mM ascorbate) on ATP (m) and ADP ( O) hydrolysis. Data represent mean +
SD percentage of the control enzyme activity for five different platelet preparations. * P < 0.05
compared to control group without the oxidant generating system (zero group). * P < 0.05 compared
to 0 and 5 min. ® P < 0.05 compared to 0, 5 and 15 min.

that are readily attacked by free radicals, on the external leaflet of the plasma membrane (18). Thus,
the bulk of polyunsaturated species in rat platelets is present in the inner half of the resting
biomembrane (18). The TBA test, which is one of the assays most commonly used for the lipid
peroxidation process (17), shows that the incubation of resting platelets with the oxidant-generating
system (0.5 mM H;0,/0.02 mM Fe* /5 mM ascorbate) for 30 min. did dot increase the amount of
TBARS (0.097 * 0.023 nmoles TBARS / mg prot., mean * SD, n = 4) when compared to the control
(0.098 + 0.013 nmoles TBARS / mg prot., mean + SD, n = 4). On the other hand, when platelets were
activated with 2.5 mM CaCl,, 0.05 U/ml trombin and 1.25 uM Caz’-ionophore A23187 (18,19),
incubation with the oxidant-generating system for 30 min increased (P < 0.05) TBARS formation
(0.151 £ 0.025 nmoles TBARS / mg prot., mean + SD, n = 4) above contro! levels.

These data indicate that H,0,, Fe* and ascorbate did not induce lipid peroxidation in resting
platelets and suggest that ATP diphosphohydrolase activity is not inhibited by the lipid peroxidation
process. Furthermore, a vitamin E analogue (trolox), as an antioxidant that is effective in protecting
against membrane lipid peroxidation, did not prevent the inhibition of the ecto-ATP
diphosphohydrolase activity from resting platelets by the oxidative damage (results not shown).
Considering that the lipid peroxidation process may occur in activated platelets, probably the ATP
diphosphohydrolase activity is also affected by this free radical chain reaction when platelets are
activated in the circulation.
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Effect of glutathione (GSH) and cysteine on the inhibition of ATP diphosphohydrolase.

Reduced low-molecular-weight thiols sqch as glutathione and bysteine are present in plasma
and are involved in the defense against the oxidant injury by free radicals (20). To investigate the
possible protective effect of thiols on the inhibition of ATP diphosphohydrolase activity by the 'oxidant-
generating system (OGS) we tested reduced glutathione and cysteine. As can be seen in Figs. 2 and
3, glutathione and cysteine, when incubated before the oxidant-generating system, have the ability to
completely protect the ATP diphosphohydrolase enzyme against inhibition. Furthermore, glutathione
(0.1 mM) and cysteine (0.1 mM), when added after 30 min incubation with the oxidant- generating
system, return the ADPase activity of ATP diphosphohydrolase to approximate control values
(results not shown). These data show that thiols act as antioxidant protectors.

It has been reported that sulphydryl groups are critical for the activity of many enzymes and
are common targets for free radicals, with sulphydryl oxidation being a mechanism of free radical-
mediated toxicity at the molecular level (21). Thus, the sulphydryl content of platelets was measured
to test this hypothesis.

Effect of the oxidant generating system, glutathione and cysteine on sulphydryl content of
platelets., '

Figure 4 shows that -SH groups were found to be significantly decreased (P < 0.05) in
platelets after 30 min incubation with the oxidant-generating system (OGS) when compared to
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Figure 2. Effect of varying concentrations of reduced glutathione on ATP and ADP hydrolysis
in the presence of the oxidant-generating system (OGS = 0.5 mM H,0, 7 0.02 mM FeCl, / 5§ mM
ascorbate). Platelet preparations were incubated for 30 min with the oxidant generating system.
Resuits are expressed as mean + SD percentage of the control enzyme activity for four different
platelet preparations. * P < 0.05 compared to the oxidant-generating system group (OGS) without
glutathione. .
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Figure 3. Effect of varying concentrations of cysteine on ATP and ADP hydrolysis in the
presence of the oxidant-generating system (OGS = 0.5 mM H, O,/ 0.02 mM FeCl,/ 5 mM ascorbate).
Platelet preparations were incubated for 30 min with the oxidant-generating system. Results are
expressed as mean i SD percenlage of the control enzyme activity for four different platelet
preparations. * P < 0.05 compared o the oxidant-generating system group (OGS) without cysteine.
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Figure 4. Effect of 0.1 mM glutathione or 0.1 mM cysteine on platelet SH groups in the
presence of the oxidant-generating system (OGS = 0.5 mM H,0, / 0.02 mM FeCl, / 5 mM asco:bate).
Platelet preparations were incubated for 30 min with the oxidant-generating system. Resulis are
expressed as mean + SD -SH groups for five different platelet preparations. * P < 0.05 compared to
control group without the oxidant-generating system.
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platelets without the oxidative damage. Furthermore, reduced glutathione (0.1 mM) and cysteine (0.1
mM) were tested to examine their protective ability toward free radical-induced alteration of platelet
sulphydryl content. Platelets were incubated with glutathione or cysteine and the oxidant-generating
system was added. As can be seen in Fig. 4, glutathione did not prevent the decrease of platelet
sulphydryl content but cysteine completely protected platelet sulphydryl groups against this alteration.

These data suggest that glutathione may protect ATP diphosphohydrolase activity against
inhibition (Fig. 2) by acting as a scavenger (9) of free radicals. Cysteine protected against the
oxidation of platelet sulphydryls but, probably, protected ATP diphosphohydrolase activity from
platelets against inhibition (Fig. 3) also as a scavenger (9). Because glutathione does not protect
sulphydryls against oxidation and protects the enzyme activity, we suggest that sulphydryl residues
are not involved in the enzyme activity and its oxidation is not responsible for the enzyme inhibition.
Thus, the results may indicate that ATP diphosphohydrolase activity from platelets is inhibited by free
radicals and plasma thiols, such as reduced glutathione and cysteine, protect the enzyme activity
against the oxidative damage. Since the inhibition of the membrane ecto-enzyme activity from
platelets that occurs during the oxidative damage is not related to lipid peroxidation or to oxidation of
sulphydryl residues, it is probable that other amino acid residues which are essential for ATP
diphdsphohydrolase function are modified (22-24). - :

The results reported here indicate that free radicals may inhibit ATPase and ADPase
activities of ATP diphosphohydrolase from rat blood platelets. We have suggested that, depending on
the tissue, this enzymatic activity is responsible for different physiological functions such as control
of platelet aggregation which might contribute to the antithrombogenicity of the vessel wall (by the
regulation of ADP available in the bloodstream) (5,6) or control vo’f neurotransmitter (ATP) catabolism
in the nervous system (25-27). In light of the findings presented here, it is probable that oxygen free
radicals reduce ATP diphosphohydrolase activity from ‘pla‘telets. leading to facilitation of cardiac or
cerebral microthrombus formation. Poelstra et al (28) have suggested a relationship between
oxygen free radical production, reduction of a rat glomerular ADPase activity and increased
platelet aggregation. Finally, considering that ADP is a nucleotide known to induce platelet
aggregation (8) and that ATP diphosphohydrolase is important in ADP degradation, a change in the
enzyme activity may represent a factor contributing to vascular damage in pathologic free radical
mechanisms such as cardiac or cerebral ischemia-reperfusion and other ad\;erse conditions (29-31).
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ABSTRACT

The in vitro effects of free radicals on an ecto-5"-nucleotidase activity (EC 3.1.3.5)
from rat blood platelets were investigated. Treatment of rat platelets with an oxidant-
generating system (H,O, and Fe*) resulted in inhibition of AMP hydrolysis by 5'-
nucleotidase. The enzymatic inhibition was prevented by catalase, glutathione (GSH)
and cysteine but not by trolox as a vitamin E analogue. These results may indicate that
reduced low-molecular-weight thiols from plasma are important for the natural defense
against the oxidant injury produced by free radicals in the enzyme. Furthermore, since
trolox did not protect AMP hydrolysis activity against inhibition, we suggest that this effect
is not related to lipid peroxidation. in the present report we demonstrate the susceptibility
of 5-nucleoctidase activity from rat platelets to free radicals. On the basis of the present
findings, it is probable that oxygen reactive species in the circulation inhibit 5'-
nucleotidase activity leading to a decrease in adenosine generation in the platelet
microenvironment. Since adenosine mediates its physiological actions such as
vasodilation and inhibition of platelet aggregation by activating its receptors, we are
tempted to speculate whether the inhibition of 5’-nuclectidase activity from platelets by

free radicals may lead to a decrease in adenosine generation and thus to vascular

injuries.
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INTRODUCTION

The generation of oxygen free radicals in excess amounts has been implicated
as a causative factor in the pathogenesis of various vascular diseases, since these
species play an important role in inducing platelet aggregation in vivo favoring
thrombotic events (1,2). It has been described that among oxygen reactive species, the
hydroxyl radical (OH) shows the highest reactivity with all biological systems (3).

ATP and ADP are known to be vasoactive and platelet active nucleotides (4,5),
respectively, whereas adenosine is described as a vasodilator (6) and inhibitor of platelet
aggregation (7). Studies from our laboratory have shown the in vitro inhibitory effect of
hydroxyl radicals produced via the Fenton-like readion on ATP diphosphohydrolase
activity (EC 3.6.1.5) from rat blood platelets which hydrolyzes ATP and ADP to AMP (8).
We have suggested that the physiological role for this enzyme is to participate, together
with a 5’-nucleotidase (EC 3.1.3.5), in a membrane-associated “enzymatic chain” for the
complete hydrolysis of ATP and ADP to adenosine in the circulation (8). Thus, ATP
diphosphohydrolase activity hydrolyzes ATP and ADP to AMP and 5-nucleotidase
hydrolyzes AMP to adenosine. Considering that ADP causes platelet aggregation when
binding to P, purinoceptors (9) and that ATP diphosphohydrolase is important for ADP
degradation and, possibly, for adenosine generation, we have suggested that the
inhibition of this enzymatic activity may represent a factor contributing to vascular injury
in pathologic free radical mechanisms (8).

It is clear that cardioprotection from the effects of oxidative stress in ischemic
preconditioning can be achieved with increased production of adenosine by 5'-
nucleotidase (10). The nucleoside mediates protection from injurious effects by

activation of its receptors (11). Besides its beneficial effects as a vasodilator (6) and
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inhibitor of microthrombus formation (7), adenosine is an anti-inflammatory agent (12)
and activates antioxidant enzymes (13).

The present report shows that the AMP hydrolysis activity of 5-nucleotidase
from rat blood platelets is inhibited by oxidative damage via the Fenton-like reaction.
Our hypothesis is that 5’-nucleotidase from platelets, like ATP diphosphohydrolase (8), i.
e., the final step of the “enzymatic chain” proposed by us, may also be affected by
vascular oxidative stress leading to microthrombus formation in ischemic events. Since
both 5'-nuclectidase and adenosine receptors are located on the same cell surface
membrane, alteration in the enzyme activity and production of adenosine in the platelet

microenvironment may represent vascular damage.

MATERIALS AND METHODS

Chemicals. Nucleotide, reduced glutathione,‘cysteine, superoxide dismutase and
catalase were obtained from Sigma Chemical Company (St. Louis, MO, USA). Vitamin E
(trolox) was obtained from Tanvimil, Buenos Aires, Argentina. Hydrogen peroxide was
obtained from Perhidrol, Merck, Darmstadt, Germany. All other reagents were of
analytical grade.

Platelet isolation. Male Wistar rats from our breeding stock were maintained on a
12 h light/12 h dark cycle in a constant temperature room. Platelets were isolated as
described by Hantgan (14). Intact platelets were separated from plasma by gel filtration
on a 1.5 x 7 cm Sepharose 2B column. The column was equilibrated with a buffer
consisting of 140 mM NaCl, 2.5 mM KCI, 10 mM HEPES, 5.5 mM dextrose, 0.2 mM
EGTA and 0.05 g% azide, pH 6.8. Platelets were eluted with the same buffer at room
temperature; fractions were collected and the tubes containing platelets (determined

visually) were used for subsequent experiments. The material was prepared fresh daily.
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Incubation and 5-nucleotidase activity assay. Platelet preparations were
incubated for 30 min in the presence of an oxidant-generating system (0.5 mM H0, and
0.02 mM FeCl,) at 37° C (15,16). For the 5-nucleotidase activity assay, AMP hydrolysis
by the platelet preparation was carried out in a medium containing 134 mM NaCl, 5.0
mM glucose, 1.5 MgCl,, 15 mM Tris-HCl buffer, pH 7.4, as described by Nishio et al
(17). The enzyme reaction was started by the addition of AMP to a final concentration of
2 mM. Incubation time (120 min) and protein concentration (0.10 - 0.15 mg/ml) were
chosen in order to ensure the linearity of the enzyme reaction. The reaction was stopped
by the addition of trichloroacetic acid to a final concentration of 5% (w/v). All assays were
run in duplicate with appropriate controls. Released Pi was measured by the method of
Chan et al (18).

