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RESUMO
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Co-Orientadora: Michele Rechia Fighera
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As crises convulsivas constituem a principal manifestacdo clinica da epilepsia. A epilepsia é uma condicéo
neurolégica crénica com incidéncia de 1 % na populacdo em geral sendo que cerca de 20 a 30% dos pacientes
apresentam-se refratarios ao tratamento com as drogas antiepiléticas disponiveis. Existem evidéncias para a
participacdo das espécies reativas de oxigénio (EROs) na fisiopatologia das epilepsias, entretanto determinar o
seu papel é dificil, uma vez que, o estresse oxidativo pode ser causa ou consequéncia das crises epilépticas.
Considerando o grande nimero de pacientes refratarios ao tratamento disponivel, e que o dano oxidativo parece
ser um importante fator envolvido nas crises, terapias alternativas que aumentem as defesas antioxidantes e/ou
diminuam o dano oxidativo podem se tornar importantes adjuvantes no tratamento das crises epilépticas, como o
exercicio fisico e a administracdo de cafeina. Neste sentido o presente trabalho teve como objetivo investigar os
efeitos da atividade fisica e da suplementacdo com cafeina nas convulsdes comportamentais e
eletroencefalograficas (EEG), bem como nas alteragbes dos pardmetros oxidativos induzidos por
pentilenotetrazol (PTZ) em ratos.

No estudo 1 demonstrou-se que o exercicio fisico (natacdo 6 semanas) atenuou a laténcia e a duracdo das
convulsdes generalizadas induzidas pela administracdo de PTZ (45 mg / kg i.p) e atenuou o aumento da
amplitude das ondas eletroencefalogréficas induzidas por PTZ (30, 45 e 60 mg/Kg i.p). Andlise de correlacdo de
Pearson revelou que a protecdo do exercicio fisico contra as convulsdes correlaciona-se com contedo de tiois
ndo protéicos (TNP), atividade da enzima Na',K*-ATPase e manutencgio da captacdo de glutamato. O exercicio
fisico aumentou a atividade da superdxido dismutase (SOD) e o contetdo de TNP per se atenuando a producdo
de EROs per se. Além disso, o exercicio fisico protegeu contra a neutoxicidade induzida por PTZ caracterizada
aqui pela produgdo de EROs, peroxidagdo lipidica (LPO), carbolinacéo de proteinas, diminui¢do no contetido de
TNP inibig8o da atividade da SOD e catalase (CAT), e a inibi¢do da captacéo de glutamato.

No estudo 2 verificou-se que a administracdo prolongada de cafeina (6 mg/Kg, 15 dias p.0), mas ndo a
administracdo aguda diminuiu o tempo gasto nas convulsfes tonico-clonico generalizadas e atenuou 0 aumento
da amplitude EEG induzida por PTZ (60 mg/Kg i.p). Além disso, verificou-se que a administragdo prolongada
de cafeina aumentou o contetdo de glutationa reduzida (GSH) per se e protegeu do aumento da LPO, producéo
de EROs e inibicdo da atividade da enzima Na*,K*-ATPase induzida por PTZ. A infusdo de L-butionina
sulfoximina (BSO, 3,2 micromol / site icv), um inibidor da sintese de GSH, dois dias antes da administragdo de
PTZ reverteu o efeito anticonvulsivante da cafeina frente as convulsées e dano oxidativo induzidos por PTZ.
Além disso, um estudo subsequente revelou que a administracdo prolongada de cafeina juntamente com
exercicio fisico durante 4 semanas aumentou a laténcia para a primeira convulsdo mioclonica e primeira
generalizada, além de diminuir a duragdo das convulsdes generalizadas induzidas pela administragdo de PTZ (60
mg / kg i.p).

Considerando os dados apresentados no presente estudo, conclui-se que o exercicio fisico e a suplementacéo
prolongada com cafeina atenuam as convulsfes induzidas por PTZ, por modular positivamente o sistema
antioxidante e manter a atividade da enzima Na*,K*-ATPase em ratos.

Palavras-chave: Convulsdes, pentilenotetrazol, dano oxidativo, exercicio fisico, cafeina.
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Seizures are the main clinical manifestation of epilepsy. Epilepsy is a common neurological disorder with an
incidence of 1% in the general population, with about 20 to 30% of patients are refractory to treatment with
antiepileptic drugs available. There is evidence for the involvement of reactive oxygen species (ROS) in the
pathophysiology of epilepsy, however, determines their role is difficult since oxidative stress can be a cause or
consequence of epileptic seizures.

Considering the large number of patients refractory to available treatment, and that oxidative damage appears to
be an important factor involved in crises, alternative therapies that enhance antioxidant defenses and / or
decrease the oxidative damage may become important adjuvants in the treatment of epileptic seizures, as
exercise and caffeine administration. In this sense the present work aimed to investigate the effects of physical
activity and caffeine supplementation on behavioral and electroencephalographic (EEG) seizures, as well as on
changes in oxidative parameters induced by pentylenetetrazol (PTZ) in rats.

The first study showed that physical exercise (swimming for 6 weeks) attenuated the onset and duration of
generalized seizures induced by administration of PTZ (45 mg / kg i.p) and attenuated the increase in amplitude
of EEG waves induced by PTZ (30, 45 and 60 mg / kg i.p). The Pearson correlation analysis revealed that the
protection of physical training against seizures, correlates with the content of non-protein thiol (NPT), Na*,K*-
ATPase activity and glutamate uptake. Exercise increased the activity of superoxide dismutase (SOD) and the
content of the NPT per se. Moreover, physical exercise protect against PTZ-induced neutoxicity, characterized
here by ROS production, lipid peroxidation (LPO), protein carbonylation, decreased the content of TNP
inhibition of SOD and catalase (CAT) and inhibition of glutamate uptake.

The second study, showed that prolonged administration of caffeine (6 mg / kg, 15 days po), but not acute
administration decreased the duration of generalized tonic-clonic seizures and attenuated the increase in EEG
amplitude induced by PTZ (60 mg / kg i.p). Moreover, prolonged administration of caffeine increased content of
reduced glutathione (GSH) per se and protected against increased LPO, ROS and the inhibition of Na",K*-
ATPase activity induced by PTZ. Infusion of L-buthioninesulfoximine (BSO, 3.2 micromol / site, i.c.v), an
inhibitor of GSH synthesis, two days before the injection of PTZ, reversed the anticonvulsant effect of caffeine
on seizures and oxidative damage induced by PTZ.

In addition, a subsequent study has revealed that the prolonged administration of caffeine along with exercise for
4 weeks increased the latency to first myoclonic seizure and first generalized beyond decreased the time spend
on generalized seizures induced by the administration of PTZ (60 mg / kg i.p).

Considering the data presented in this study, conclude that physical exercise and supplementation with caffeine
attenuates seizures by positively modulating the antioxidant system and maintain Na",K*-ATPase activity.

Keywords: Seizures, pentylenotetrazol, oxidative damage, exercise, caffeine.
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INTRODUCAO

Epilepsia

1.1.1 Definicéo

A epilepsia foi provavelmente descrita pela primeira vez nos antigos escritos egipcios,
aproximadamente 2000 a.C, e foi um tema popular dos estudiosos gregos e romanos. A
doenga "sagrada”, como foi frequentemente chamada, foi relacionada com forgas
sobrenaturais e considerada uma manifestacao dos deuses e espiritos. Em 400 a.C., Hipdcrates
ja havia escrito um texto médico desmistificando o tema, propondo que a epilepsia ndo era
sagrada nem divina, e sim, uma doenca relacionada ao cérebro, com possivel origem
hereditaria (MOREIRA, 2004).

A era moderna da epilepsia comecou com os escritos de Jackson que estabeleceu as
bases neuroanatémicas para os fenémenos epilépticos no final dos anos de 1870 (JACKSON,
1879). A introducdo da eletroencefalografia em 1930 favoreceu a compreensdo das bases
neurofisiol6gicas do distdrbio, facilitando o desenvolvimento de tratamentos farmacolégicos
para 0s Varios tipos de epilepsia (GASTAUT, 1950).

A epilepsia é uma condicdo caracterizada por crises epilépticas espontaneas e
recorrentes, devido a um substrato neuroldgico que possibilite o surgimento de novas crises,
nas quais ocorrem uma atividade elétrica enceféalica hipersincronica e paroxistica (FISHER;
KETTL, 2005), sendo as convulsdes caracterizadas como a manifestagdo motora das crises.

A epilepsia representa uma doenca heterogenea que tem diversas etiologias, padrdes
electrofisiologicos e comportamentais, sem, no entanto, deixar de responder ao tratamento
farmacoldgico. Como tal, a sua patogenia € multifactorial pois qualquer perturbagéo
neuroldgica, lesional ou funcional é susceptivel de desencadear o aparecimento de
convulsbes. Pode ter uma componente genético, pode ser desencadeada por alteracbes
desconhecidas na atividade neural, por alteracbes na neurotransmissdo ou ainda por estimu-
los ambientais que ndo causam ataques em cerebros normais (Goodkin et al., 2002; Podell,
2004).
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Em relacdo ao inicio das convulsdes, elas podem ser classificadas como focais e
generalizadas (Tabela 1). As Crises focais sdo definidas como crises epilépticas que se
originam em redes limitadas a um hemisfério cerebral, no qual apresentam padrbes de
propagacdo semelhantes entre as crises, 0s quais podem envolver o hemisfério contralateral.
As crises generalizadas sdo consideradas como originarias em algum ponto do encéfalo e que
rapidamente ativam redes neuronais bilaterais, mas ndo necessariamente todo o cortex
cerebral. Ainda, as crises generalizadas podem ser assimétricas e semelhantes as crises focais,

porém se diferem por ndo apresentar um padrdo entre cada crise (BERG et al., 2009).