Protein determination. Protein was determined by the Coomassie Blue method (19)
with bovine serum albumin used as standard.

Statistical analysis. Data were analyzed by the paired t-test or by one-way

analysis of variance. P values less than 0.05 were considered to be significant.

RESULTS AND DISCUSSION

Value of control AMPase specific activity of 5’-nucleotidase, that corresponds to
100%, was 2.1 + 0.4 (mean £ SD, n=7) nmol phosphate (Pi) released / min / mg
protein. The results in Fig. 1 show that in the presence of H,0, and Fe* (an oxidant-
generating system - OGS) there was a significant inhibition (P<0.05) of AMP hydrolysis
by 5-nucleotidase after 30 min of incubation when compared to zero (control), 5 and 15
min time points. H,0, or Fe? alone did not affect AMP hydrolysis by 5-nucleotidase
(results not shown). As shown in Fig. 2, catalase (50 U/ml) has the ability to completely
protect 5-nuclectidase against inhibition. On the other hand, superoxide dismutase (50

U/ml) did not protect AMP hydrolysis by 5-nucleotidase against inhibition. These data
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suggest that probably the inhibition of AMP hydrolysis is dependent on H,O, which
reacts with Fe** to form hydroxyl radicals (OH) by the Fenton reaction.

Reduced low-molecular-weight thiols such as glutathione and cysteine are
present in plasma at concentrations ranging from 10 to 20 uM. Although the
concentration of these thiols in plasma is several times lower than that found
intracellularly, the extracellular thiols are involved in the defense against the oxidant
injury by free radicals (20). Thus, we investigated the possible protective effect of
reduced glutathione and cysteine on the inhibiton of 5-nucleotidase activity from
platelets by the oxidant-generating system (OGS). As can be seen in Figs. 3 and 4,
glutathione and cysteine, when added after 30 min incubation with the oxidant-
generating system, cause 5'-nucleotidase activity to return to control values. Cysteine at
10 and 100 uM concentrations (Fig. 4), did not increase 5-nuclectidase activity to
approximate control values. The results suggest that glutathione and cysteine in the
circulation may act as protectors against the oxidant damage to the 5’-nucleotidase from
platelets. On the other hand, trolox, which is a water-soluble vitamin E analogue (21),
does not protect AMP hydrolysis activity against inhibition by the oxidant-generating
system (results not shown). Since the antioxidant action of vitamin E or its analogue is
expected to be effective in protecting against membrane lipid peroxidation (22),
probably the inhibition of 5§-nucleotidase activity in resting platelets is not related to
membrane lipid-derived radicals. Recently, we have demonstrated that the incubation of
resting platelets with an oxidant-generating system did not increase lipid peroxidation
when compared to control but inhibited an ATP diphosphohydrolase activity. In contrast,
when platelets were activated, incubation with an oxidant-generating system increased

lipid peroxidation above control levels (8). We have also reported that ATPase-ADPase
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activities of ATP diphosphohydrolase from synaptic plasma membranes of rat forebrain
are inhibited by lipid peroxidation and that trolox protects against this effect (16).

It has been described that sulphydryl oxidation is a mechanism of free radical-
mediated toxicity at the molecular level. Furthermore, reduced sulphydryl groups are
important for the activity of many enzymes (23). We have shown that platelet sulphydryl
groups were decreased after incubation with an oxidant-generating system when
compared to platelets without the oxidative damage (8). Glutathione did not prevent the
decrease of piatelet sulphydryl content but cysteine protected against this alteration.
Because we have demonstrated that giutathione does not protect platelet suiphydryls
against oxidation (8) and here we are shoWing that glutathione protects 5’-nucleotidase
activity (Fig. 3), we suggest that sulphydryl residues are not involved in the enzyme
activity and the oxidation is not responsible for the enzyme inhibition. These results
indicate that glutathione and cysteine may protect 5-nuclectidase activity against
inhibition by acting as a scavenger (24) of free radicals. Thus, we suggest that other
amino acids that are essential for 5'-nucleotidase activity are modified by the oxidant-
generating system, since the enzyme inhibition is probably not related to oxidation of
sulphydryl residues.

The present results imply that free radicals in the circulation may inhibit AMP
hydrolysis by 5'-nucleotidase activity from rat blood platelets. The dephosphorylation of
extracellular AMP by an ecto-5-nucleotidase produces adenosine. Actually, we have
proposed that this nucleoside is produced during metabolic activity by the action of an
“enzymatic chain” that hydrolyzes first ATP or ADP to AMP and then AMP to adenosine.
Thus, ATP diphosphohydrolases (EC 3.6.1.5) would be responsible for the hydrolysis of

ATP and ADP to AMP (25-28). Considering the present findings, it is probable that
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oxygen free radicals in the circulation inhibit 5-nucleotidase activity leading to a
decrease in adenosine generation in the platelet microenvironment.

Adenosine mediates its physiological actions by activating its receptors.
Fuhctions mediated via these receptors such as vasodilation (6) and inhibition of platelet
aggregation (7) may account for the beneficial effect of adenosine in the bloodstream. In
view of our results, we are tempted to speculate that the inhibition of 5'-nuclectidase
(shown in this paper) and ATP diphosphohydrolase (8) from platelets, and probably of
adenosine generation, by oxygen free radicals may lead to facilitation of cardiac or
cerebral microthrombus formation. Since ischemia-reperfusion and other adverse
conditions have been reported to be pathologic free radical mechanisms (1,29),
inhibition of 5-nuclectidase activity from piatelets in these events may lead to a

decrease in adenosine levels and consequent vascular injury.
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Figure legends:

Figure 1. Time-course of the inhibitory effect of the oxidant-generating system
(0.5 mM H,0, and 0.02 mM FeCl,) on AMP (s) hydrolysis. Data represent mean + SD
percentage of the control enzyme activity for four different platelet preparations. * P <
0.05 compared to the control group without the oxidant-generating system (zero group),

5 and 15 min.

Figure 2. Effect of 50 U/ml superoxide dismutase (SOD) and catalase (CAT) on
AMP hydrolysis in the presence of the oxidant-generating system (OGS = 0.5 mM H,0,
and 0.02 mM FeCl,). Platelet preparations were incubated for 30 min with the oxidant
generating system. Results are expressed as mean + SD percentage of the control
enzyme activity for four different platelet preparations. * P < 0.05 compared to the

oxidant-generating system group (OGS) without superoxide dismutase and catalase.

Figure 3. Effect of varying concentrations of reduced glutathione on AMP
hydrolysis in the presence of the oxidant-generating system (OGS = 0.5 mM H,0, and
0.02 mM FeCl,). Platelet preparations were incubated for 30 min with the oxidant-
generating system. Results are expressed as mean + SD percentage of the control
enzyme activity for five different platelet preparations. * P < 0.05 compared to the

oxidant-generating system group (OGS) without glutathione.

Figure 4. Effect of varying concentrations of cysteine on AMP hydrolysis in the
presence of the oxidant-generating system (OGS = 0.5 mM H,0, and 0.02 mM FeCl,).

Platelet preparations were incubated for 30 min with the oxidant-generating system.
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Results are expressed as mean + SD percentage of the control enzyme activity for five
different platelet preparations. * P < 0.05 compared to the oxidant-generating system

group (OGS) without cysteine.
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ABSTRACT

The effects of transient forebrain ischemia, reperfusion and ischemic
preconditioning on rat blood platelet ATP diphosphohydrolase and 5’-nucleotidase
activities were evaluated. Adult Wistar rats were submitted to 2 or 10 min of single
ischemic episodes, or to 10 min of ischemia 1 day after a 2 min ischemic episode
(ischemic preconditioning) by the four-vessel occlusion method. Naive rats were
reperfused for 60 min, 1, 2, 5, 10 and 30 days after ischemia; preconditioned rats were
reperfused for 60 min, 1 and 2 days after the long ischemic episode. Brain ischemia (2 or
10 min) inhibited ATP and ADP hydrolysis by platelet ATP diphosphohydrolase. On the
~other hand, AMP hydrolysis by 5-nucleotidase was increased after 2 min of ischemia,
whereas the long (10 min) ischemic event had no effect. Ischemic preconditioning
caused activation of both enzymes. The effects of reperfusion were distinct for each
experimental group. Enzyme activities returned to control levels in the 2 min group.
However, the decrease in ATP diphosphohydrolase activity was maintained up to 30 days
of reperfusion after 10 min ischemia. Sixty min and 1 day of reperfusion after 10 min
ischemia inhibited 5’-nucleotidase activity when compared to ischemia without reperfusion.
In contrast, enzymatic activity was activated after 10 min ischemia followed by 2 and 5
days of reperfusion, but returned to control levels after 10 and 30 days. Ischemic
preconditioning cancelled the effects of 10 min ischemia and reperfusion on the
enzymatic activities. These results indicate that brain ischemia, reperfusion and ischemic
preconditioning induce peripheral effects on ecto-enzymes from rat platelets involved in
nucleotide metabolism. Thus, ATP, ADP and AMP degradation and probably the

generation of adenosine in the circulation may be altered, leading to regulation of
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microthrombus formation since ADP aggregates platelets and adenosine is an inhibitor of

platelet aggregation.

Index Terms: Modulation of ATP diphosphohydrolase and 5-nucleotidase; rat platelets,

brain ischemia and reperfusion; ischemic preconditioning; platelet aggregation.
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INTRODUCTION

Studies on the biological role of ATP, ADP, AMP and adenosine in extracellular
metabolism suggest that these compounds control different and often opposite metabolic
processes. Therefore, the presence of enzymes that regulate their concentration is of
biological importance. Ecto-ATP diphosphohydrolases (apyrases, EC 3.6.1.5) catalyze the
hydrolysis of both di- and triphosphate nucleotides. In the case of ATP and ADP
hydrolysis, the reaction products are AMP and inorganic phosphate (22). Ecto-5-
nucleotidases (EC 3.1.3.5) hydrolyze AMP to adenosine. The ubiquity and distribution of
ATP diphosphohydrolases and 5§'-nucleotidases suggest that these enzymes may play an
important role in the regulation of nucleotides and adenosine levels (18,24).

Platelets express ecto-ATP diphosphohydrolase (9,11) and ecto-5'-nucleotidase
(3) activities. In previous reports, our group has also described the presence of ATP
diphosphohydrolases in human blood platelets (30), synaptosomes (2,35), rat brain
synaptic plasma membranes (1) and sarcolemmal fraction (28). As regards the vascular
system, we have suggested that the possible physiological role for ATP
diphosphohydrolase is the participation in an “enzymatic chain® together with a 5-
nucleotidase for the complete hydrolysis of ATP to adenosine. Nucleotides and
nucleosides may play a role in the regulation of vascular tone and platelet aggregation
since ATP and ADP are vasoactive and platelet-active nucleotides (5,7), respectively, and
adenosine is a vasodilator (8) and an inhibitor of platelet aggregation (16). Thus, we have
proposed that ATP diphosphohydrolase may inhibit platelet aggregation when ADP is
hydrolyzed and may control vascular tone and microthrombus formation working in
combination with a 5’-nucleotidase to produce adenosine.

Platelet aggregability and haemostasis have been the subject of investigation in

ischemic events. Studies have shown that patients with ischemic cerebrovascular disease
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present vascular platelet activation and microthrombus formation (14,39). it is also known
that brain ischemia causes cell death of vulnerable neurons (37), but such injury is
markedly limited when an ischemic preconditioning phenomenon is induced. Several
studies have suggested that protection against neuronal injury after preconditioning occurs
because a brief episode of ischemia (that causes no cell death) induces tolerance to
longer ischemic episodes (15). The mechanisms underlying the ischemic preconditioning
phenomenon have been extensively investigated (17,20).

Since it has been postulated that the injury-limiting effect of preconditioning can be
primarily attributable to adenosine (20), itis possiblé to speculate that enzymes involved in
the production of adenosine in the nervous system and in the circulation should participate
or even modulate such phenomenon. Along this line of reasoning, Schetinger et al (36)
have demonstrated the activity of synaptosomal ATP diphosphohydrolase from the
hippocampus of rats tolerant to brain ischemia.

In the present study, we examined the hypothesis that brain ischemia may alter
nucleotide peripheral metabolism. We investigated the effect of brain ischemia,
reperfusion and ischemic preconditioning on ATP diphosphohydrolase and 5-nucleotidase
activities of rat platelets because of their role in the degradation of extracellular nucleotides
and the production of adenosine. Our hypothesis is that ischemic preconditioning, known
to cause cellular protection, would change these enzymatic activities leading to a possible
increase in ADP degradation and adenosine formation, and the consequent regulation of

microthrombus formation and vascular tissue oxygen supply.

MATERIALS AND METHODS
Materials.
Nucleotides were obtained from Sigma Chemical Co. (St. Louis, MO, USA).

Sepharose 2B was obtained from Pharmacia and was de-aerated in a vacuum flask



65

before packing in a polyethylene column. All other reagents were of analytical grade.
Polyethylene or siliconized labware was used for all platelet isolation and incubation
procedures.

Brain ischemia and reperfusion.

We produced ischemia in Wistar rats weighing 180-200 g by the four-vessel
occlusion method of Pulsinelli (4-VO) (31,36). Briefly, the vertebral arteries were
electrocoagulated through the alar foramina on the first cervical vertebra, under halothane
anesthesia, and silastic ties were inserted around the carotids and brought to the surface.
Twenty-four h later the ties were tightly clamped for 2 or 10 min. Thus, rats were submitted
to 2 or 10 min ischemia and to different periods (60 min, 1, 2, 5, 10 and 30 days) of
reperfusion. The ischemic preconditioned group (double-ischemic rats) was submitted to
10 min ischemia 1 day after a 2 min ischemic episode (2’ + 10’), followed by 60 min, 1 and
2 days of reperfusion. Any rat that did not lose the righting reflex or that convulsed during
the ischemic or reperfusion period was discarded. Sham-operated and intact rats were
used as controls. All animal use procedures were approved by the local Animal Care
Committee.

Platelet isolation.

Male Wistar rats from our breeding stock were maintained on a 12h light/12h dark
cycle in a constant temperature room. Platelets were isolated as described by Hantgan
(13). The intact platelets were separated from plasma by gel filtration on a 1.5 x 7 cm
Sepharose 2B column. The column was equilibrated with a buffer consisting of 140 mM
NaCl, 2.5mM KCI, 10 mM HEPES, 5.5 mM dextrose, 0.2 mM EGTA, and 0.05 g% azide,
pH 6.8. Platelets were eluted with the same buffer at room temperature, 0.5 ml fractions
were collected and the tubes containing platelets (determined visually) were used for the

experiments. The material was prepared fresh daily.
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Determination of ATP diphosphohydrolase and 5™-nucleotidase activities.

ATP and ADP hydrolysis by platelet ATP diphosphohydrolase was carried out in a
medium containing 120 mM NaCl, 5.0 mM KCI, 6.0 mM glucose, 5.0 mM CaCl,, and 50
mM Tris-HCI buffer, pH 7.5, as previously described by us (9). The enzyme reaction was
started by the addition of ATP or ADP to a final concentration of 0.5 mM. Platelet 5-
nucleotidase activity was assayed as described by Nishio et al (25). AMP hydrolysis was
carried out in a medium containing 134 mM NaCl, 5.0 mM glucose, 1.5 mM MgCl, and 15
mM Tris-HCI buffer, pH 7.4. The enzyme reaction was started by the addition of AMP to a
final concentration of 2.0 mM. Incubation times (60 min for ATP diphosphohydrolase and
120 min for 5’-nucleotidase) and protein concentration (0.1 - 0.15 mg/ml) were chosen in
order to ensure the linearity of the enzyme reactions. The reactions were stopped by the
addition of trichloroacetic acid to a final concentration of 5% (w/v). Controls with the
enzyme preparation after the addition of trichloroacetic acid were used to correct for
nonenzymatic hydrolysis of the substrate. All assays were run in duplicate with appropriate
controls. Released Pi was measured by the method of Chan et al (6). A unit of activity (U)
is expressed as 1.0 nmol Pi released/min at 37°C. Specific activities are defined as U/mg
protein (nmol Pi released/min/mg protein).

Protein determination.

Protein was determined by the Coomassie Blue Method (4) with bovine serum
albumin used as standard.
Statistical analysis.

Data were analyzed by one-way and two-way analysis of variance. Post hoc tests
included the Duncan procedure for multiple intergroup comparisons. P values less than

0.05 were considered to be significant.
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RESULTS
Effect of single and double episodes of brain ischemia without reperfusion on platelet ATP
diphosphohydrolase and 5™-nucleotidase activities.

Control ATPase and ADPase specific activities of ATP diphosphohydrolase and 5-
nucleotidase (AMPase) activity, that correspond to 100%, were 11.2 + 2.0 (mean + S.D,
n=8), 5.9 + 1.0 (mean + S.D, n=8) and 1.8 + 0.3 (mean *+ S.D, n=8) nmol phosphate (Pi)
released/min/mg protein, respectively. ATP and ADP hydrolysis by ATP
diphosphohydrolase activity was significantly decreased by 40-50% after 2 or 10 min of
ischemia when compared to sham and control groups (Fig. 1). On the other hand, AMP
hydrolysis by &-nuclectidase activity was significantly increased by 30% after 2 min of
ischemia when compared to the corresponding sham and control groups, but was similar
to control levels after 10 min of ischemia (Fig. 1).

We next examined the effect of ischemia on the enzyme activities in preconditioned
rats. These rats were submitted to a brief ischemic episode (2 min) inflicted 1 day before
10 min of ischemia, i. e., they were made tolerant to neuronal death caused by the longer
ischemic insult. As shown in Fig. 1, there was a 40-50% increase in ATP and ADP
hydrolysis in. the double-ischemic group (2'+10°) when compared to sham and control
groups and to the group submitted to 2 min of ischemia followed by 1 day of reperfusion, in
contrast with groups submitted to 2 or 10 min of ischemia alone. Interestingly, there was a
marked activation of about 100% of AMP hydrolysis after the double-ischemic episode.

Considering that brain ischemia alters ATP, ADP and AMP hydrolysis by platelets,
these results suggest that changes in ATP diphosphohydrolase and 5’-nucleotidase
activities must be associated with molecular events that follow ischemia. The fact that the
double-ischemic group showed activation of both enzyme activities suggests that induced

tolerance to brain ischemia by the preconditioning phenomenon may be related to
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enzymatic modulation for the inhibition of microthrombus formation in the peripheral
circulation. |
Effect of reperfusion after single episodes of brain ischemia on platelet ATP
diphosphohydrolase and 5-nucleotidase activities.

In order to evaluate the effects of reperfusion after brain ischemia on the enzyme
activities, we measured ATP, ADP and AMP hydrolysis in two situations, i. e., when rats
were submitted to different periods of reperfusion after 2 min (Fig. 2) or 10 min (Fig. 3)
ischemia. As shown in Fig. 2, 60 min of reperfusion after the 2 min ischemic episode was
sufficient to bring ATP, ADP and AMP hydrolysis to control levels. However, ATP and ADP
hydrolysis was significantly decreased by the 10 min ischemic episode even after 30 days
of reperfusion (Fig. 3). ATP hydrolysis was still significantly lower after 30 days of
reperfusion when compared to 10 min of ischemia without reperfusion (Fig. 3).

In relation to the effect of reperfusion after 10 min of ischemia on 5-nucleotidase
activity, 60 min and 1 day of reperfusion resuited in a decrease of AMP hydrolysis by 50%
and 70%, respectively, when compared to control or 10 min of ischemia without
reperfusion (Fig. 3). In contrast, in the 2 and 5 days reperfusion groups AMP hydrolysis
was significantly higher (by 30% and 60%, respectively) than control or 10 min ischemia
without reperfusion. Interestingly, ischemic animals submitted to 10 and 30 days
reperfusion showed no changes in AMP hydrolysis when compared to control and non-
reperfused rats (Fig. 3).

Results from reperfused animals indicate that there is an interaction between
platelet ATP diphosphohydrolase and 5-nucleotidase activities and brain reperfusion.
Considering that platelet tumover time is approximately 7 days, the sustained inhibition of
ATP diphosphohydrolase activity by 10 min ischemia followed by 10 and 30 days

reperfusion suggests that this effect could be related to the inhibition of enzyme synthesis
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in the megakaryocyte. However, this hypothesis cannot be considered to explain the
results of 5'-nucleotidase activity.

Effect of reperfusion after preconditioning to brain ischemia on platelet ATP
diphosphohydrolase and 5-nucleotidase activities.

For the last set of experiments, we asked the question of what would be the
peripheral effects of reperfusion after a brief ischemic episode (2 min) inflicted 1 day
before a longer period of ischemia (10 min), i. e., ischemic preconditioning. As shown in
Fig. 4, the double-ischemic episode (2'+ 10°) resulted in a marked increase of ATP, ADP
and AMP hydrolysis by platelets when compared to the respective controls and to the
group submitted to only 2 min of ischemia followed by 1 day of reperfusion. In the 60 min
reperfusion condition after the double-ischemic episode, ATP, ADP and AMP hydrolysis
was significantly lower than in the respective controls and the double-ischemic groups.
Interestingly, 1 and 2 days of reperfusion after the double-ischemic episode cancelled this
inhibitory effect. After 1 day of reperfusion ATP hydrolysis was higher when compared to
control and the double-ischemic group and after 2 days of reperfusion it was similar to
control levels. In relation to ADP and AMP hydrolysis, 1 and 2 days reperfusion after the
double-ischemic episode returned these activities to control levels (Fig. 4).

Considering the results of reperfusion after the double-ischemic episode (ischemic
preconditioning) (Fig. 4), and remembering that 10 min of ischemia followed by 30 days of
reperfusion still caused a marked inhibition of ATP diphosphohydrolase activity (Fig. 3), we
suggest that protective mechanisms induced by preconditioning might be associated with
the return of ehzymatic activity to control levels after 2 days of reperfusion. In relation to 5’
nucleotidase activity, AMP hydrolysis immediately returned to control levels when rats
were submitted to 1 day reperfusion after the ischemic preconditioning (Fig. 4) while 10
min ischemia alone followed by 1, 2 and 5 days reperfusion (Fig. 3) still resulted in

changes of enzyme activity. Since ADP aggregates platelets (7) and adenosine is an
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inhibitor of platelet aggregation and microthrombus formation (16), and may protect
against these processes after ischemic cerebrovascular disease, and considering that
platelet 5'-nucleotidase and ATP diphosphohydrolase activities may cause alterations in
adenosine, ADP and ATP levels in the circulation, we suggest that such enzymes are

possible mediators of peripheral effects of preconditioning to brain ischemia.

DISCUSSION

The main results of the present study were: (i) brain ischemia (2 or 10 min) inhibited
ATP diphosphohydrolase activity from rat blood platelets (Fig. 1), whereas, 5’-nucleotidase
was activated after 2 min of ischemia and this effect did not occur after a 10 min-ischemic
episode (Fig. 1). In contrast, the double-ischemic episode (2° + 10’) increased both
enzyme activities (Fig. 1); (i) enzymatic activities differed when rats were submitted to
reperfusion after ischemia. Reperfusion after 2 min of ischemia caused a return of
activities to control levels (Fig. 2). However, the inhibition of ATP diphosphohydrolase
activity following 10 min of ischemia was still present after 30 days of reperfusion (Fig. 3).
5’-Nucleotidase activity was changed by reperfusion after 10 min of ischemia when
compared to ischemia without reperfusion (Fig. 3); and (iii) the ischemic preconditioned
group (2’'+10’) showed recovery of both enzymatic activities after 2 days of reperfusion, in
contrast to altered activity after 10 min of ischemia followed by up to 30 days of reperfusion
(Fig. 4). To our knowledge, this is the first demonstration of a peripheral effect of brain
ischemia, reperfusion and ischemic preconditioning involving platelet ecto-enzymes
related to adenosine formation.