Tabela 1. Classificacdo de crises”

Crises generalizadas
Tonico-clonicas (em qualquer combinacéo)
Auséncia
Tipica
Atipica
Auséncia com caracteristicas especiais
Auséncia mioclénica
Mioclonias palpebrais
Miocldnica
Miocldnica
Mioclénica aténica
Miocldnica ténica
Clénica
Tanica
Aténica
Crises focais
Desconhecido
Espasmos epilépticos

*Crises que ndo podem ser claramente diagnosticadas em uma das categorias anteriores devem ser
consideradas ndo classificadas até que informagdes permitam o seu diagnostico preciso. No
entanto, esta ndo & considerada uma categoria de classificagdo.

Tabela 1. Classificacdo das crises epiléticas. Fonte: Berg et al., 2010.

A epilepsia afeta aproximadamente 50 milhdes de pessoas em todo 0 mundo (STRINE
et al., 2005). A cada ano somam-se aproximadamente dois milhdes de casos, sendo que esta
condicdo acomete pessoas de todas as racgas, sexos e condi¢des socioecondmicas. Estima-se
gue 80% das pessoas com epilepsia vivam em paises em desenvolvimento, onde 60-90%
destas nao recebem nenhum tipo de tratamento (SANDER; SHORVON, 1996; MEINARDI et
al., 2001; REYNOLDS, 2002).
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Nos paises da América Latina, a incidéncia das epilepsias tem variado entre 78-190
novos casos por 100.000 habitantes por ano, e a prevaléncia média € de aproximadamente 18
casos por 1.000 habitantes, podendo variar de acordo com os métodos de investigacdo em
cada pais (Figura 1, BURNEO; TELLEZ-ZENTENO; WIEBE, 2005).

O elevado numero de pessoas com epilepsia nos paises em desenvolvimento tem sido
atribuido a aspectos socioecondmicos e a problemas de salde publica, geralmente em
decorréncia de uma assisténcia pré-natal e materna deficiente, do alto indice de nascimentos
de prematuros, desnutri¢do, traumas durante o parto, crises febris na infancia, infeccdes e
neurocisticercose (FERNANDES et al., 1992; PAL; CARPIO; SANDER, 2000; ROMAN et
al., 2000; SCOTT et al., 2001; BURNEO; TELLEZ-ZENTENO; WIEBE, 2005). Apesar do
crescente numero e variedade de drogas antiepilépticas (DAE), mais de 30% dos casos sdo
clinicamente classificados como refratarios e, muitas vezes, ndo responsivos em mais de trés
tentativas terapéuticas, com DAE apropriadamente escolhidas (ELGER, 2003). A
refratariedade é definida como a falha de dois esquemas terapéuticos bem tolerados e
apropriadamente escolhidos, sejam eles de mono ou politerapia farmacoldgica, para que o
paciente fique livre de crises. O paciente € considerado livre de crises se apresentar um
periodo de 12 meses sem crises ou trés vezes o periodo de intervalo entre as crises, sendo
escolhido como critério o que resultar em maior periodo (KWAN; BRODIE, 2010).

No caso de pacientes refratarios, algumas terapias alternativas podem ser adotadas,
como a cirurgia para a retirada do foco epiléptico, dieta cetogénica e estimulacdo do nervo
vago (SHNEKER; FOUNTAIN, 2003). Uma vez que um grande nimero de pacientes com
epilepsia permanece refratario ao tratamento medicamentoso, surge a importancia do estudo
da fisiopatologia dos diferentes tipos de crises convulsivas e de sindromes eletroclinicas, para
assim, desenvolverem-se novas terapias com potencial anticonvulsivante.

Neste sentido, os modelos experimentais sdao de grande valia para o estudo da
fisiopatologia envolvida nestas manifestagcdes, assim como para a identificacdo de novas

terapias antiepilépticas.
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Figura 1: Prevaléncia de epilepsia em diferentes paises da América Latina. Fonte: BURNEO et al., 2005.

1.1.2 Modelos experimentais de epilepsias e convulsdes

Os modelos experimentais em animais para convulsdes e epilepsia tém desempenhado
um papel fundamental no avanco da compreensdo dos mecanismos basicos subjacentes de
ictogénese e epileptogénese. Dessa forma, esses estudos tém sido fundamentais para a
descoberta e desenvolvimento pré-clinico de novas DAE (LOSCHER, 2011). Durante as
ultimas décadas foram desenvolvidos diversos modelos experimentais de epilepsias e
convulsdes (FIGURA 2 PURPURA; SHOFER, 1972; LOSCHER, 2011). Os véarios modelos
animais podem ser atribuidos a diferentes categorias, por exemplo, modelos com crises
espontaneas induzidas por alteracdes genéticas ou modelos com crises espontaneas induzidas
guimica ou eletricamente; modelos com crises unicas e modelos com crises parciais e/ou
modelos de convulsGes generalizadas (LOSCHER et al., 1999; LOSCHER; SCHMIDT,
2011).
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MODELOS DE EPILEPSIA OU CONVULSAO I

Modelos de animas | I Indugdo de convulsdes
transgénicos | ] _em animais selvagens
Animais com Animais Convulsoes Convulsées
crises espontaneas com crises induzidas induzidas
e recorrentes reflexas eletricamente quimicamente
Ex: Camundongos ou Ex: Camundongos|
ratos com descargas DBA/2, GEPR,

ratos Gerbils e
babuinos
fotosensiveis.

ponta onda.
(Camundongos GAERS,

Convulsées agudas
induzidas
cdes epilépticos, ‘ ‘
camundongos transgénicos)) Ex: CEM Ex: PTZ,
6-Hz Fluorotil

B [Convulsdes Crénicas induzidas| 44

h 4

| Ex: Kindling quimico ou elétricul

Modelos pos-status epilépticos
com crises espontineas e recorrentes,

Indugéo elétrica Indugéo quimica
do status-epilépticos. do status-epilépticos.

) 4 h 4

Ex: Via perfurante, Ex: Pilocarpina,
amigdala Basolateral. Cainato.

Figura 2. Uma visao geral dos modelos de epilepsia ou convulsbes epilépticas. Fonte: Adaptado de Loscher W
2011.

Dentre os modelos de convulsdo generalizada, destaca-se o modelo de convulsdo
induzido por pentilenotetrazol (PTZ), também conhecido como pentetrazol e metrazol. Este
estimulante do SNC é amplamente usado experimentalmente para estudar crises convulsivas
generalizadas ténico-clbnicas, crises de auséncia e para identificar farmacos que possam
alterar a susceptibilidade a convulsdes (SCHMIDT; LEPPIK, 1988; LOSCHER et al., 1999;
WHITE et al., 2008). Além disso, 0 PTZ é uma droga ansiogénica que pode exercer efeitos
positivos sobre a cognicdo (JUNG; DOUSSARD-LEFAUCHEUX, 2002; RUEDA; FLOREZ;
MARTINEZ-CUE, 2008).

O mecanismo de ac¢do do PTZ é por antagonizar os receptores GABAA que, por inibir
as correntes de cloreto associadas a este mesmo canal, potencializa a neurotransmissao
excitatoria e desencadeia as convulsbes (RAMANJANEYULU; TICKU, 1984;
KUPFERBERG, 2001).

O PTZ pode ser administrado através de infusdo por via intravenosa (i.v), via

intraperitoneal (i.p) ou subcutanea (s.c), em doses convulsivantes ou subconvulsivantes,
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podendo ser avaliado a laténcia para a primeira convulsédo mioclonica, laténcia para a primeira
generalizada tonico-clonica e a duragdo das convulsdes (ZIENOWICZ et al., 2005; YILMAZ
etal., 2007; REHNI; SINGH; KUMAR, 2008).

Existem evidéncias para a participacdo das EROs na fisiopatologia das epilepsias,
entretanto determinar o seu papel é dificil, uma vez que, o estresse oxidativo pode ser causa
ou consequéncia das crises epiléticas (WALDBAUM; PATEL, 2010). Entretanto, alguns
autores descreveram que a producao de EROs é uma consequéncia de crises epiléticas agudas,
como as induzidas por PTZ (BASHKATOVA et al.,, 2000; MURASHIMA; YOSHII;
SUZUKI, 2000). Contudo, as crises epiléticas também podem ser iniciadas por paradigmas
que aumentem a producdo de EROs, como acidente vascular encefalico, exposicéo a oxigénio
hiperbarico e breves periodos de isquemia-reperfusdao (JENSEN et al., 1992; ELAYAN et al.,
2000; VELIOGLU et al., 2001).

Estresse Oxidativo

Qualquer atomo ou molécula que contenha um ou mais elétrons desemparelhados sdo
chamados de radicais livres (SOUTHORN; POWIS, 1988; HALLIWELL, 1989). Os radicais
livres sdo produzidos como um subproduto do metabolismo fisioldgico, principalmente no
final do processo respiratorio na mitocondria, dentre eles o radical superoxido (Oz¢) e o
radical hidroxil (OHe). A producdo de Oj* se da principalmente no complexo I (NADH
desidrogenase) e complexo Il (ubiquinonacitocromo c oxidase) onde a coenzima FMN e o
ubiquinol respectivamente, reduzem o oxigénio univalentemente formando o radical
(NAVARRO; TORREJON, 2007).

Outras moléculas, tais como o peroxido de hidrogénio (H,0,) produzido
enzimaticamente pela acdo da superdxido dismutase (SOD) e peroxinitrito (ONOO-), embora
ndo sejam radicais livres, sdo altamente reativas e podem levar a producdo dos radicais livres
por meio de vérias reagdes quimicas. Assim o H,O,, reagindo com o cobre (Cu*) ou ferro
(Fe*?), na reacdo de Fenton e ainda a partir do O, + H,0, na reacio de Haber — Weiss pode
formar OHe (LIANG, C. et al., 2000). Juntas, essas moléculas sdo chamadas de EROs e as
espécies reativas de nitrogénio (ERNs). As EROs e ERNs sdo por sua vez compostos

altamente reativos que buscam estabilidade durante sua breve existéncia, reagindo com a
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matéria circundante, desta maneira causando danos as membranas celulares, proteinas e DNA
(HALLIWELL, 2012).

Niveis fisiologicos de EROS/ERN podem ser eliminados por um sistema antioxidante
enzimatico e nao enzimatico (NAVARRO; BOVERIS, 2008). Entretanto, um aumento na
producdo de EROs, uma diminuicdo na eficiéncia dos sistemas antioxidantes ou ambos
podem levar ao estresse oxidativo, que é caracterizado por uma oxidacdo de biomoléculas
com consequente perda de suas fungdes biologicas (HALLIWELL; WHITEMAN, 2004).

O sistema antioxidante enzimatico é composto principalmente pelas enzimas SOD,
Glutationa Peroxidase (GPx), e Catalase (CAT), e o sistema antioxidante ndo-enzimatico é
representado pelas vitaminas A, C, E e D, e a glutationa reduzida (GSH) (HALLIWELL,
1989; GUTTERIDGE, 1995).

Em relacdo ao sistema enzimatico, existem dois tipos de SOD, as que contém cobre e
zinco no sitio ativo e sdo encontradas principalmente no citoplasma, mas também nos
peroxissomos, lisossomos e espagco intermembrana da mitocondria, e as que contém
manganés no sitio ativo, que sdo encontradas na matriz mitocondrial (CHANCE; SIES;
BOVERIS, 1979). A SOD catalisa a dismutacdo do Oy, formando o H,0,. Depois de
formado, o H,O, é degradado pela GPx, uma enzima que esta presente em duas formas, a que
utiliza o selénio como co-fator, encontrada tanto na mitocondria como no citosol, e a que nao
utiliza selénio como co-fator, encontrada apenas no citosol. A GPx catalisa a reacdo de
hidroperdxidos com a GSH, formando glutationa oxidada (GSSG) e o produto da reducéo do
hidroperéxido (MILLS, 1960). Fisiologicamente, a GPx funciona acoplada a glutationa
redutase (GR), que por sua vez, catalisa a reducdo de GSSG para GSH, utilizando NADPH
como coenzima (MAIORINO; GREGOLIN; URSINI, 1990).

Além disso, a GSH reage com varios metabdlitos enddgenos e xenobidticos mediadas
pela glutationa-S-transferase (GST) para formar dissulfuretos mistos, que sdo exportados para
o0 exterior da célula (FANG, 2004). A GSH é um antioxidante importante no cérebro, com
uma concentragdo de aproximadamente 2-3 mM (DRINGEN, 2000), sendo que a maior parte
do GSH celular (85-90%) esta presente no citosol, com o restante em muitas organelas
(incluindo a matriz mitocondrial, nicleo e peroxissomas).

Este tripeptideo exerce as suas funcOes através de varios mecanismos (Fang, Y. Z.
2002), podendo reagir ndo enzimaticamente com 0 O,¢ (WINTERBOURN; METODIEWA,
1994), OHe (CLANCY et al., 1994) e ONOO- (KOPPAL; DRAKE; BUTTERFIELD, 1999).
A GSH também serve como um reservatério de 6xido nitrico (NO) enddgeno para formar S-
nitrosoglutationa (GSNO) (SINGH et al., 1996). A GSNO pode liberar NO sob certas
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condicBes, com efeitos bioldgicos, enquanto GSNO tem um efeito protetor no cérebro em
condigdes de estresse (RAUHALA; LIN; CHIUEH, 1998). Além disso, ndo h& defesa
enzimatica conhecida contra OHe, tornando GSH o Unico composto capaz de detoxificar estes
radicais (BAINS, 1997).

Outra acdo da GSH se d por atuar como um co-factor essencial para as enzimas GPX,
GR, GST como descrito anteriormente. Além disso, é uma importante forma de
armazenamento do aminoacido cisteina, que tem efeitos neurotoxicos mediados pela producéo
de EROs, aumento de glutamato extracelular e ativacdo dos receptores N-Metil-D-aspartato
(NMDA) (JANAKY et al., 2000). Sob condigdes de estresse oxidativo, a GSH pode levar a
formacdo reversivel de dissulfetos mistos entre o0s grupos tiol das proteinas (S-
glutationilacdo), um processo critico para prevenir a oxidacdo irreversivel de proteinas
(GIUSTARINI et al., 2004). Assim, a GSH modula uma variedade de funcdes de proteinas
através de S-glutationilagdo. Outra possivel acdo da GSH é como neuromodulador dos
receptores NMDA, podendo atuar como agonista ou antagonista (JANAKY et al., 1999).
Além disso, a GSH também é necessaria para a proliferacdo celular e diferencia¢do neuronal
(SAGARA; MAKINO, 2008).

As EROs tém uma vida curta e sua recombinagdo quimica é quase imediata (RICE-
EVANS et al., 1993). Visto isso, torna-se muito dificil a quantificacdo imediata dos mesmos,
0 que torna bem aceito a medicdo de seus produtos. A determinacdo da formagao de grupos
carbonila (R-C=0) € um método bastante utilizado para avaliar o dano das EROs as proteinas.
Particularmente os aminoacidos histidina, arginina e lisina que sdo os principais alvos das
EROs (PRATICO; DELANTY, 2000).

Por sua vez, a peroxidacdo lipidica (LPO) é um processo fisioldgico e continuo que
ocorre nas membranas celulares. Além de ser um fator de renovacdo da membrana este
processo € essencial para a sintese de prostaglandinas e leucotrienos. No entanto, este
processo pode se tornar toxico quando as defesas antioxidantes sdo insuficientes ou quando ha
uma producdo intensa de EROs (HALLIWELL; GUTTERIDGE, 1995). A LPO produz
aldeidos, gases hidrocarbonados e varios residuos quimicos, como o malondialdeido (MDA),
dienos conjugados e 4-hidroxinonenal (4-HNE) (HOTZ; HOET,; LAUWERYS, 1987). Desta
forma, esta reacdo pode ser estimada pela medida de seus produtos, e é utilizada para medir
indiretamente a producdo de radicais livres (HOTZ; HOET; LAUWERYS, 1987).

Em comparagdo com outros 6rgéos, o cérebro é particularmente vulneravel ao estresse
oxidativo, pois possui menor atividade das enzimas SOD, CAT e GPx e menor quantidade de
GSH (DRINGEN, 2000; GUPTA; DATTA; SHUKLA, 2000), por utilizar grandes
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quantidades de oxigénio e por conter uma grande quantidade de ferro e de &cidos graxos
poliissaturados (DRINGEN, 2000; JOVANOVIC, 2011).

O estresse oxidativo estd envolvido na patogénese de uma série de condicbes
neuroldgicas e doencas neurodegenerativas, incluindo a doenca de Alzheimer, doenca de
Parkinson, esclerose lateral amiotrofica e epilepsia (PERRY et al., 2002; MIGLIORE et al.,
2005; ASHRAFI et al., 2007).

Em relacdo a epilepsia, o0 inicio e a propagacdo de uma convulsdo podem ocorrer
como resultado de um desequilibrio entre mecanismos excitatorios e inibitorios de uma rede
interligada de neurdnios (MCCORMICK; CONTRERAS, 2001). A excitacdo prolongada dos
neuronios durante as convulsdes pode levar ao aumento da liberacdo de neurotransmissores
excitatorios, incluindo o aspartato e o glutamato, e aumento do influxo de ions célcio através
dos receptores NMDA e canais de célcio dependente de voltagem (ZATTA; TOGNON;
CARAMPIN, 2003; ERCEGOVAC et al., 2010). Dessa forma, os niveis elevados de célcio
intracelular podem levar a excitotoxicidade induzida por disfungdo mitocondrial, aumento na
liberacdo de citocinas, aumento na producdo de EROS/ERN, reversdo dos transportadores
sodio/calcio ativacdo de cascatas bioquimicas que provocam a morte neuronal (FERRIERO,
2005).

Em modelos experimentais geneticamente propensos ao desenvolvimento de epilepsia,
foi demonstrado uma diminuicdo da atividade da GPx e da razdo GSH/GSSG, aumento da
LPO e oxidacédo de proteinas (SHIN et al., 2008a). O modelo de crise espontanea induzido por
cainato é particularmente atil para o estudo da evolucdo, propagacdo e consequéncias
patoldgicas da descarga epiléptica no sistema limbico. A administracdo de cainato aumenta
producéo de O+ e dano oxidativo ao DNA, disfungdo mitocondrial e apoptose principalmente
nas regides de CA1, CA3 e no giro dentado do hipocampo (KIM; HAN, 2000; PATEL, R. N.
et al., 2005; LIANG, L. P.; PATEL, 2006). Além disso, ocorre aumento da producdo de MDA
e diminuicdo nos niveis de GSH (ONG et al., 2000; LIANG, L. P.; PATEL, 2006; SHIN et
al., 2008b; SHIN et al., 2008a).