The level of extracelluilar adenosine available to activate adenosine receptors
increases during ischemia, and this is believed to confer cytoprotection (32). Functions
mediated via these receptors such as vasodilation (29), inhibition of Ca®* influx in cells

populating the ischemic area (33), inhibition of the release of neurotransmitters such as
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giutamate (33) and inhibition of platelet aggregation (16) may account for the beneficial
effect of adenosine. The nucleoside also affords protection against ischemic reperfusion
injuries associated with significant increases in reactive oxygen species (41).

Considering our resuits as a whole, the activation of 5’-nucleotidase activity after 2
min of ischemia (Fig. 1), after the ischemic preconditioning (2 + 10’) (Fig. 1) and after 10
min of ischemia followed by 2 and 5 days reperfusion (Fig. 3) may correspond to a
protective mechanism that leads to an increase of adenosine levels in the platelet
microenvironment. Interestingly, in these situations, except for the ischemic
preconditioning group, ATP and ADP hydrolysis by ATP diphosphohydrolase was
decreased. These results may indicate that when ATP diphosphohydrolase is inhibited,
ADP is present at sufficient concentrations to induce some platelet aggregation even when
adenosine is produced. Probably, the preconditioning phenomenon may control this
process when both ATP diphosphohydrolase and 5-nucleotidase activities are increased
(Fig. 1). Regarding the effect of 10 min of ischemia without reperfusion and followed by 10
or 30 days reperfusion (Fig. 3), AMP hydrolysis did not change when compared to
controls, suggesting that it also occurs to maintain adenosine levels. These results are in
agreement with studies that have shown platelet aggregability and in vivo platelet
deposition in the circulation of patients with ischemic cerebrovascular disease (14).

Preconditioning involves brief periods of ischemia that confer protection against a
prolonged ischemic challenge. It is known that 10 min of transient forebrain ischemia
causes massive cell death in the CA; subfield of the rat hippocampus, while 2 min of
ischemia causes no lesion. However, double-ischemia (preconditioning) results in 50-60%
protection against cell necrosis (36,37). Whereas these studies have clearly demonstrated
the effects of preconditioning in the nervous system, the mechanisms underlying such

effects have not yet been established.
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Ytrehus and co-workers (41) have demonstrated that adenosine receptors are
involved in the beneficial effects of preconditioning. Our observation that platelet 5'-
nucleotidase was highly activated after the ischemic preconditioning (2° + 10’) (Fig. 4)
suggests that adenosine was possibly formed to bind to its receptors and to protect
against possible injuries. Interestingly, ATP and ADP hydrolysis by ATP
diphosphohydrolase was activated after the ischemic preconditioning (Fig. 4). These data
suggest that during brain ischemic preconditioning, platelet ATP diphosphohydrolase and
5’-nucleotidase are probably modulated to inhibit platelet aggregation and microthrombus
formation when ADP is hydrolyzed and adenosine is generated. Furthermore, data from
animals reperfused after ischemic preconditioning (Fig. 4) indicate an interaction between
enzyme activities and the protective effect of brain preconditioning against a longer period
of ischemia (10 min) and reperfusion. As shown in Fig. 4, ATP diphosphohydrolase activity
was not inhibited after the ischemic preconditioning followed by 1 or 2 days of reperfusion
as it was after 10 min of ischemia followed by 1 or 2 days of reperfusion (Fig. 3). In the
preconditioned group (2’+10’) submitted to 1 or 2 days of reperfusion, 5-nucleotidase
activity did not change when compared to controls (Fig. 4). Thus, alterations of these
enzyme activities when brain ischemia and reperfusion occur were prevented by the
preconditioning phenomenon.

The findings that brain ischemia, reperfusion and preconditioning can induce
peripheral alterations in ecto-enzymes involved in nucleotide metabolism, as is the case
for the nervous system (36), are the most important point of our results. We are tempted
to speculate that: (i) mechanisms operating in the modulation of ATP diphosphohydrolase
activity in the ischemic hippocampus (36) might be the same as that operating in platelets;
(ii) the peripheral (platelet) effect may be a marker of central (hippocampal) events. On the
other hand, we must consider the possibility that the enzymatic chain (ATP

diphosphohydrolase and 5’-nucleotidase) might be altered with ischemia of other organs.
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in view of such clear effects, possible explanations may be offered regarding the
peripheral modulation of these enzymatic activities from platelets induced by brain
ischemia, reperfusion and ischemic preconditioning. Two possibilities seem to be the
strdngest. The first is a change in the characteristics of the active site, or in the
conformation or synthesis of the enzyme in the megakaryocyte; and the second involves
environmental changes caused by degradation of membrane phospholipids surrounding
the enzyme molecules, generating free radical species. Neuronal damage following
transient brain ischemia is mediated by various mechanisms among which oxygen radical-
mediated processes play a central role; much of this damage is mediated by the hydroxyl
radical (12). Recent studies have also suggested the production of nitric oxide (NO)
within ischemic cerebral tissue (21). Thus, NO is generated within the ischemic brain and
may diffuse into the intravascular space (19) to act as an inhibitor of platelet aggregation
(23). However, other free radical species stimulate the aggregatory response of platelets
(34). Recently, we have demonstrated in vitro that free radicals cause an inhibition of ATP
diphosphohydrolase activity from rat platelets (10) and synaptic plasma membrane (40).
Furthermore, nitrosylation or phosphorylation through an interaction with NO were recently
reported to affect the activity of membrane-bound proteins (27,38). Node et al (26) have
shown the activation of ecto-5"-nucleotidase by phosphorylation and its role in ischemic
tolerance in the canine heart. Considering our results, the relevance of these suggestions
must be examined in future experiments.

In summary, we have shown that brain ischemia and reperfusion induce
alterations in ATP diphosphohydrolase and 5'-nucleotidase activities from rat bilood
platelets. The present findings support the hypothesis that the protection of ischemic
preconditioning is probably mediated by enhanced hydrolysis of ATP, ADP and AMP and
production vof adenosine through the activation of these ecto-enzymes. Since both

enzymatic activities studied and adenosine receptors are located on the platelet
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membrane, adenosine possibly produced may act in the same environment. In any case,
we believe that a modulation of these enzymes and, consequently, an alteration of platelet
ATP, ADP and AMP hydrolysis as a peripheral effect of brain ischemia, reperfusion and

pre¢onditioning may be related to the regulation of microthrombus formation and vascular

tissue oxygen supply.
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Figure legends

Figure 1. Activity of platelet ATP diphosphohydrolase (ATPase and ADPase) and
5-nucleotidase (AMPase) after brain ischemia. Results are expressed as percentage of
control activity. Data represent means + S.D. for six to eight different platelet preparations
analyzed in duplicate. Sham values for ATPase, ADPase and AMPase activities were
103.2 £ 18 (n=8), 97.4 £ 24 (n=6) and 99.5 + 22.8 (n=6), respectively.

* Significantly different from control group, P < 0.05. a, significantly different from the 2’

(min) of ischemia + 1 D (day) of reperfusion group, P < 0.05.

Figure 2. Activity of platelet ATP diphosphohydrolase (ATPase and ADPase) and
5'-nucieotidase (AMPase) after 2° (min) brain ischemia followed by reperfusion. Results
are expressed as percentage of control activity. Data represent means + S.D. for six to
eight different platelet preparations analyzed in duplicate. Sham values for ATPase,
ADPase and AMPase activities were 103.2 + 18 (n=8), 97.4 + 24 (n=6) and 99.5 + 22.8

(n=6), respectively. * Significantly different from control group, P < 0.05.

Figure 3. Activity of platelet ATP diphosphohydrolase (ATPase and ADPase) and
5-nucleotidase (AMPase) after 10’ (min) brain ischemia followed by reperfusion. Results
are expressed as percentage of control activity. Data represent means + S.D. for six to
nine different platelet preparations analyzed in duplicate. Sham values for ATPase,
ADPase and AMPase activities were 103.2 + 18 (n=8), 97.4 + 24 (n=6) and 99.5 = 22.8
(n=6), respectively. * Significantly different from control group, P < 0.05. #, significantly

different from the 10’ (min) of ischemia without reperfusion group, P < 0.05.
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Figure 4. Activity of platelet ATP diphosphohydrolase (ATPase and ADPase) and
5'-nucleotidase (AMPase) after brain ischemic preconditioning followed by reperfusion.
Results are expressed as percentage of control activity. Data represent means + S.D. for
six to eight different platelet preparations analyzed in duplicate. Sham values for ATPase,
ADPase and AMPase activities were 103.2 + 18 (n=8), 97.4 + 24 (n=6) and 99.5 + 22.8
(n=6), respectively. * Significantly different from control group, P < 0.05. a, significantly
different from the 2’ (min) of ischemia + 1D (day) of reperfusion group, P < 0.05. b,
significantly different from the preconditioned group 2°+10’ (min) without reperfusion, P <

0.05.
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Title: Preconditioning cancels peripheral oxidative stress associated with brain ischemia

followed by reperfusion in rats.

ABSTRACT

Brain ischemia followed by reperfusion causes neuronal death due to excitotoxic-
triggered oxidative stress. Furthermore, it has been reported that subjects suffering from
ischemic cerebrovascular disorders exhibit changes in circulating platelet aggregation, a
characteristic that might be important for their clinical outcome. In the present investigation
we studied tert-butyl hydroperoxide-initiated plasma chemiluminescence and thiol content,
as measures of peripheral oxidative stress, in naive and preconditioned rats submitted to
forebrain ischemia produced by the 4-vessel occlusion method. Rats were submitted to 2
or 10 min of global transient forebrain ischemia followed by 60 min, 1, 2, 5, 10 or 30 days
of reperfusion. Preconditioned rats were submitted to a 10 min ischemic episode 1 day
after a 2 min ischemic event (2+10 min), followed by 60 min or 1 or 2 days of reperfusion.
it has been demonstrated that such preconditioning model protects up to 50% of CA,
pyramidal cells of the dorsal hippocampus in rats and gerbils submitted to a lethal (10 min)
ischemic episode. The results show that both 2 and 10 min of ischemia cause an increase
of plasma chemiluminescence when compared to control and sham rats. In the 2 min
ischemic group, the effect was not present after reperfusion. In the 10 min ischemic
group, the increase was present up to 1 day after recirculation and values returned to
control levels after 2 days. However, rats preconditioned to ischemia (2+10 min) and
reperfusion showed no differences in plasma chemiluminescence when compared to
controls. We also analyzed plasma thiol cbntent since it has been described that cysteine

residues in albumin significantly contribute to the antioxidant capacity of plasma. There
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was a significant decrease of plasma thiol content after 2, 10 min and 2+10 min of
ischemia followed by reperfusion when compared to controls. We suggest that: a)
ischemia causes, along with brain oxidative stress and cell death, a peripheral oxidative
stress; b) rats protected against neuronal death by preconditioning do not exhibit ischemia-
induced increases in plasma chemiluminescence; c) the decrease in thiol content in all

reperfused groups indicates its antioxidant capacity.