Outro modelo de crise espontanea amplamente utilizado em roedores para estudar a
fisiopatologia das convulsbes ¢ o modelo da pilocarpina (CAVALHEIRO et al., 1992; DE
FREITAS et al., 2003; DE FREITAS et al., 2010). Neste modelo, as alteragdes
comportamentais e eletroencefalograficas sdo semelhantes a Epilepsia do Lobo Temporal
(TURSKI et al., 1983). Essas altera¢fes sdao acompanhadas por LPO, aumento do conteudo de
nitrito e diminuigdo nos niveis de GSH no hipocampo, estriado e cortex (FREITAS et al.,
2004).
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O aumento em marcadores de dano oxidativo é demonstrado também em modelos de
crise Unica como as convuls@es induzidas por PTZ, onde reducgdes significativas de GSH, e
cisteina, bem como o aumento de proteinas carboniladas e LPO sdo observados
(PATSOUKIS et al., 2004; RAMBO et al., 2009). Além disso, as convulsfes induzidas por
PTZ causam um aumento de nitrito bem como reducéo na atividade de enzimas antioxidantes
como a SOD e a GPx. A ativagédo excessiva de receptores de glutamato e estresse oxidativo
podem ser eventos sequenciais, bem como paralelos, que convergem como uma via final
comum para a vulnerabilidade neuronal (COYLE; PUTTFARCKEN, 1993).

Considerando o grande numero de pacientes refratarios ao tratamento disponivel, e
que o dano oxidativo parece ser um importante fator envolvido nas crises, terapias alternativas
gue aumentem as defesas antioxidantes e/ou diminuam o dano oxidativo podem se tornar
importantes adjuvantes no tratamento das crises epilépticas, como o exercicio fisico e a
cafeina (RADAK et al., 2007; ARIDA et al., 2009; EL YACOUBI ey al., 2008; LOSCHER,
2011).

Terapias Adjuvantes

1.3.1 Exercicio Fisico

Os efeitos do exercicio fisico sobre a saude geral sdo bem descritos, principalmente
sobre o sistema cardiovascular e metabolismo (POWELL; PAFFENBARGER, 1985;
BOOTH; CHAKRAVARTHY; SPANGENBURG, 2002). Além disso, nas Ultimas décadas 0s
efeitos benéficos da atividade fisica sobre o sistema nervoso central (SNC) tém sido
evidenciados, sugerindo um papel protetor contra uma variedade de disturbios psicoldgicos e
neuroldgicos (HILLMAN; ERICKSON; KRAMER, 2008; VAN PRAAG, 2009).

Estudos clinicos e epidemioldgicos indicam que o exercicio pode melhorar os
sintomas de estresse e depressdo (SALMON, 2001; BROSSE et al., 2002; CALLAGHAN,
2004), o declinio cognitivo relacionado a idade (LAURIN et al., 2001; COLCOMBE et al.,
2004; MCAULEY, E.; KRAMER; COLCOMBE, 2004) e reduzir o risco de deméncia
(FRATIGLIONI; PAILLARD-BORG; WINBLAD, 2004; LARSON et al., 2006). O exercicio

fisico também se mostrou benéfico em uma série de modelos de doencas do SNC, como,
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Esclerose Multipla (EM), doengas de Huntington (DH), Parkinson (DP), Alzheimer (DA) e
epilepsia (ARIDA et al., 1999; LAURIN et al., 2001; TILLERSON et al., 2003; KOHL et al.,
2007; BENEDETTI et al., 2009). No entanto, 0s mecanismos subjacentes a estes efeitos
benéficos sdo pouco compreendidos.

Alguns trabalhos tém se direcionado ao entendimento das bases neurobioldgicas dos
beneficios associados ao exercicio fisico. Dessa forma, varios autores mostraram que 0
exercicio fisico voluntario e aerdbico forcado aumenta a expressao do fator neurotréfico
derivado do encéfalo (BDNF) (NEEPER et al., 1995; VAN PRAAG et al., 1999; RADAK et
al.,, 2001; ANG et al.,, 2006; DING et al.,, 2006; RADAK et al., 2006; DIETRICH;
ANDREWS; HORVATH, 2008) e que, a ativacdo desse fator trofico esta relacionada com a
sobrevivéncia e diferenciacdo celular, assim como,com o aumento da resisténcia ao estresse
oxidativo (GUO; MATTSON, 2000; KLUMPP; LIPOWSKY, 2005; LEEDS et al., 2005). De
fato, estudos em modelos experimentais mostraram que a atividade fisica aumenta a expressao
de BDNF (GRIESBACH; HOVDA; GOMEZ-PINILLA, 2009) e modula positivamente o
sistema antioxidante, aumentando o contetdo e/ou atividade das enzimas SOD, CAT e GPx
tanto no musculo como no cérebro de ratos (RAMBO et al., 2009; STEINER; PHILBERT,
2011).

Além disso, estudos mostraram o envolvimento do BDNF com a via de ativacdo do
fator de transcri¢do responsivo a adenosina monofosfato ciclico (CREB) (FINKBEINER et
al., 1997). Nesse contexto, Lee e colaboradores observaram que a administracdo de BNDF
causa um aumento significativo das convulsbes induzidas por pilocarpina e dos niveis de
EROs, assim como, uma reducdo na expressdo de enzimas antioxidantes e de PGC-la em
animais transgénicos com diminuicdo da expressdo de CREB, sugerindo que este elemento é
importante na neuroprotecdo contra o dano oxidativo (LEE, B. et al., 2009). De fato, varios
estudos mostram que o CREB induz a expressdao de PGC-1a (HERZIG et al., 2001; LEE, W.
J. et al., 2006; ST. PIERRE et al., 2006) e regula a expressdo das enzimas antioxidantes,
incluindo a GPx e a SOD (BEDOGNI et al., 2003; ST. PIERRE et al.2006).

Nesse sentido, terapias que modulem positivamente o sistema BDNF/CREB/PGC-1a e
consequentemente o sistema antioxidante podem ser importantes ferramentas no tratamento

de diversas doengas do SNC, como por exemplo a epilepsia.
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1.3.1.1 Exercicio e Epilepsia

Pessoas com epilepsia sdo frequentemente aconselhadas a evitar exercicios vigorosos
para evitar a manifestagdo das convulsdes, embora existam raros casos de convulsdes
induzidas pela pratica do exercicio fisico. A maioria dos estudos tém geralmente mostrado
que a atividade fisica pode diminuir a frequéncia de crises, bem como melhorar a eficiéncia
cardiovascular e aspectos psicologicos associados a pessoas com epilepsia (HEISE J, 2002;
ARIDA et al., 2009).

Os efeitos positivos do exercicio na epilepsia sdo principalmente baseados em
questionarios e / ou estudos (ROTH et al., 1994; STEINHOFF et al., 1996) e por meio de
ensaios padronizados de resisténcia fisica (STEINHOFF et al., 1996; JALAVA,
SILLANPAA, 1997). Apenas poucos estudos em humanos tém examinado o efeito de um
programa de exercicio fisico em pessoas com epilepsia.

Em um estudo realizado por Nakken e colaboradores (1997) foi verificado que a
atividade epileptiforme interictal registrada por eletroencefalograma permanece inalterada ou
diminui a frequéncia durante ou imediatamente apds o exercicio fisico aerébico (NAKKEN et
al., 1997). De acordo com estes dados, foi verificado que ocorrem menos convulsdes durante
a atividade mental e fisica quando comparado com periodos de descanso (CORDOVA,;
NAVAS; ESCANERO, 1993), sugerindo que uma maior atencdo e vigilancia durante a
atividade fisica pode reduzir a ocorréncia de convulsdes (KUIJER, 1980). Um estudo em
mulheres com epilepsia refratiria mostrou que o treinamento fisico aerdbio diminuiu o
namero de crises durante o periodo de exercicio (ERIKSEN et al., 1994). Nesse contexto,
outro estudo mostrou nenhum impacto na frequéncia das crises ap6s um programa de
exercicios de 12 semanas (MCAULEY, J. W. et al.,, 2001). Além disso, Vancini e
colaboradores (2010) verificaram que o exercicio fisico exaustivo ndo induz convulsdes
(VANCINI et al., 2010).

Estudos experimentais também tém demonstrado um efeito benéfico do exercicio
fisico em animais com epilepsia onde o treinamento fisico retarda o desenvolvimento de
crises espontaneas antes e durante a inducéo de crises por estimulacdo elétrica (ARIDA; DE
JESUS VIEIRA; CAVALHEIRO, 1998), bem como reduz a frequéncia de crises induzidas
por pilocarpina (ARIDA et al., 1999). Além disso, estudos metabdlicos, eletrofisioldgicos e
imunohistoquimicos também encontraram efeitos positivos do exercicio em modelos
experimentais de epilepsia (ARIDA et al., 2003; ARIDA et al., 2007). Neste sentido, tanto o
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exercicio voluntdrio como em esteira ou natacdo oferecem protecdo contras as crises
induzidas por acido domdico, cainato e pilocarpina (CARROLL et al., 2001; SETKOWITZ E
MAZUR, 2006; REISS et al., 2009). Além disso, um programa de natacdo de 6 semanas
atenuou as convulsdes e o dano oxidativo induzido por PTZ em ratos (RAMBO et al., 2009).
Levando-se em consideracdo que o exercicio pode exercer acBes benéficas, como a
reducdo de susceptibilidade a convulsdo e melhora da qualidade de vida nas pessoas com
epilepsia (ARIDA et al., 2010), o exercicio fisico pode ser um candidato potencial para ser

integrado a terapia convencional para o tratamento desta patologia.

Cafeina

A cafeina (1,3,7-trimetilxantina), pertence ao grupo das purinas alcalbides, e € um
psicoestimulante comumente consumido em todo o mundo. Esta trimetilxantina é encontrada
em bebidas como café, mate, cha e refrigerantes, assim como em chocolates. Também ¢é
utilizada pela inddstria farmacéutica na composicao de analgésicos, estimulantes do apetite e
alguns antivirais (GILBERT et al., 1976; BERNSTEIN et al., 2002).

A histéria da cafeina esta associada com a histéria do café. O café é a principal fonte
de cafeina e provém de uma arvore do género Coffeae. Dentre as varias espécies conhecidas
as mais comercializadas sdo Coffea arabica e Coffea canephora, sendo popularmente
conhecidas como arabica e robusta, respectivamente (FREDHOLM, 2011).

Alguns antropdlogos acreditam que o primeiro uso da cafeina derivada de plantas,
remonta a 600 mil anos a.C. (Idade da Pedra), no entanto, acredita-se que a descoberta do
cafeeiro tenha ocorrido na Etidpia, em torno de 700 a.C., onde a planta crescia naturalmente.
Apesar disso, as primeiras plantagdes de café denominadas “Kaweh” apareceram na peninsula
Arébica no século X1V, e eram usadas como alimento, na fabricacdo de vinho, como remédio
e para fazer uma bebida arabe denominada “gahwa”, conhecida por prevenir o sono
(FREDHOLM, 2011).

Embora os arabes tenham cultivado o cafeeiro e tenham preparado bebidas de seu
gréo, somente no seculo XIV que o processo de torracdo foi criado. Somente quando isso
aconteceu que o uso do café difundiu-se através do Iémen e dos paises arabes para o resto do
mundo (FREDHOLM, 2011).
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Entre os muculmanos, a necessidade de uma bebida social foi preenchida pelo café,
sendo um excelente substituto das bebidas alcodlicas. A bebida foi consumida tanto em casa
como em estabelecimentos comerciais (Cafés). O desenvolvimento de casas de café em
centros intelectuais foi percebido como uma ameaca as autoridades, sendo o habito de tomar
café condenado pela ortodoxia islamica. Entretanto, posteriormente, chegou a ser considerado
como algo providencial para rezar sem cair em sonoléncia (FREDHOLM, 2011).

Na Europa, o café apareceu no século XVI sendo introduzido, principalmente, pelos
espanhois e holandeses, no periodo das grandes navegacOes e descobertas. Entretanto, o café
era consumido de maneira restrita e a bebida nobre era o cha. Inicialmente, o café encontrou
uma forte oposicdo em alguns paises protestantes, como a Alemanha, Austria e Suica, nacdes
essas que chegaram mesmo a punir o comércio e o seu consumo (FREDHOLM, 2011).

Em 1736, surgem as primeiras plantagdes na América Latina, principalmente em Porto
Rico e cerca de 20 anos depois ja era seu principal produto de exportacdo (RIGOULOUT et
al., 2003). Atualmente, o café é cultivado em mais de cinquenta paises, sendo o Brasil e a
Colémbia os maiores produtores, juntos produzem 39% dos grdos consumidos no mundo
(WEINBERG E BEALER, 2001).

Em 1819, o quimico alemdo Ferdin Runge Friedlieb isolou pela primeira vez um
extrato relativamente puro de cafeina, o qual foi chamado de "Kaffebase" (ou seja, uma base
que existe no café). Em 1821, a cafeina um po cristalino branco de gosto amargo foi isolada
por quimicos franceses (FREDHOLM, 2011).

1.4.1 Metabolismo

O metabolismo da cafeina é caracterizado por uma rapida e completa absorcédo
gastrointestinal (WALTON, K.; DORNE; RENWICK, 2001), sendo que ap6s a administracdo
oral a absorcdo ocorre em 45 minutos (CHVASTA; COOKE, 1971; BLANCHARD;
SAWERS, 1983).

A meia vida, tempo necessario para que sua concentracdo plasmatica diminua pela
metade, varia entre as faixas etarias, na gravidez, em combinacdo com alguns medicamentos e
com a integridade hepatica. Em adultos saudaveis a meia vida € de aproximadamente 3-4
horas, enguanto que em ratos € mais curta (cerca de uma hora). Mulheres que usam

anticoncepcionais a meia vida € de 5-10 horas e naquelas em gestacdo de 9-11 horas. Ja em
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recém-nascidos a meia-vida é de 30 horas. Nos individuos com doenca hepética, a meia-vida
da cafeina pode chegar até 96 horas. O metabolismo da cafeina pode ser alterado por outros
compostos, por exemplo, o consumo de tabaco diminui a meia-vida da cafeina (FREDHOLM
etal., 1999).

A cafeina distribui-se nos tecidos e é encontrada em todos os fluidos corporais,
incluindo o plasma, fluido cérebro-espinhal, saliva, bile, sémen, leite materno, sangue do
corddo umbilical, bem como todos os 6rgdos, entretanto ndao ha o acimulo de cafeina e/ou
seus metabolitos (ARNAUD, 1976). Em ratos adultos, por exemplo, a concentracdo de
cafeina no plasma é semelhante a encontrada no liquido cérebro-espinhal (LIU et al., 2006).

A distribuicdo tecidual ap6s uma hora de administracdo intravenosa em coelhos
mostrou que a razdo de concentracdo de cafeina tecido/sangue foi de aproximadamente 1.
Exceto no tecido adiposo, adrenais, figado e bile, onde as raz6es foram 0,2; 0,6; 1,5; e 2,7;
respectivamente (BEACH et al., 1985).

O metabolismo de primeira passagem é minimo (YESAIR; BRANFMAN;
CALLAHAN, 1984) ou inexistente em humanos (ARNAUD et al., 1983). As enzimas do
citocromo P-450 sdo as responsaveis pelo metabolismo da cafeina no figado, sendo degradada
em dimetilxantinas, como a paraxantina, teobromina e teofilina. Cada um destes metabdlitos
tem suas fungdes no organismo, sendo excretados na urina apos metabolizados. Nos humanos,
a paraxantina é o metabdlito predominante (72 a 80%), enquanto em roedores, apesar da
paraxantina ser o metabo6lito plasmatico predominante, os niveis de teofilina também estdo

elevados.

1.4.2 Mecanismo de acdo da Cafeina

A cafeina em baixas concentracdes (uM) pode antagonizar todos os receptores de
adenosina (A1, Aza, Azg and A3), sendo que a maior parte de suas acOes € mediada pela
inibicdo dos receptores de alta afinidade A; e Aza, (FREDHOLM et al., 1999). Estes, séo
receptores acoplados a proteina G que afetam muitas vias de sinalizacdo intracelular,
incluindo a via do AMPc. A ativacdo dos receptores dos subtipos A; e Az leva a uma inibicéo
da enzima adenilatociclase através de uma proteina G inibitéria, diminuindo os niveis

intracelulares de AMPc. Entretanto a ativacdo dos receptores Aa e Agg estimula a
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adenilatociclase através de uma proteina G estimulatéria aumentando os niveis intracelulares
de AMPc (OLAH; STILES, 1995).

A cafeina é normalmente ingerida de uma forma cronica, sendo que seus efeitos em
longo prazo podem ser diferentes dos efeitos da administracdo aguda, especialmente em
relacdo a sua acdo sobre os receptores de adenosina (JACOBSON et al., 1996). Isso pode se
dar em funcdo de um aumento na expressdo dos receptores do tipo A; e Aja Ou por
sensibilizacdo dos receptores de adenosina (BIAGGIONI et al., 1991; JACOBSON et al.,
1996).

Em altas concentracdes, a cafeina pode elevar os niveis intracelulares de AMPc
através da inibicdo da fosfodiesterase 4 (FREDHOLM et al., 1999). Em concentracdes na
faixa de mM a cafeina pode mobilizar célcio dos estogues do reticulo endoplasmatico através
dos receptores IP3 e de rianodina (FREDHOLM; HEDQVIST, 1980; FREDHOLM et al.,
1999).

A maioria dos estudos discute uma relacdo entre o efeito neuroprotetor da cafeina e
antagonismo dos receptores A,a, que levaria a uma diminuicdo da liberacdo de
neurotransmissores excitatorios (KALDA et al., 2006), porém um aumento na expressao dos
receptores A;, cuja ativacdo pode significar neuroprotecdo ou um aumento das defesas
antioxidantes, poderia ser um mecanismo alternativo (CUNHA et al., 2006). Desta forma, em
modelos experimentais, o tratamento com cafeina tem demonstrado efeito neuroprotetor
contra neurotoxicidade induzida por B-amildide ou MPTP (XU et al., 2002; DALL'IGNA et
al., 2003; ARENDASH et al., 2006; DALL'IGNA et al., 2007).

Além do efeito direto sobre os receptores de adenosina, alguns outros efeitos tém sido
evidenciados ap6s a administracdo de cafeina. Jones e colaboradores (2008) verificaram um
aumento na expressdo e na atividade da enzima citocromo oxidase (Cox) no estriado apos a
administracdo aguda de cafeina e esses efeitos foram associados ao antagonismo dos
receptores A,a (JONES et al., 2008). Desde que a ativacdo destes receptores aumenta a
atividade de proteinas kinases (PKA e MAPK) que podem aumentar a ligacdo de fatores
nucleares repressores da ativacdo génica de Cox, antagonistas deste receptor podem inibir a
repressdo da ativagdo génica desta enzima (JONES et al., 2008).

Além disso, a cafeina pode agir via ativacdo da expressao génica do fator nuclear
relacionado ao eritréide-2 (Nrf2), que ocorre na mesma regiao promotora da Cox e € um fator
de transcrigdo sensivel ao estado redox. A estimulacdo da via Nrf2 resulta em aumento no
mecanismo enddgeno contra dano oxidativo e eletrofilico, caracterizado pelo aumento na

expressao de GST, que suporta seu potencial neuroprotetor (CHAN et al., 2000;
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SCHWARZSCHILD; CHEN; ASCHERIO, 2002; ASCHERIO et al., 2004; HARVEY; SEIB;
LUCKE, 2009). Além disso, Cavin e colaboradores (2008) sugerem que o café medeia a
estimulacdo da via Nrf2 resultando em um aumento dos mecanismos de defesa enddgenos,
como 0 aumento na expressdo das enzimas que regulam a sintese de GSH (CAVIN et al.,
2008).