Keywords: Brain Ischemia, Reperfusion, Plasma, Oxidative Stress, Ischemic

Preconditioning, Hydroperoxide-Initiated Chemiluminescence, Plasma Thiols,'Albumin.
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INTRODUCTION

Neuronal damage following transient brain ischemia is mediated by various
mechanisms, among which reactive oxygen species-mediated processes play a central
role. The injurious effect of free radicals in brain ischemia is evident from studies
demonstrating that free radical scavengers confer protection from ischehic damage’ , and
transgenic mice overexpressing superoxide dismutase exhibit less edema and smaller
infarcts when subjected to ischemia.? Furthermore, damage to the brain is also observed
during reperfusion after ischemia (when the oxygen supply is restored to the brain) and
may be attributed primarily to the presence of reactive oxygen species that can induce
oxidative stress.®> The sources of reactive oxygen species include: a) products from the
arachidonic acid cascade; b) metabolism of xanthine by xanthine oxidase * and c) release
of excitatory amino acids.®

Besides the effects on the central nervous system, recent studies have reported
that peripheral events also occur after ischemic cerebrovascular disease, such as
changes of platelet surface glycoproteins °, platelet activation and erythrocyte aggregation
in the circulation "°, and diffusion of NO (nitric oxide) produced by neurons into the
bloodstream.® Although these authors have shown that ischemic cerebrovascular disease
induces peripheral effects, it has not been defined if a probable oxidative stress is related
to these effects. Salvemini and colleagues’® have suggested that in ischemic heart
disease, platelet activation is related to oxidative stress.Thus, superoxide anions (O;7)
enhance platelet activation and aggregation in the circulation, while NO is able to inhibit

the response of platelets to superoxide."
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In the present study we suggest that cerebral ischemia and reperfusion may
cause, along with brain oxidative stress and cell death, a peripheral oxidative stress that
probably is related to important alterations such as microthrombus formation during this
disease. However, it has been proposed that brain ischemic preconditioning (when brief
periods of ischemia precede longer and injurious ischemic episodes) is responsible for
attenuation of neural ischemic injury.’® Thus, our objective was also to establish a
relationship between brain ischemic preconditioning and a possible protection against the
state of peripheral oxidative stress. To evaluate this possible relationship, we firstly
measured the tert-butyl hydroperoxide-initiated chemiluminescence emission in plasma of
naive and preconditioned rats submitted to forebrain ischemia and reperfusion. This assay
is based on the determination of stable products or byproducts of the reaction chain of lipid
peroxidation, a process that follows the production of oxygen free radicals in biological
systems. The assay has also been applied to detect the existence of oxidative stress
associated with experimental pathological situations.”> We next examined the effect of
brain ischemia and preconditioning on plasma thiols because extracellular protein
sulphydryls, such as albumin sulphydryls, have been proposed to serve as scavenging
antioxidants'* and are generally highly effective in reducing ischemia-reperfusion injury."
In this study, our hypothesis is that brain ischemia and reperfusion lead to a peripheral
oxidative stress and brain ischemic preconditioning protects against peripheral oxidative

damage.
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MATERIALS AND METHODS

* Materials

Tert-butyl hydroperoxide was obtained from Aldrich Chemicals Co (Milwaukee, WI)
and 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) was obtained from Sigma Chemical Co.
(St. Louis, MO, U.S.A). All other reagents were of analytical grade.

Brain ischemia and reperfusion

Male Wistar rats from our breeding stock were maintained on a 12h light/12h dark
cycle in a constant temperature room. We produced transient forebrain ischemia in rats
weighing 180-200 g by the four-vessel occlusion method of Pulsinelli (4-VO).'® Briefly, the
vertebral arteries were electrocoagulated through the alar foramina on the first cervical
vertebra under halothane anaesthesia, and silastic ties were inserted around the carotids
and brought to the surface. Twenty-four hours later the ties were tightly clamped for 2 or
10 min. Thus, rats were submitted to 2 or 10 min of ischemia. After ischemia, other rats
were also submitted to different periods (60 min, 1, 2, 5, 10 and 30 days) of reperfusion.
The double-ischemic group (ischemic preconditioning group) was submitted to 10 min
injurious ischemia 1 day after a 2 min ischemic episode (2'+10’). Other animals received
60 min, 1 or 2 days of reperfusion after the double-ischemic episode. Any rat that did not
lose the righting reflex or that convulsed during the ischemic or reperfusion period was

discarded. Sham-operated and intact rats were used as controls.
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Plasma isolation

Plasma was obtained from fresh citrated rat blood. Red blood cells and buffy coat
were removed by centrifugation at 200 g for 5 min at room temperature and platelets
were removed by plasma centrifugation at 200 g for 20 min. The supernatant was used
for subsequent experiments.
Determination of plasma tert-butyl hydroperoxide-initiated chemiluminescence

Chemiluminescence emission was measured with an LKB Rack Beta liquid
scintillation spectrometer model 1215 (LKB-Produkter AB, Bromma, Sweden). Piasma
samples in glass vials were kept in the dark up to the moment of assay and
determinations were carried out in a dark room in order to avoid vial phosphorescence
activated by fluorescent light. When terf-butyl hydroperoxide was added to plasma the
emission increased with time to reach a maximal level after 30 min. Thus, we analyzed
chemiluminescence emissions 30 min after the addition of tert-butyl hydroperoxide. Assay
conditions as described by Fiecha and colleagues'’ were: 1 to 1.5 mg/mi of plasma protein
in a reaction medium consisting of 120 mM KCI, 30 mM phosphate buffer, pH 7.4, with 3
mM tert-butyl hydroperoxide, in a final volume of 3 ml. Results are expressed as counts
per second (cps)/mg protein.
Determination of plasma thiol groups

Plasma SH groups (which originate predominantly from plasma proteins, especially
albumin) were measured spectrophotometrically after reaction with DTNB.'® Absorbance
at 412 nm was measured after 20 min incubation at room temperature. Plasma SH groups

were calculated using an absorptivity of 13600 cm™. M.
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Protein determination

Protein was determined by the Comassie Blue method'® with bovine serum
albumin used as standard.
Statistical énalysis

Data were analyzed by one-way and two-way analysis of varianvce. Post hoc tests
included the Duncan procedure for multiple intergroup comparisons. P values less than

0.05 were considered to be significant.
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RESULTS

Effect of single and double-ischemic épisodes on plasma tert-butyl hydroperoxide-initiated
chemiluminescence and plasma thiols

We studied plasma tert-butyl hydroperoxide-initiated chemiluminescence emission
in rats submitted to 2 and 10 min brain ischemia. We also studied the effect of a double-
ischemic episode (2'+10’), a brief ischemic episode (2 min) inflicted 1 day before a longer
period of ischemia (10 min). Several studies have suggested that the ischemic injury is
markedly limited when the preconditioning phenomenon occurs, because the brief episode
of ischemia that causes no neuronal death induces tolerance to the longer ischemic
episode.” Plasma hydroperoxide-initiated chemiluminescence of rats submitted to 2 and
10 min brain ischemia was significantly increased by about 40-50% when compared to the
photoemission of plasma from control rats (Fig. 1A). In contrast to 2 or 10 min ischemic
episodes alone, plasma of rats submitted to the double-ischemic episode did not show an
increase in emission when compared to control groups or to the group that was submitted
to only 2 min ischemia followed by 1 day reperfusion (Fig. 1A). Considering that brain
ischemia increases plasma hydroperoxide-initiated chemiluminescence, we next examined
its effects on plasma sulphydryl (SH) groups. The thiols in plasma, particularly the cysteine
residues of albumin, make a significant contribution to the peroxyl-radical scavenging
capacity of plasma.?' Brain ischemia (2 or 10 min) and the double-ischemic episode
(2'+10’) did not cause alteration of plasma SH groups (Fig. 1B). A decrease in plasma SH
groups was only found after 2 min of ischemia followed by 1 day of reperfusion when

compared to controls (Fig. 1B). Since 2 min ischemia followed by 1 day reperfusion
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induces tolerance to a longer and injurious ischemic episode (10 min), we suggest that
in this situation plasma SH groups were depleted as sacrificial antioxidants' probably
to protect more important targets such as proteins and lipids against oxidative damage.
Probably, the plasma of rats submitted to 2 min ischemia followed by 1 day reperfusion
and to the double-ischemic episode did not show an increase in chemiluminescence
emission because plasma SH groups were consumed in the first situation. Thus, the
results suggest that the brain preconditioning phenomenon may cause loss of plasma SH
groups as a protective mechanism to avoid a possible peripheral oxidative damage. Since
the majority of SH groups in plasma are associated with albumin that has been proposed
to be a scavenging antioxidant," this protein is damaged but there is so much albumin in
plasma that damage may be biologically insignificant. The fact that single ischemic
episodes (2 or 10 min) show an increase in plasma chemiluminescence emission implies
that brain ischemia may induce a peripheral oxidative stress.
Effect of reperfusion after single ischemic episodes on plasma tert-butyl hydroperoxide-
initiated chemiluminescence and plasma thiols

Figure 2A illustrates the effect of 60 min and 1 day reperfusion after 2. min brain
ischemia on plasma chemiluminescence. As can be seen, reperfusion significantly
decreased chemiluminescence emission to control levels when these data were compared
to 2 min ischemia. In relation to the effect of reperfusion after 2 min ischemia on plasma
thiols (Fig. 2B), 60 min and 1 day reperfusion resulted in a significant decrease of SH

groups to levels below the control and 2 min ischemia values.
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On the other hand, 60 min and 1 day reperfusion after 10 min brain ischemia still resulted
in a 30-40% increase of plasma chemiluminescence emission (Fig. 3A). Values for plasma
chemiluminescence of rats submitted to 2, 5, 10 and 30 days reperfusion after 10 min
ischemia were similar to controls (Fig. 3A). Similarly to the resuits of reperfusion after 2 min
ischemia, reperfusion (60 min, 1, 2, 5 and 10 days) after 10 min ischemia also induced
plasma SH depletion when compared to data from control and 10 min ischemia without
reperfusion (Fig. 3B). Although the effect of reperfusion after 10 min ischemia on the
depletion of plasma thiols was observed up to 10 days, values for piasma SH groups after
30 days reperfusion were not significantly different from controls (Fig. 3B), probably
because albumin has a half-life of 20 days.' A possible interpretation of these results is
that reperfusion after brain ischemia may also induce peripheral alterations in plasma. The
results from animals reperfused after 10 min ischemia indicate that there is a relationship
between plasma oxidative stress and brain reperfusion when this injurious ischemic
episode occurs, since 60 min and 1 day reperfusion still maintain the increase of
chemiluminescence emission caused by 10 min ischemia even when plasma thiols are
depleted (Fig. 3A). In contrast, reperfusion after a brief ischemic episode (2 min) led to the
utilization of plasma thiols as antioxidants and, consequently, the decrease of
chemiluminescence emission to control values (Fig. 2A). Thus, it seems that the decrease
of plasma chemiluminescence emission to control levels during longer periods of
reperfusion after 10 min ischemia (Fig. 3A) may aiso be related to the utilization of
plasma thiols (Fig. 3B) as a long-term peripheral antioxidant control against a possible

oxidative damage.
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Thus, the interesting aspects of the results illustrated in Figure 3A and 3B are the ability of
plasma to recover from oxidative stress and the regeneration of thiols after 30 days
reperfusion, even after depletion of about 50% of thiols levels after 5 days reperfusion.
Effect of reperfusion after a double-ischemic episode on plasma tert-butyl hydroperoxide-
initiated chemiluminescence and plasma thiols

The effect of 60 min, 1 and 2 days reperfusion on plasma of rats submitted to a 10
min brain ischemic episode after preconditioning (2'+10") is demonstrated in Figure 4A
and 4B. As shown in Figure 4A, when chemiluminescence emission was measured,
plasma of rats submitted to 10 min injurious ischemia after a preconditioning time (2'+1
day reperfusion) was not significantly different from controls or the preconditioned group.
Reperfusion after the double-ischemic episode did not change plasma
chemiluminescence emission when compared to the control and double-ischemic groups
(Fig. 4A). Plasma thiol content was measured under the same conditions of reperfusion
after the double-ischemic episode used to measure plasma chemiluminescence emission
(Fig. 4B). As demonstrated in Figure 1B, Figure 4B also shows that preconditioning time
(2+1 day reperfusion) significantly decreased plasma SH groups when compared to
control. On the other hand, 10 min ischemia after preconditioning (2’'+10’) was able to
maintain plasma SH groups at control levels. Nevertheless, results with plasma of rats
submitted to 60 min or 1 and 2 days reperfusion after the double-ischemic episode
indicate that in this situation reperfusion causes a loss of SH groups (Fig. 4B). From a
comparison of Figures 4A, 4B and other figures, we suggest that the permanence of
plasma chemiluminescence emission at control levels after some situations is associated

with the consumption of plasma thiols as antioxidants. Interestingly, it is clear that plasma
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was protected from oxidative stress by a longer ischemic episode (10 min) and reperfusion
when brain ischemic preconditioning occurred and also when thiols were depleted (Fig. 4A
and 4B). The resuits of Figure 4A can be compared to the results of Figure 3A that shows
the significant increase of plasma chemiluminescence emission when rats were submitted
to 10 min ischemia and reperfusion without the protection of the preconditioning time.
Thus, we conclude that brain ischemic preconditioning may also induce a protective
peripheral effect against injurious brain ischemic episodes and reperfusion as it occurs in

the central nervous system.?
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DISCUSSION