Além dos efeitos citados até 0 momento, alguns estudos tém mostrado que a ac¢éo da
cafeina pode ndo necessariamente depender do antagonismo dos receptores de adenosina. Han
e colaboradores (2009) encontraram que a cafeina aumenta a producdo de fluido cérebro-
espinhal e a expressio da Na',K'-ATPase em células endoteliais em animais tratados
cronicamente com cafeina, podendo este ser um dos mecanismos pelo qual a cafeina protege
contra DA (HAN et al., 2009; WOSTYN et al., 2011).

Nesse contexto, se demonstrou que a cafeina diminui a producdo de PGE; induzida
por lipopolissacarideo em cultura de celulas microgliais (FIEBICH et al., 2000), bem como
atenua a perda de células e previne a apoptose induzida por MPP* em cultura neurdnios
granulares cerebelares, sendo que esse efeito ndo parece ser dependente do antagonismo dos
receptores A; e A,a (KAVITA et al., 2010).

Alguns estudos também demonstraram que a cafeina e seus metabdlitos apresentam
efeitos antioxidantes in vitro, sendo inclusive capaz de reagir diretamente com OH (SHI,
DALAL; JAIN, 1991; LEE, C., 2000; GOMEZ-RUIZ; LEAKE; AMES, 2007). A maioria dos
estudos sobre cafeina e estresse oxidativo foram feitos in vitro, entretanto, outros estudos
sugerem que a cafeina pode aumentar a atividade de enzimas antioxidantes in vivo
(ROSSOWSKA; NAKAMOTO, 1994; MUKHOPADHYAY; MONDAL,; PODDAR, 2003).

Nesse sentido, Aoyama e colaboradores (AOYAMA et al., 2011) verificaram que a
cafeina aumenta a sintese de GSH, podendo este ser um novo mecanismo pelo qual esta
metilxantina apresenta efeito neuroprotetor (AOYAMA et al., 2011). A GSH ¢ o tiol reduzido
mais abundante que desenvolve uma importante funcdo como antioxidante no SNC
(DRINGEN; GUTTERER; HIRRLINGER, 2000). De fato, algumas doencas
neurodegenerativas apresentam niveis reduzidos de GSH, dentre elas DP, DA e epilepsia
(SIAN et al., 1994; RAMASSAMY et al., 2000; MUELLER et al., 2001).
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1.4.3 Cafeina e Epilepsia

Embora o papel neuroprotetor da cafeina esteja bem descrito, principalmente para DA
e DP, seu papel nas convulsdes ainda é controverso. Existem estudos mostrando que a cafeina
pode atuar como proconvulsivante ou anticonvulsivante, sendo que este efeito parece ser
dependente da dose e do tempo de administracdo (JOHANSSON et al., 1996; HALLER;
MEIER; OLSON, 2005).

Nesse contexto, alguns estudos evidenciam que a administragédo de altas doses de
cafeina (acima de 150 mg/Kg) pode induzir convulsdes tanto em humanos quanto em modelos
experimentais (CHU, 1981; MARANGOS et al., 1981; NEHLIG; DAVAL,; DEBRY, 1992;
HALLER; MEIER; OLSON, 2005).

Além disso, a administragdo desta trimetilxantina diminui o limiar e aumenta a
incidéncia de convulsdes tonicas induzidas por PTZ e aminofililina (CZUCZWAR et al.,
1987; CUTRUFO et al., 1992). Da mesma forma, a cafeina reduz o limiar e prolonga a
duracdo das convulsdes induzidas por estimulos elétricos em ratos (ALBERTSON; JOY;
STARK, 1983; CZUCZWAR et al., 1990; FRANCIS; FOCHTMANN, 1994; GASIOR et al.,
1996), bem como, prolonga a duracdo das convulsbes em terapia de eletrochoque para
depressao profunda (STERN et al., 1999).

Neste sentido, alguns estudos tém demonstrado que a administracdo de cafeina atenua
o efeito protetor de algumas DAE como a carbamazepina, fenobarbital, fenitoina, valproato e
topiramato, bem como, reduziu os efeitos anticonvulsivantes dodiazepam nas convulsdes
induzidas por PTZ em ratos (KULKARNI; JOSEPH; DAVID, 1991). Entretanto, a
administracdo de cafeina ndo reduz a eficacia das AED de nova geracdo como lamotrigina,
tiagabina, e oxcarbazepina. Da mesma forma, ndo foi observado efeito da cafeina sobre a
atividade anticonvulsivante da etossuximida e valproato (CHROSCINSKA-KRAWCZYK et
al., 2011).

O conceito de que o uso de metilxantinas pode potencializar as convulsdes tem sido
desafiado por diversos autores que argumentam que os estimulantes do SNC atuam como
proconvulsivante somente em doses supramaximas (GEORGIEV; JOHANSSON;
FREDHOLM, 1993; JOHANSSON et al., 1996; LOSCHER, 2009).

Visto isso, o tratamento com cafeina (60-70 mg/kg/dia durante 2 semanas) reduziu as
convulsdes induzidas por NMDA, bicuculina, e PTZ em camundongos, sem alteracdes na
expressao dos receptores A; e Aoa € GABAA (GEORGIEV; JOHANSSON; FREDHOLM,
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1993; JOHANSSON et al., 1996). Estudos anteriores sugerem que o efeito neuroprotetor
exercido pela cafeina da-se pelo aumento na expressdo dos receptores A; de adenosina
(DAVAL et al., 1989; JOHANSSON et al., 1993). No entanto, a exposi¢do prolongada a uma
dose baixa de cafeina ndo tem nenhum efeito, quer sobre 0 nimero de receptores de adenosina
(GEORGIEV; JOHANSSON; FREDHOLM, 1993; JOHANSSON et al., 1996) ou sobre o
namero de receptores GABAA (JOHANSSON et al., 1996). Neste sentido, El Yacoubi sugere
uma possivel participacdo do antagonismo dos receptores Aza (EL YACOUBI et al, 2008).

Desta forma, camundongos transgénicos que demonstram uma diminuicdo na
expressao dos receptores do tipo Aa sdo parcialmente resistentes a convulsdes induzidas por
PTZ ou pela retirada do etanol (EI YACOUBI et al. 2001, 2008). A administracdo de cafeina
(0,3 g/l na agua), durante 14 dias reduziu as convulsdes induzidas por PTZ em camundongos
(EL YACOUBI et al.2008).

No modelo experimental de epilepsia do lobo temporal, a administracdo de cafeina,
ofereceu neuroprotecdo completa contra a perda neuronal na regido CAl do hipocampo,
entretanto, ndo ofereceu protecdo contra o aparecimento de convulsdes (RIGOULOUT 2003).

Em um modelo de morte subita em epilepsia (SUDEP), a administracdo aguda de
cafeina (40 mg/kg i.p) aumentou o tempo de sobrevivéncia dos camundongos (SHEN; LI;
BOISON, 2010). Esse efeito protetor pode ser explicado pelo antagonismo dos receptores de
adenosina, ja que ap6s as convulsdes 0 aumento excessivo da liberacdo de adenosina pode
induzir insuficiéncia respiratoria e cardiaca por hiperestimulacdo dos receptores de adenosina
do tronco cerebral (SHEN; LI; BOISON, 2010).

Dessa forma, considerando que a cafeina e o exercicio fisico apresentam efeito
protetor frente ao dano oxidativo induzido em modelos experimentais de doencas
neurodegenerativas e epilepsia, torna-se importante investigar seus efeitos sobre as

convulsdes e o dano oxidativo induzidos por PTZ.
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Objetivo Geral

Investigar os efeitos do exercicio fisico e da suplementacdo com cafeina nas
convulsbes comportamentais e alteracdes eletroencefalograficas, bem como nas alteracdes dos

parametros oxidativos induzidos por pentilenotetrazol em ratos.

1.5.1 Obijetivos Especificos

- Avaliar o efeito do exercicio fisico na génese das convulsdes comportamentais e alteracdes

eletroencefalograficas induzidas por PTZ, bem como sobre diferentes parametros oxidativos.

- Avaliar o efeito da suplementacdo de cafeina nas convulsdes comportamentais e

eletroencefalograficas induzidas por PTZ, bem como sobre diferentes parametros oxidativos.

- Avaliar o efeito do exercicio fisico associado a suplementacdo com cafeina nas convulsdes

comportamentais e eletroencefalogréficas induzidos por pentilenotetrazol em ratos.
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SUMMARY

Purpose: In the present study we decided to inves-
tigate whether physical exercise protects against
the electrographic, oxidative, and neurochemical
alterations induced by subthreshold to severe con-
vulsive doses of pentyltetrazole (PTZ).

Methods: The effect of swimming training (6 weeks)
on convulsive behavior induced by PTZ (30, 45, and
60 mglkg, i.p.) was measured and different electro-
graphic electroencephalography (EEG) frequencies
obtained from freely moving rats. After EEG record-
ings, reactive oxygen species (ROS) generation, non-
protein sulfhydryl (NPS), protein carbonyl,
thiobarbituric acid-reactive substances (TBARS),
superoxide dismutase (SOD), catalase (CAT), Na®,
K'-ATPase activity, and glutamate uptake were
measured in the cerebral cortex of rats.

Results: We showed that physical training
increased latency and attenuated the duration of
generalized seizures induced by administration of
PTZ (45 mg/kg). EEG recordings showed that
physical exercise decreased the spike amplitude

after PTZ administration (all doses). Pearson’s
correlation analysis revealed that protection of
physical training against PTZ-induced seizures
strongly correlated with NPS content, Na*, K'-
ATPase activity, and glutamate-uptake mainte-
nance. Physical training also increased SOD activ-
ity, NPS content, attenuated ROS generation per
se, and was effective against inhibition of Na*,
K*-ATPase activity induced by a subthreshold
convulsive dose of PTZ (30 mg/kg). In addition,
physical training protected against 2',7"-dichloro-
fluorescein diacetate (DCFH-DA) oxidation,
TBARS and protein carbonyl increase, decrease of
NPS content, inhibition of SOD and catalase, and
inhibition glutamate uptake induced by PTZ.
Conclusions: These data suggest that effective
protection of selected targets for free radical dam-
age, such as Na*, K*-ATPase, elicited by physical
training protects against the increase of neuronal
excitability and oxidative damage inducedby PTZ.
KEY WORDS: Seizure, Oxidative damage, Physi-
cal exercise, Pentylenetetrazol, Na* K'-ATPase.
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Epilepsy is a common and chronic neurologic disorder
constituting a large group of neurologic diseases, with an
incidence of 0.5-1% in the general population (Andrade
& Minassian, 2007). Many studies have suggested that a
cascade of biologic events, including generation of reac-
tive oxygen species (ROS), underlie the development and
propagation of epilepsy (Patsoukis et al., 2005). In fact,
oxidative stress in the central nervous system (CNS) has
been shown in several rodent models of experimental epi-
lepsy, such as the amygdala kindling model (Frantseva
et al., 2000), the kainic acid model (Gluck et al., 2000),
the pentylenetetrazol (PTZ) kindling model (Gupta et al.,
2003), and in acute PTZ-induced seizure (Patsoukis et al.,
2004).

PTZ is a blocker of the chloride ionophore complex to
the y-aminobutyric acid (GABA) » receptor (Huang et al.,
2001) that has convulsant effects after repeated or single-
dose administration and also affects several neurotrans-
mitter systems, such as the GABAergic and glutamatergic
systems (Jensen et al., 1991; Psarropoulou et al., 1994;
Thomsen, 1999; Walsh et al., 1999). In addition, previous
studies from our group have demonstrated that striatal
injection of PTZ-induced convulsive activity is accompa-
nied by ROS generation and inhibition of local Na*, K*-
ATPase activity (Oliveira et al., 2004; Ribeiro et al., 2005;
Fighera et al., 2000). These experimental data reinforce
the assumption that inhibition of some selected targets for
free radicals increases cellular excitability (Jamme et al.,
1995; Danbolt, 2001; Prigol et al., 2007).

Recently, a substantial body of evidence has suggested
that regular exercise has the capacity to beneficially effect
certain brain functions and plays an important preventive
and therapeutic role in oxidative stress-associated dis-
eases, including ischemic heart disease, type 2 diabetes,
Alzheimer’s disease, and Parkinson’s disease (Kiraly &
Kiraly, 2005; Lazarevic et al., 2006: Belardinelli et al.,
2007; Khedr et al., 2007). Accordingly, studies have
shown that animals and humans clearly undergo signifi-
cant adaptive responses to regular endurance exercise that
involve greatly increased endurance capacity, which is
permitted by dramatic mitochondrial biogenesis, reduc-
tion of oxidant production, and increase of antioxidant
defenses (Packer & Cadenas, 2007; Sachdev & Davies,
2008). In fact, data on the effect of physical exercise on
the brain indicate that, under certain conditions, physical
exercise can attenuate oxidative stress-related damage in
the brain causing improved brain function (Alessio et al.,
1988; Radak et al., 2001; Cotman & Engesser-Cesar,
2002). Furthermore, regular physical exercise plays a pre-
ventive role against lifestyle-dependent diseases, and
molecular mechanisms behind this favorable effect could
be linked to redox homeostasis, a free radical-related
adaptation mechanism (Radak et al., 2008).

Although the favorable effect of physical exercise on
general health is unquestionable, fitness programs in

Epilepsia, S0(4):811-823, 2009
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patients with epilepsy are still a matter of controversy.
Clinical investigations have demonstrated that there is a
reduction in the number of seizures after physical training
programs (Denio et al., 1989; Nakken et al., 1990; Eriksen
et al., 1994); however, a significant number of patients
with epilepsy believe that physical exercise increases like-
lihood of a seizure and are advised by family, friends, and
even their physicians to avoid exercise (Steinhoff et al.,
1996). Therefore, epileptic patients leading sedentary
lives have shown greater body weight, and significantly
poorer muscle strength and respiratory capacity than peo-
ple taking part in regular exercise (Jalava & Sillanpaa,
1997).

On the other hand, experimental findings in animal
models of epilepsy, such as temporal lobe epilepsy
and kindling development, reveal that physical exer-
cise increases the amount of stimulation necessary to
reach the convulsive threshold (Arida et al., 1998),
attenuates the frequency of seizures, and decreases
susceptibility to subsequently evoked seizures in the
pilocarpine model of epilepsy (Arida et al., 1999;
Setkowicz & Mazur, 2006). In addition, it has been
demonstrated that physical exercise promotes positive
plastic changes in the hippocampal formation of rats
with epilepsy (Arida et al., 2007a).

These facts clearly indicate that physical exercise may
ameliorate the course of epileptic activity in the brain.
However, very little information is available regarding the
exact role of free radicals in its development and the
improvement induced by physical exercise in an experi-
mental model of epilepsy induced by PTZ. Therefore, in
the present study we aimed to investigate whether physical
exercise protects against the electrographic, oxidative,
and neurochemical alterations induced by subthreshold,
moderate, and severe convulsive doses of PTZ (30—
60 mg/kg).

MATERIALS AND METHODS

Animal and reagents

All experiments involving the animals were conducted
in conformance with the policy statement of the American
College of Sports Medicine. In the present study 90-day-
old male Wistar rats, weighing 250-300 g at the begin-
ning and 400-450 g at the end of the experimental period
were used. During this period, the animals were main-
tained in a controlled environment (12:12 h light-dark
cycle, 24 = 1°C, 55% relative humidity) with free access
to food (Guabi, Santa Maria, Brazil) and water. Animal
utilization protocols followed the Official Government
Ethics guidelines and were approved by the University
Ethics Committee. All efforts were made to reduce the
number of animals used, as well as to minimize their suf-
fering. All other reagents were purchased from Sigma
(St Louis, MO, U.S.A.).
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Effect of Swimming Training on Convulsive Behavior

Adaptation to the water

All the rats were adapted to the water before the begin-
ning of the experiment. The adaptation consisted of keep-
ing the animals in shallow water at 32°C between 9:00 and
11:00 a.m. The adaptation period proceeded during the
entire experimental period. The purpose of the adaptation
was to reduce stress without promoting a physical training
adaptation.

Training protocol and lactate threshold assay

The use of swimming rats as a model of exercise pre-
sents advantages over treadmill running, since swimming
is a natural ability of the rats and this avoids the selection
of animals, which is necessary in experimental protocols
using treadmill running (Arida et al., 1999). For exercise
training, the rats were randomly assigned to the following
groups: trained/saline (0.9% NaCl, 1 ml/kg, i.p., n = 8),
trained/PTZ (30 mg/kg: n = 8), trained/PTZ (45 mg/kg;
n = 8), and trained/PTZ (60 mg/kg: n = 8). The training
period lasted 6 week and consisted of 60-min daily ses-
sions five times per week. The training tank used for this
study was 80 cm in length, 50 cm in width, and 90 cm in
depth, and swimming was always performed in water at a
temperature of 32°C between 9:00 and 11:00 a.m. During
the first week of training, all animals underwent a swim-
ming adaptation period without weights. After the swim-
ming adaptation period, the rats were subjected to
swimming training with a work load (5% of body weight)
to improve endurance (Gobatto et al., 2001). At the same
time of the training session, sedentary rats were placedin a
separate tank with shallow water (5 cm in depth) at 32°C,
5 daysfweek without the work load (5% of body weight).
After 6 weeks, sedentary rats received saline (0.9% NaCl,
I ml/kg, i.p..n = 8-10) or PTZ (30, 45 or 60 mg/kg, i.p.,
n = 8-10in each group) and were used as controls.

After 6 weeks of training, a test protocol was used to
determine the lactate threshold (LT) in sedentary (n = 6)
and trained rats (n = 6). The LT test was carried out
according to the protocol described by Marquezi et al.
(2003) and consisted of swimming exercises with pro-
gressive overload through weights attached to the ani-
mal’s tail, corresponding to 4%, 5%, 6%, 7%, and 8% of
body weight of each animal for 3-min periods, separated
by 1-min resting periods. During the resting periods, 25-
ul blood samples were collected from the tail vein into
heparinized capillary tubes for determination of lactate
concentration. The LT for each animal was calculated
based on the point of inflection of the graph when plot-
ting lactate concentration against the corresponding exer-
cise workload.

Surgical procedure

All animals were submitted to surgery 24 hafter the last
session of training. In brief, the rats were deeply anesthe-
tized with Equithesin (1% phenobarbital, 2% magnesium

sulfate, 4% chloral hydrate, 42% propylene glycol, 11%
ethanol; 3 ml/kg, i.p.). Two screw electrodes were placed
bilaterally over the parietal cortex, along with a ground
lead positioned over the nasal sinus. The electrodes were
connected to a multipin socket fixed to the skull with
acrylic cement. The experiments were performed 5 days
after surgery.