The findings of this study are that brain ischemia and reperfusion induce peripheral
alterations demonstrated in plasma that are probably related to an increased formation of
reactive oxygen species. Furthermore, it seems that brain ischemic preconditioning, as a
phenomenon responsible for the protection of the central nervous system against injurious
ischemic episodes and reperfusion,® also prevented plasma oxidative damage when
chemiluminescence emission was measured. Anyway, the determination of plasma thiois,
most of which associated with albumin as antioxidant, indicate a relationship between the
consumption of SH groups and the permanence of plasma chemiluminescence emission
at control levels. This relationship could be seen when rats were submitted to reperfusion
after 2 min (Figs. 2A and 2B) or 10 min ischemia (Figs. 3A and 3B) and mainly after the
preconditioning time followed by 10 min ischemia and reperfusion (Figs. 4A and 4B), which
suggests that reperfusion is related to the depletion of thiols and, consequently, to
normalization of plasma chemiluminescence emission as much after single ischemicv
episodes as after double-ischemic episodes (preconditioning). Thus, this is the first
demonstration that a peripheral oxidative stress is associated with brain ischemia and
reperfusion and that ischemic preconditioning induces protective effects. Considering the
literature and our results, it seems that brain ischemia and preconditioning cause injurious
and protective effects, respectively, in the central nervous system but also in the

bloodstream as a possible peripheral indicator of central events.
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It has been suggested that neuronal damage in brain ischemia and reperfusion is
partly due to oxidative damage caused by free radical formation.?? Free radicals are
extremely reactive compounds that can react with lipids, enzymes®* or DNA to produce
various harmful effects.”® Recent studies have shown the simultaneous production of nitric
oxide (NO) and superoxide anion (O,7) within reperfused ischemic cerebral tissue that
might lead to the formation of cyiotoxic peroxynitrite or an oxidant derived from it. %
Interestingly, this NO produced by neurons that reacts with superoxide can also diffuse
across the endothelium into the bloodstream upon reperfusion.® Indeed, both superoxide .
and NO are relatively unreactive towards most of the organic molecules, whereas
peroxynitrite is a potent oxidant which is able to oxidize fipids” and thiols.”® As a
consequence, peroxynitrite is being recognized as a reactive intermediate that may
participate in injury processes associated with oxidative damage. In plasma, peroxynitrite
induces oxidative damage by its effects in decreasing the levels of antioxidants such as
thiol groups.”* Plasma thiols, mostly albumin-thiol, are oxidized by peroxynitrite and this
process may prevent attack of more critical plasma proteins such as enzymes and
antibodies. For this reason, albumin has been regarded as a sacrificial antioxidant in
plasma." On account of its high concentration (40 g/l) and rapid turnover rate (half-life of
about 20 days) in plasma,* albumin might be an important determinant of protection
against oxidative stress since it was thought to play a role in the decreased mortality from
coronary heart disease.*’ In our study with plasma from rats submitted to brain ischemia,
reperfusion and ischemic preconditioning, probably the depletion of albumin thiols
provided protection against oxidative damage. The protective effect of atbumin may be

due to its antioxidative capacity, since oxidative stress demonstrated here by
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chemiluminescence emission has been considered to be a consequence of the
generation of reactive oxygen species.” Our results are in acordance with findings
reported by Strubelt and colleagues®, who demonstrated that albumin provided protection
against liver ischemia and hypoxia-recxygenation-induced oxidative damage.

The finding that brain ischemia and reperfusion can induce peripheral oxidative
stress and depletion of plasma thiols, however, is one of the main points of our results.
The biological significance of these findings is that probably reactive oxygen species are
produced during brain ischemia and reperfusion and can induce neuronal damage®®% but
also plasma oxidative damage that may be related to microthrombus formation in this
situation.”® On the other hand, only partial neuronal death occurs when brain ischemic
preconditioning precedes an injurious ischemic episode and reperfusion® and, as we have
shown with our results, the chemiluminescence emission measured indicated that plasma
is also protected by the preconditioning phenomenon. Thus, we suggest that sacrifice
reactions of plasma thiols (mostly, albumin thiol) with reactive oxygen species lead to
oxidative deterioration of albumin itself but provide protection for plasma against oxidative
stress.

In conclusion, although much work is needed to determine which oxidants
participate in the development of plasma injury during cerebral ischemia, the present
results support our aim to demonstrate that preconditioning cancels the peripheral

oxidative stress associated with brain ischemia and reperfusion.
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Figure legends

Figure 1. Effect of transient forebrain ischemia in rats on (1A) tert-butyi
hydroperoxide-initiated chemiluminescence of plasma and (1B) plasma thiols. Rats were
submitted to 2 min (2’), 10 min (10’) and 10 min ischemia 1 day (D) after a 2 min ischemic
episode (2'+10’). Values for 2 min ischemia followed by 1 day (D) reperfusion (2'+1D) were
compared to those for the (2°+10’) group. Data represent the mean + SD for six to eight
different animals. * indicates values significantly different from control groups, p < 0.05. #

indicates value significantly different from the (2'+1D) group, p < 0.05.

Figure 2. Effect of 2 min (2’) transient forebrain ischemia and reperfusion in rats on
(2A) tert-butyl hydroperoxide-initiated chemiluminescence of plasma and (2B) plasma
thiols. Rats were submitted to 2 min (2') ischemia followed by 80 min or 1 day (D)
reperfusion. Data represent the mean + SD for six to nine different animals. * indicates
values significantly different from control groups, p < 0.05. # indicates values significantly

different from the 2 min (2') ischemic group, p < 0.05.

Figure 3. Effect of 10 min (10’) transient forebrain ischemia and reperfusion in rats
on (3A) tert-butyl hydroperoxide-initiated chemiluminescence of plasma and (3B) plasma
thiols. Rats were submitted to 10 min (10’) ischemia followed by 60 min or 1, 2, 5, 10 and

30 days (D) reperfusion. Data represent the mean + SD for six to eight different animals.
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Brain ischemia-induced peripheral oxidative stress in rats.

* indicates values significantly different from control groups, p < 0.05. # indicates values

significantly different from 10 min (10’) ischemic group, p < 0.05.

Figure 4. Effect of brain ischemic preconditioning and reperfusion in rats on (4A)
tert-butyl hydroperoxide-initiated chemiluminescence of plasma and (4B) plasma thiols.
Rats were submitted to 2 min (2') ischemia followed by 1 day (D) reperfusion (2'+1D) and
10 min (10) ischemia 1 day (D) after a 2 min ischemic episode (2'+10’). Rats were also
submitted to 80 min or 1 and 2 days (D) reperfusion after the double-ischemic episode
(2+10’). Data represent the mean + SD for six to nine different animals. * indicates values
significantly different from control group, p < 0.05. # in 4B indicates a value significantly
different from (2'+1D), p < 0.05. a in 4B indicates values significantly different from (2'+10’)

group, p < 0.05.



110

1A

XKLL
RZRRIRKS

REXHIRKS
GRHHRRS

80

001 x (Bwysdo) IDNIOSININNTINTHD YWSY1d

1B

NN

AN

DM

NN

AN

NN

60
40
20

0

200

150

o
Y5

100 -

(Wn) SdNOYD HS YWSV1d

2'+10

2+1D

10

Sham

Control

GROUP

Figure 1 (Figura V.1)



111

2B

001 X (Bw/sdo) IONIOSIANINNTINIHD YWSY

200

150
100

(Wn) SdNOYD HS YWSY1d

50

Sham ' 2'+60" 2'+1D

Control

GROUP

Figure 2 (Figura V.2)



PLASMA CHEMILUMINESCENCE (cps/mg) x 100

PLASMA SH GROUPS (uM)

112

3A

20

200

100

50
0 L i 1 1 ! ] I i
Control  Sham 10' 10'+60° 10+1D 10'+2D 105D 10'+10D 10'+30D

GROUP

Figure 3 (Figura V.3)



PLASMA CHEMILUMINESCENCE (cps/mg) x 100

PLASMA SH GROUPS (uM)

4A

100

50

1 ] J

0 1 1 1
Control Sham 2+1D 2'+10' 2'+10+60" 2'+10'+1iD 2'+10'+2D

GROUP

Figure 4 (Figura \i.4)



114

V1. DISCUSSAO GERAL E CONSIDERAGOES FINAIS

Os resultados obtidos com este estudo que relaciona a atividade da ATP
difosfoidrolase e da 5-nuclectidase de plaquetas intactas de ratos adultos com os
radicais livres, a isquemia cerebral global transitoria e o estresse oxidativo periférico
durante a isquemia nos levam as consideragdes abaixo.

As atividades de hidrolise de ATP e ADP pela ATP difosfoidrolase e AMP pela 5'-
nuclectidase de plaguetas sdo inibidas “in vitro” por um sistema gerador de radicais
livres (Capitulos 1 e 2 da tese). Os resultados indicam que estas atividades enzimaticas
sdo inibidas no maximo 50% quando a preparacao de plaquetas gei-filtradas € incubada
por 30 minutos na presenca do sistema que produz radicais livres. Uma vez que a ATP
difosfoidrolase e a 5-nucleotidase s&o enzimas localizadas na membrana plasmatica
das plaquetas e foram inibidas por radicais livres, nds investigamos a possibilidade
desta inibicdo ser devida ao processo de peroxidagéo lipidica da membrana.

Recentemente, noés demoﬁstramos gue o processo de peroxidacgao lipidica pela
presenca de radicais livres induz uma inibicdo da atividade ATPasica e ADPéasica da
ATP difosfoidrolase de membrana sinaptica de cérebro de ratos [VIETTA et alii, 1996].
Para investigar esta possibilidade, foi utilizado um método para determinar a
peroxidacdo lipidica através da formacéo de TBARS (substancias reativas ao acido
tiobarbitlrico) em plaquetas em repouso e ativadas quando em presenca do sistema
que forma radicais livres. Sabe-se que a abundancia de 4cidos graxos poliinsaturados
em plaquetas de rato, que séo o alvo para que o processo de peroxidacao lipidica por
radicais livres ocorra, esta presente na superficie interna da plaqueta em repouso [JOO
et alii, 1993). Entdo, a ativacdo de plaquetas de rato aumenta a exposicdo de acidos

graxos poliinsaturados na superficie externa da membrana plasmatica facilitando a
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peroxidacgao lipidica [JOO et alii, 1993]. O teste TBARS mostrou que a incubagéo de
plaquetas em repouso por 30 minutos com o sistema que forma radicais livres n&o
aumentou a peroxidacgao lipidica quando comparado ao controle (sem a presenca de
radicais livres). Por outro lado, quando as plaquetas sao ativadas, a incubagdo com o
sistema que produz radicais livres aumenta significativamente a peroxidacdo lipidica
acima dos valores do controle. Estes dados indicam que este sistema que produz
radicais livres ndo induz a peroxidacao lipidica em plaquetas em repouso e sugerem
gue as atividades da ATP difosfoidrolase e 5-nucleotidase ndo sdo inibidas pelo
processo de peroxidacdo. Alem disso, a vitamina E (trolox), um antioxidante que
protege contra o processo de peroxidacéo lipidica [ROSS & MOLDEUS, 1991], ndo
preveniu a inibicdo das atividades enzimaticas de plagquetas em repouso pelo dano
oxidativo.

Considerando que o processo de peroxidagdo lipidica pode ocorrer em
plaquetas ativadas, provaveimente as atividades da ATP difosfoidrolase e 5'-
nucleotidase também s&o alteradas por este processo quando ha ativacéo plaquetaria
na circulagéo sanguinea.

Como a inibicdo da atividade da ATP difosfoidrolase e da 5'-nuclectidase nao
parecia ser devido a peroxidacdo lipidica, nos investigamos a possibilidade de que
residuos com grupos sulfidril (-SH) poderiam ser importantes para estas atividades uma
vez que a oxidagdo desses grupamentos poderia causar a inibicdo enzimatica. Tem
sido descrito que grupos sulfidri sdo grandes alvos para os radicais livres
[ARMSTRONG & BUCHANAN, 1978]. Foram testados tidis como a cisteina e a
glutationa reduzidas na tentativa de proteger as atividades enzimaticas contra o efeito
de inibicdo pelos radicais livres. A glutationa e a cisteina foram capazes de proteger as

atividades enzimaticas mas a glutationa nédo protegeu os grupos sulfidril, determinados
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em plaquetas de rato, que foram oxidados pelos radicais livres. Por outro lado, a
cisteina protegeu os grupos sulfidril contra a oxidacdo. Este dados sugerem que tidis
presentes no plasma como a glutationa e a cisteina [SORIAN! et alii, 1994] protegem as
atividades da ATP difosfoidrolase e da 5-nucleotidase de plaquetas de rato contra a
inibicdo provavelmente como “scavengers” de radicais livres [SALVEMINI & BOTTING,
1993]. Como a glutationa ndo protege os grupos sulfidril contra a oxidacao mas protege
as atividades enzimaticas, este resultad‘o sugere que 0s residuos com grupamentos -
SH néo sao importantes para as atividades enzimaticas sendo que a sua oxidagdo néo
& responsavel pela inibicdo. Assim, provavelmente outros residuos de aminoacidos que
sdo essenciais para as fungbes da ATP difosfoidrolase e da 5-nucleotidase foram
modificados, ou ainda outro mecanismo desconhecido foi responsavel pela inibicéo.
ATP difosfoidrolases e 5-nucleotidases tém sido descritas como sendo
sensiveis aos radicais livres [MISHRA et alii, 1990; POELSTRA et alii, 1990; CANDINAS
et ali, 1996; SIEGFRIED et alii, 1996; VIETTA et alii, 1996]. No sistema circulatério,
sabe-se que o ADP € um nucleotideo que induz agregacéo plaquetaria [COLMAN,
1990] e que a ATP difosfoidrolase em conjunto com um 5-nuclecotidase € um
importante mecanismo enzimatico que degrada ADP até adenosina, um inibidor da
agregacao plaquetaria [KITAKAZE, 1991]. Assim, sabe-se que a degradacdo de
concentracdes micromolares de nucleotideos plasmaticos circulantes esta envolvida na
regulacdo da trombogénese [HOLMSEN & HOLMSEN, 1971; LUTJE et ali, 1988;
COTE et alii, 1992]. A participacao de atividades extracelulares que degradam o ADP
com uma fungéo antitrombadtica, exercendo assim um mecanismo de protecdo vascular,
tem sido proposta em varias patologias sendo que a influéncia do dano por radicais
livres a estas atividades enzimaticas é evidente. Em um trabalho realizado em ratos

com glomeruionefrite experimental, radicais livres produzidos por neutréfilos ativados
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reduziram a atividade ADPasica glomerular facilitando a formacéo de trombos
plaquetarios, o que indica segundo os autores, que a atividade ADP4asica glomerular de
rim de rato & sensivel aos radicais livies e pode funcionar como um potente
tromboregulador celular [POELSTRA et alii, 1990].

A agregacao plaguetaria com formacéo de microtrombos é uma das principais
consequéncias da formacdo de radicais livres na micro-circulagdo cardiaca e cerebral
[SALVEMINI & BOTTING, 1993]. Sendo assim, a inibicdo de atividades enzimaticas
tromboreguladoras, capazes de degradar o ADP extracelular, pela formagéo de radicais
livres provaveimente € um dos fatores que proporciona a formacé&o de microtrombos
em algumas doencas como a isquemia. Portanto, a alteracdo de atividades enzimaticas
que degradam o ADFP e que participam na formac&o de adenosina, como a ATP
difosfoidrolase e a 5-nuclectidase de plaquetas, deve ser um importante fator que
induz a agregacdo plaquetaria durante o processo de estresse oxidativo. Nesta
condicdo, provavelmente estas enzimas estariam inibidas pela maior formacéo de
radicais livres e a formacdo de microtrombos seria acentuada uma vez que a
degradacao de ADP e a formacdo de adenosina estariam prejudicadas.

Considerando a importancia da ATP difosfoidrolase e da 5-nuclectidase de
plaquetas na degradagdo do ADP até adenosina, tornou-se importante investigar o que
poderia ocorrer com a atividade dessas enzimas em uma patologia onde héa a formacéo
de radicais livres e a agregacéo plaquetaria. Sendo assim, uma mudanca nestas
atividades enzimaticas representaria um fator que poderia contribuir para ¢ dano
vascular em doencas como a isquemia e reperfusdo [SOUTHORN & POWIS, 1988;
HALLIWELL, 1993].

Atualmente, existem poucos dados na literatura sobre efeitos periféricos da

isquemia e reperfusdo cerebral mas sabe-se que pacientes com doengas isquémicas
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cerebrovasculares possuem ativacdo plaquetaria na circulagdo [ISAKA et alii, 1989;
TANAHASHI et alii, 1996]. Para os nossos estudos, utilizamos ratos com isquemia
cerebral global transitéria (Capitulo 3 da tese). A isquemia cerebral foi realizada pelo
método de oclus@o dos quatro vasos (carétidas e vertebrais) por 2 ou 10 minutos. Um
grupo com duplo episédio isquémico foi submetido a 10 minutos de isquemia 1 dia apos
2 minutos de isquemia. Assim, este grupo sofreu 1 dia de reperfusdo entre os
episédios de 2 e 10 minutos de isquemia. Outros grupos de ratos também foram
submetidos a 60 minutos, 1 ou 2 dias de reperfusdo ap6s o duplo episddio isquémico.
Grupos de ratos com um Gnico episédio isquémico de 2 minutos também foram
submetidos a 60 minutos ou 1 dia de reperfusdo. Além disso, grupos de ratos com 10
minutos de isquemia também foram submetidos a 60 minutos, 1, 2, 5, 10 ou 30 dias de
reperfusdo. Todos os grupos foram estatisticamente comparados com os grupos
controle e “sham” (ratos que foram submetidos somente a cirurgia). O objetivo de
aumentarmos o tempo de reperfusdo para cada grupo era para analisarmos se as
atividades enzimaticas haviam voltado aos niveis normais.

A atividade da ATP difosfoidrolase de plaquetas de ratos submetidos a 2
minutos de isquemia foi significativamente inibida enquanto que a atividade da 5'-
nucleotidase foi ativada quando comparados ao controle. Quando os ratos foram
submetidos a 10 minutos de isquemia, a atividade da ATP difosfoidrolase também foi
inibida enquanto que a 5'-nucleotidase n&o foi aiterada. As atividades dos grupos que
sofreram 2 minutos de isquemia e 60 minutos ou 1 dia de reperfusdo nao foram
diferentes do controle, indicando que a reperfusdo apéds um episédio breve de isquemia
induz um retorno das atividades aos niveis normais. Por outro lado, a atividade da ATP
difosfoidrolase continuou inibida durante os tempos de reperfusao (60 minutos, 1, 2, 5,

10 ou 30 dias) apbs o episddio longo de isquemia (10 minutos). Com relacéo a 5'-
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nucleotidase, 60 minutos ou 1 dia de reperfusdo foram capazes de inibir a atividade
guando comparados ao controle e apds 10 minutos de isquemia sem reperfus&o. Apos
2 ou 5 dias de reperfus@o a enzima foi ativada, voltando ao niveis normais apds 10 ou
30 dias de reperfusao.

O episddio de 1 dia de reperfusdo apos 2 minutos de isquemia proporciona aos
animais um pré-condicionamento ou uma tolerancia induzida a outro episédio isquémico
longo de 10 minutos (2 + 10 minutos = episédio isquémico duplo). Sabe-se que 10
minutos de isquemia cerebral transitdria causa uma intensa morte celular na regido CA,
do hipocampo de ratos, enquanto que 2 minutos de isquemia néo é lesivo. Entretanto, o
episddio isquémico duplo (pré-condicionamento) induz uma protecéo de 50-60% contra
a necrose celular quando comparado ao episodio isquémico longo (10 minutos)
[SCHETINGER et alii, 1994; SCHMIDT-KASTNER & FREUND, 1991]. Apds o duplo
episodio isquémico, a ATP difosfoidrolase e a 5'-nucleotidase de plaquetas de ratos
foram significativamente ativadas quando comparadas ao controle e ao grupo que foi
submetido somente a 2 minutos de isquemia e 1 dia de reperfusdo. Este resultado
indica que provavelmente a hidrolise de ADP e a formagéo de adenosina por plaquetas
estdo aumentadas para promover uma inibicdo ou modulacdo da agregacao
plaquetaria, o que ndo acontece quando estas atividades estéo inibidas.

A protecdo do pré-condicionamento sobre as atividades enzimaticas fica
evidente quando compara-se o efeito da reperfusdo em ratos que foram submetidos ao
episddio isquémico duplo com os que foram submetidos somente ao episddio longo de
10 minutos. No grupo que foi submetido ao episoddio isquémico duplo e 60 minutos de
reperfusdo as atividades foram inibidas quando comparadas aos grupos controle, mas
logo apds 2 dias de reperfusdo as atividades voltaram aos niveis normais. Por outro

lado, a atividade da ATP difosfoidrolase de ratos que foram submetidos a 10 minutos
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de isquemia permaneceu inibida mesmo apds 30 dias de reperfus&o enquanto que a
atividade da 5'-nucleotidase voltou ao nivel normal somente depois de 10 dias de
reperfusdo. Estes dados sugerem que provavelmente o episédio isquémico duplo (pre-
condicionamento isquémico) protege as atividades contra a alteragdo provocada por
longos periodos de reperfusdo, uma vez que esta protecdo ndo acontece nos ratos
submetidos a somente um episddio isquémico longo (10 minutos) e longos periodos de
reperfuséo. Além disso, os resultados indicam que ha um efeito periferico, demonstrado
pela alteracao das atividades enzimaticas de plaquetas que degradém nucleotideos
extracelulares, quando os processos de isquemia e reperfusdo cerebral ocorrem.

A modificacao de atividades enzimaticas envolvidas no metabolismo extracelular
de nucleotideos no sistema nervoso também acontece durante a isquemia cerebral
[SCHETINGER et alii, 1994]. Assim, o fato da isquemia cerebral induzir alteragdes
periféricas em ecto-enzimas envolvidas no metabolismo de nucleotideos, como no
sistema nervoso [SCHETINGER et alii, 1994], € um dos pontos mais importantes deste
trabalho. A partir destes resultados nds podemos imaginar que talvez os mecanismos
responsaveis pela modulacdo das atividades no sistema nervoso durante a isquemia
[SCHETINGER et alii, 1994] sejam os mesmos que atuam em plaquetas. Além disso, o
efeito periférico da isquemia cerebral poderia ser um marcador dos efeitos no sistema
nervoso central. Considerando estas hipéteses, estudos posteriores serdo necessarios
para explicar a modulacaéo periférica destas atividades enzimaticas de plaquetas
induzida pela isquemia cerebral, reperfusdo e pré-condicionamento.

Na tentativa de investigar a causa da injuria periférica induzida pela isquemia
cerebral sobre as atividades da ATP difosfoidrolase e da 5'-nucleotidase de plaquetas e,
por outro lado, a protecdo pelo pré-condicionamento, surgiram as seguintes perguntas:

a) seria possivel acontecer um estresse oxidativo periférico durante a isquemia
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cerebral ?; b) a protecdo pelo pré-condicionamento contra um possivel estresse
oxidativo também poderia acontecer a nivel periférico ?; ¢) o estresse oxidativo
periférico induzido pela isquemia cerebral e a protecédo pelo pré—condicionamentd
estariam relacionados com a menor ou maior degradagdo de ADP e formacdo de
adenosina, respectivamente, pela ATP difosfoidrolase e 5'-nucleotidase de plaquetas ?.

Para tentar responder estas perguntas, foi analisada a quimioluminescéncia e o
contetido de tidis do plasma de ratos isquémicos e pré-condicionados (Capitulo 4 da
tese). A andlise de quimiociuminescéncia é utilizada para expressar o processo de
formacéo de radicais livres em sistemas biologicos. Além disso, € aplicada bara
detectar a existéncia de um estresse oxidativo associado a situacbes patoldgicas
experimentais [LLESUY et ali, 1990]. O contetido de tidis do plasma foi analisado
porque os grupos sulfidrii de proteinas como a albumina tém sido propostos como
sendo antioxidantes [HALLIWELL, 1988] e efetivos na reduc¢éo da injuria causada pela
isquemia e reperfusao [DAS & MAULIK, 1994]. Nos nossos resultados, o aumento da
quimioluminescéncia do plasma de ratos submetidos a 2 ou 10 minutos de isquemia,
quando comparada estatisticamente aos grupos controle e sham, indica a presenca de
radicais livres e provavelmente um estresse oxidativo periférico quando a isquemia
cerebral acontece. Por outro lado, 60 minutos ou 1 dia de reperfusdo apds 2 minutos
de isquemia induz um retorno da quimioluminescéncia plasmatica aos niveis normais.
Da mesma maneira, a quimioluminescéncia plasmatica de ratos que foram submetidos
a 10 minutos de isquemia volta aos niveis do controle apés 5 dias de reperfuséo.

A medida do conteudo de grupos sulfidril plasmaticos mostra que durante a
reperfusdo apos 2 ou 10 minutos de isquemia ha uma deplecdo de tidis associada a

diminuigdo da quimioluminescéncia. Este resultado sugere que provavelmente a
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reperfusdo esta relacionada ao consumo de tidis e consequentemente ao retorno da
emissdo de quimioluminescéncia aos niveis normais uma vez que os tidis plasmaticos,
a maioria associados & albumina, sdo descritos como antioxidantes [HALLIWELL,
1988]. A deplecao de tidis plasmaticos também acontece durante a reperfusédo apds o
fenbmeno de pré-condicionamento isquémico (episédio isquémico duplo = 2+10
minutos). Quando analisamos a emissdc de quimioluminescéncia, dois minutos de
isquemia seguidos de 1 dia de reperfuséo € capaz de proteger o plasma contra o
possivel estresse oxidativo periférico provocado por 10 minutos de isquemia e pela
reperfusdo. Assim, parece que o pré-condicionamento isquémico cerebral além de
proteger o sistema nervoso central contra o dano neuronal de um episédio isquémico
longo e da reperfusao [KITIGAWA, 1990; RESHEF et alii, 1996}, também evita o dano
oxidativo plasmatico como foi demonstrado com os dados da medida de
quimioluminescéncia. Além disso, provaveimente o consumo de tidis como
antioxidantes plasmaticos € reaimente importante para manter a quimioluminescéncia
plasmatica nos niveis normais também durante o pré-condicionamento uma vez que
houve uma diminuicéo significativa da concentracéo de grupos sulfidrii apds 2 minutos
de isquemia seguidos de 1 dia de reperfusdo, o tempo necessario para ocorrer a
protec&o contra a injuria dos 10 minutos de isquemia posteriores.

Entre os antioxidantes plasmaticos, a albumina tem sido considerada um dos
mais importantes porque além de possuir grupos sulfidril associados a sua estrutura,
esta em alta concentracdo na circulacdo e tem um “turnover” rapido. Por este motivo, é
denominada de antioxidante de sacrificio, ou seja, € oxidada ou sacrificada para
preservar estruturas mais nobres (proteinas, anticorpos...) [HALLIWELL, 1988]. Desta

maneira, provavelmente os tidis plasmaticos (albumina na sua maioria) reagem com
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radicais livres durante a reperfuséo levando a sua propria oxidagdo mas com isso
protegem o plasma contra um dano oxidativo maior.

Entre os efeitos periféricos da doenga cerebrovascular isquémica, € que
certamente tem a contribuicdo dos radicais livres, € a ativacao plaquetaria [ISAKA et ali,
1989; TANAHASHI et alii, 1996]. Sabe-se que os radicais livres estimulam a resposta
de agregacao de plaquetas enquanto que antioxidantes regulam a fungéo plaquetaria
[SALVEMINI & BOTTING, 1993]. Relacionando a trombogénese pods-isquémica citada
acima com o estresse oxidativo periférico (Capitulo 4 da fese) e a alteragéo das
atividades da ATP difosfoidrolase e da 5-nuclectidase de plaquetas pela isquemia
cerebral (Capitulo 3 da tese), € possivel sugerir que a inibicdo da hidrdlise de ADP no
microambiente de plaquetas durante episddios isquémicos em funcdo do estresse
oxidativo periférico poderia contribuir para a trombogénese mesmo quando a adenosina
€ produzida pela 5-nucleotidase. Se observarmos o efeito periférico do pré-
condicionamento isquémico, podemos constatar que além de proteger o tecido
neuronal contra a injuria de um episédio longo de isquemia [KITIGAWA, 1990; RESHEF
et alii, 1996] também evita 0 aumento da quimioluminescéncia plasmatica e induz um
aumento significativo das atividades de hidrélise de ADP e formacao de adenosina por
plaquetas. Estes resultados podem ser muito importantes porque indicam que em
fungdo do pré-condicionamento isquémico cerebral e, consequentemente, pela
protecdo contra um possivel estresse oxidativo periférico, as atividades da ATP
difosfoidrolase e da 5'-nucleotidase de plaquetas sdo moduladas para degradar mais
ADP e produzir mais adenosina, contribuindo provavelmente como fatores anti-
trombogénicos.

Algumas hipéteses relacionadas & alteracdo ou modulacdo das atividades da

ATP difosfoidrolase e da 5-nucleotidase podem ser discutidas. Analisando os



resultados dos experimentos (Capitulo 3 da tese) em que os ratos foram submetidos a
episddios de isquemia e reperfusdo até 7 dias, pode-se concluir que alteragbes de
sintese das enzimas nos megacariocitos nao foram responsaveis pela modificagéo das
atividades enzimaticas uma vez que o “‘turnover” de plaquetas é de 7 dias. Por outro
lado, parece que as atividades da ATP difosfoidrolase e da 5-nucleotidase sao
realmente moduladas sendo que este efeito depende do tempo do episddio isquémico
e da reperfusdo. Assim, o0 comportamento das enzimas frente a 2 minutos de isquemia
e 60 minutos ou 1 dia de reperfusdo € muito diferente quando compara-se com 0s
resultados de 10 minutos de isquemia seguidos de até 30 dias de reperfusdo. Para a
ATP difosfoidrolase e 5’-nucleotidase, a alteragdo das atividades durante 2 minutos de
isquemia parece ser reversivel com a reperfusdo. Apds 10 minutos de isquemia, a
reperfuséo de até 30 dias mostra que a inibicdo da ATP difosfoidrolase provavelmente &
irreversivel. A partir deste resultado pode-se sugerir que ocorreu uma alteracdo da
sintese da enzima nos megacariocitos uma vez que mesmo apoés 7 dias de reperfuséo
a atividade permaneceu inibida. Por outro lado, se a atividade enzimatica continua
modificada mesmo depois da sintese da nova proteina, também pode-se concluir que
talvez tenha ocorrido mudancgas nas caracteristicas do sitio ativo ou na conformagé&o da
enzima em resposta a alteragdes no microambiente plaquetaric apds varios dias de
reperfuséo.

Com relacéo a 5-nuclectidase, a reperfusdo de até 5 dias induziu a enzima a
diferentes respostas. O mesmo ocorreu durante a reperfusdo apdés o pré-
condicionamento isquémico para as duas atividades enzimaticas. Quando compara-se
os resultados da reperfusdo apoés 2 ou 10 minutos de isquemia ou apds O pré-
condicionamento, podemos observar que realmente é o tipo de episbdio isquémico (se

provoca injuria celular ou ndo) que determina se a modificacdo das atividades



125

enzimaticas € reversivel ou irreversivel, ou ainda determina quanto tempo de
reperfusdo & necessario para a normalizagéo das atividades.

Estudos relacionados com a ecto-5-nuclectidase de coracéo tém demonstrado
que esta enzima € ativada durante o pré-condicionamento isquémico cardiace. Assim, a
protecdo pelo pré-condicionamento contra uma injuria mais intensa é atribuida a
atividade de uma proteina quinase C que fosforila e ativa a ecto-5-nuclectidase
produzindo mais adenosina [NODE et alii, 1997]. Com estes estudos de NODE et ali,
podemos imaginar que talvez a ATP difosfoidrolase e a 5-nucieotidase de plaquetas
também sejam covalentemente modificadas durante o pré-condicionamento cerebral.
Certamente estudos futuros irédo mostrar como é a modulagao destas enzimas durante
a isquemia & o pré-condicionamento cerebral ou ainda se ha uma modificacéo da

sintese enzimatica nos megacaridcitos.
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Vil. CONCLUSOES GERAIS

1. O sistema gerador de radicais livres inibiu as atividades da ATP
difosfoidrolase e da 5'-nuciectidase de plaquetas de ratos enquanto que a glutationa e a
cisteina protegeram estas atividades contra a inibicdo. A peroxidacdo lipidica e a

oxidacao de grupos sulfidril nao foram responsaveis pela inibigio das enzimas.

2. A isquemia cerebral global transitéria e a reperfuséo alteraram a atividade da
ATP difosfoidrolase de plaquetas de ratos. Houve diminuicdo na atividade da ATP
difosfoidrolase de plaguetas de animais submetidos a 2 ou 10 minutos de isquemia.
Por outro lado, a atividade nao foi diferente do controle quando os animais foram
submetidos a reperfusdo ap6s 2 minutos de isquemia. A inibicdo da atividade apds 10

minutos de isquemia foi mantida até 30 dias de reperfuséo.

3. A isquemia cerebral global transitéria e a reperfusdo também alteraram a
atividade da 5'-nucleotidase de plaquetas de ratos. Houve um aumento na atividade
apos 2 minutos de isquemia, enquanto que o episédio isquémico de 10 minutos néo
mostrou nenhum efeito. A atividade nao foi diferente do controle quandov 0s animais
foram submetidos a reperfus@o apds 2 minutos de isquemia. Entretanto, a resposta da
enzima aos tempos de reperfusdo apds 10 minutos de isquemia foi variada sendo que
a atividade somente voltou aos niveis normais apos 10 dias de reperfusdo. Sendo
assim, apds 60 minutos ou 1 dia de reperfusdo houve uma inibicdo da atividade da 5'-
nucleotidase enquanto que apds 2 ou 5 dias de reperfusdo houve um aumento da

atividade.



4. O episodio duplo de isquemia cerebral (2 + 10 minutos = pré-
condicionamento) e a reperfusdo alteraram as atividades da ATP difosfoidrolase e da
5-nucleotidase de plaquetas de ratos. Houve um aumento das atividades apos o pre-
condicionamento. Por outro lado, a reperfusdo de 60 minutos apés o pré-
condicionamento inibiu as atividades quando comparadas ao controle. Houve um
aumento da atividade ATPésica da ATP difosfoidrolase ap6s 1 dia de reperfuséo. Apds
2 dias de reperfusdo, esta atividade nao foi diferente do controle. A atividade ADPésica
da ATP difosfoidrolase e a 5-nucleotidase néo estavam alteradas apés 1 dia de
reperfusao.

Assim, houve um aumento pelo pré-condicionamento isquémico cerebral da
atividade de degradacédo de nucleotideos extracelulares por plaquetas, e provavelmente
da producéo de adenosina. Além disso, o pré-condicionamento protegeu as atividades

enzimaticas contra o efeito dos 10 minutos de isquemia e da reperfuséo.

- 5. A isquemia cerebral global transitéria alterou a quimioluminescéncia do
plasma de ratos. Houve um aumento da quimioluminescéncia apds 2 ou 10 minutos de
isquemia. Durante a reperfusdo apds 2 minutos de isquemia, a quimioluminescéncia
nao foi diferente do controle. Por outro lado, o aumento da quimioluminescéncia apds

10 minutos de isquemia foi mantido até 1 dia de reperfuséo.

6. O episddio duplo de isquemia cerebral (2 + 10 minutos = pré-
condicionamento) ndo alterou a quimioluminescéncia do plasma de ratos. Portanto, o
pré-condicionamento evitou o estresse oxidativo periférico associado a isquemia

cerebral em ratos.
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7. A isquemia cerebral global transitoria de 2 ou 10 minutos ndo alterou a
concentracdo de tidis plasmaticos. Entretanto, a reperfusdo apds 2 minutos de isquemia
diminuiu a concentracdo de tidis no plasma. A reperfusdo de até 10 dias apds 10
minutos de isquemia também diminuiu a concentragio de tidis plasmaticos, sendo que

nao houve diferenca apos 30 dias de reperfusdo quando comparado ao controle.

8. O episddio duplo de isquemia cerebral (2 + 10 minutos = pré-
condicionamento) néo alterou a concentracao de tidis no plasma. A reperfusdo de até

dois dias apos o pré-condicionamento diminuiu a concentracao de tibis.

9. A diminuicdo da concentracdo de tidis plasmaticos esta associada a

reperfusdo e a manutencao da quimioluminescéncia nos niveis normais.
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