Seizure evaluation

Seizures were monitored in all animals by electrocorti-
cographic recording. On the day of the experiments,
each animal was transferred to an acrylic glass cage
(25 x 25 x 40 cm) and allowed to adapt for 20 min
before electroencephalography (EEG) recording. The rat
was then connected to the lead socket in a swivel inside a
Faraday’s cage, and the EEG was recorded using a digital
encephalographer (Neuromap EQSA260, Neuromap
LTDA, Itajubd, MG, Brazil). EEG signals were amplified,
filtered (0.1-70.0 Hz, bandpass), digitalized (sampling
rate 256 Hz), and stored in a personal computer for off-
line analysis. Routinely, a 10-min baseline recording was
obtained to establish an adequate control period. After
baseline recording, the sedentary and trained animals
received an injection of saline (0.9% NaCl, 1 ml/kg, i.p.)
and/or PTZ (30, 45 and 60 mg/kg, i.p.). The animals were
observed for the appearance of generalized tonic-clonic
convulsive episodes for 20 min according to Ferraro et al.
(1999), who describes clonic convulsions as episodes
characterized by typical partial clonic activity affecting
the face, head, vibrissae, and forelimbs. Generalized con-
vulsive episodes were considered as generalized whole-
body clonus involving all four limbs and tail, rearing, and
wild running and jumping. followed by sudden loss of
upright posture and autonomic signs, such as hypersaliva-
tion and defecation, respectively. During the 20-min
observation period, the latencies for the first generalized
tonic—clonic convulsions were measured. EEG recordings
were visually analyzed for seizure activity, which were
defined by the occurrence of the following alterations in
the recording leads (McColl et al., 2003): isolated sharp
waves  (21.5 x baseline): multiple sharp  waves
(22 % baseline) in brief spindle episodes (=1 s > 5 s);
multiple sharp waves (22 x baseline) in long spindle epi-
sodes (25 s); spikes (22 x baseline) plus slow waves;
multispikes (=2 x baseline, 23 spikes/complex) plus slow
waves: and major seizure (repetitive spikes plus slow
waves obliterating background rhythm, =5 s). For quanti-
tative analysis of EEG amplitude, we averaged EEG
amplitude over the 20-min of observation.

Sample processing

After the behavioral evaluation (20 min after PTZ
administration), the animals were killed by decapitation
and their brain was exposed by removing the parietal
bone. After decapitation, the whole brain was removed
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and placed in ice-cold Krebs Cerebral Henseleit buffer
containing 124 mm NaCl, 5 mm KCI, 1.2 mm CaCl,,
1.2 mm MgS50y4, 1.2 mm KH:PO4, 23 mm NaHCO3, 3 mm
HEPES, and 10 mm p-glucose, and the pH was adjusted to
7.4 with 95% 0,/5% CO,. Cerebral cortex slices
(0.4 mm) were obtained by transversal cuts using a MclIl-
wain chopper. The time duration between decapitation
and preparation of the slices was 2-3 min, and during this
period the brain was immersed in the ice-cold medium.

Estimation of ROS generation

Generation of ROS was estimated with the fluorescent
probe, 2, 7'-dichlorofluorescein diacetate (DCFH-DA), as
described by Ali et al. (1992). Briefly, the slice from cere-
bral cortex was homogenized in 2.5 ml of saline solution
(0.9% NaCl). Aliquots of 2.5 ml were incubated in the
presence of DCFH-DA (5 pm) at 37°C for 60 min. The
DCFH-DA is enzymatically hydrolyzed by intracellular
esterases to form nonfluorescent DCFH, which is then rap-
idly oxidized to form highly fluorescent 2',7"-dichloroflu-
orescein (DCF) in the presence of ROS. DCF fluorescence
intensity is proportional to the amount of ROS that is
formed. Fluorescence was measured using excitation and
emission wavelengths of 480 and 535 nm, respectively. A
calibration curve was established with standard DCF
(0.1 nm to 1 um), and ROS levels were expressed as per-
centages of control.

Nonprotein sulfhydril (NPS) levels

The levels of NPS in slices of cerebral cortex were
determined in the presence of 50 mm Tris-Cl, pH 7 4. Free
-SH groups were determined according to Ellman and
Lysko (1967). Incubation at 37°C was initiated by the
addition of the thiol compounds. Aliquots of the reaction
mixture (100 ul) were checked for the amount of -SH
groups at 412 nm after 90-120 min of addition of color
reagent 5°5"-dithio-bis (2-nitrobenzoic) acid (DTNB).

Measurement of protein carbonyl

For the protein carbonyl assay, a slice from the cerebral
cortex was homogenized in 10 volumes (w/v) of 10 mm
Tris-HCI buffer pH 7.4 using a glass homogenizer, and its
carbonyl protein content was determined by the method
described by Levine et al. (1990) adapted for brain tissue
(Oliveira etal.. 2004).

Measurement of thiobarbituric acid-reactive
substances (TBARS) content

For the TBARS assay, a slice from cerebral cortex was
homogenized in ultra-purified water, and the TBA reagent
(15% of trichloroacetic acid, 0.375% of thiobarbituric
acid, and 2.5% v/v of HCl) was added. After 30 min of
incubation, samples were centrifuged (3000g. 15 min)
and then TBARS levels were measured at 532 nm (Rios &
Santamarfa, 1991).
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Superoxide dismutase (SOD) and catalase (CAT) activity

To verify SOD and CAT activity, a slice from the cere-
bral cortex was adequately homogenized in 40 volumes
(w/v) with Tris—=HCl 10 mm (pH 7.4), and an assay was
performed according to the methods of Misra and Frido-
vich (1972) and Aebi (1984) respectively. The SOD activ-
ity was expressed as units/g of protein, and CAT activity
was expressed in units (1 U decomposes 1 pmol of H,0,
per minute at pH 7.0 at 25°C).

Measurement of Na*, K*-ATPase activity

The measurement of Na*, K*-ATPase activity was per-
formed in the same kind of homogenate used for determi-
nation of the protein carbonyl content. The enzyme assay
was performed according to Wyse et al. (2000).

Glutamate uptake

For the glutamate uptake measurement, the slices of
cerebral cortex were previously maintained in a pre-
gassed (carbogen) artificial cerebrospinal fluid for 15 min
containing (in mm): 137 NaCl, 0.63 Na,HPO,, 4.17 NaH-
CO;, 5.36 KCI, 0.44 KH,PO,, 1.26 CaCl,, 0.41 MgS0,,
0.49 MgCla, and 5.55 glucose (pH 7.2). Glutamate uptake
was performed according to Frizzo et al. (2002) with few
modifications. Briefly, uptake was carried out at 35°C by
adding 100 pm of unlabeled glutamate and 1 pum [*H] glu-
tamate. The reaction was stopped after 7 min by washing
two times with 1 ml cold buffer, immediately followed by
addition of 0.5 N NaOH, which was kept overnight.
Sodium independent uptake was determined by using cho-
line chloride instead of sodium chloride, which was sub-
tracted from the total uptake to obtain the sodium
dependent uptake. Incorporated radioactivity was deter-
mined with a Packard scintillator (TRI CARB 2100 TR).

Protein determination

Protein content was measured colorimetrically by the
method of Bradford (1976) using bovine serum albumin
(1 mg/ml) as a standard.

Statistical analysis

Statistical analysis was carried out by one- or two-way
analysis of variance (ANOVA), and only F-values of
p < 0.05 are presented. Post hoc analysis was carried out,
when appropriate, by the Student-Newman-Keuls test.
All data are expressed as mean + SEM.

RESULTS

Effects of physical exercise on lactate threshold and
body weight

In the present investigation, we showed a significant
increase in total body weight in sedentary versus trained
rats along the 6 weeks of swimming training [F(1,14) =
15.09: p < 0.05: Fig. 1A]. In addition, statistical analysis
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Effect of 6 weeks of swimming ™
training on body weight (A) and
lactate threshold assay (B).

*p < 0.05 compared with
sedentary group (F test for
simple effect). Data mean + SEM
for n = 6in each group. s
Epilepsia © ILAE

Wight [g)

=8~ Sedenun
~@— Truned

. .

Lactate {mmoliml blood)

Week

. s . basl  an - [ ™~ -~

Owerload

showed a clear stabilization of the blood lactate concentra-
tion in the trained group when compared with the seden-
tary group for the lactate threshold assay [F(1.14) =
10.89; p < 0.05; Fig. 1B] indicating that the training
program increased aerobic resistance of the animals.

Effects of physical training on PTZ-induced behavioral
convulsions and epileptiform EEG activity

Figs 2A, B show the effect of physical training on the
latency and duration of generalized tonic—clonic convul-
sions induced by PTZ (45 or 60 mg/kg). Partitioning of
the sum of squares into trend components revealed that
administration of PTZ induced convulsive activity line-
arly with the dose given. The 6 weeks of swimming
training increased the latency for the first convulsive
episode induced by the moderate convulsive dose of PTZ
(45 mg/kg) [F(2.44) = 1.33: p < 0.05; Fig. 2A] and atten-
uated the duration of convulsive episodes induced by PTZ
(45 and 60 mg/kg) [F(2.44) = 10,75; p < 0.05: Fig. 2B].

Electroencephalographic recordings revealed similar
EEG signals between the trained and sedentary groups
before and after saline administration (Fig. 3A, panels I-
1), suggesting that the protocol of physical training used
here did not elicit detectable alterations in surface basal
EEG. Injection of PTZ at 30 mg/kg caused only minor
behavioral and EEG alterations (Fig. 3B, panel III), but
injection of PTZ (45 or 60 mg/kg) caused the appearance
of generalized tonic~clonic seizures characterized by the
appearance of 2-3 Hz high-amplitude activity in the
recording leads (Figs 3C, D, panels V and VI, respec-
tively). Of note, physical training decreased the occur-
rence of EEG seizure activity induced by all doses of PTZ
(Figs 3B, C, and D, panels IV, VI, and VIII, respectively).
In addition, statistical analysis showed that swimming
training had no effect on baseline EEG amplitude
(Fig. 3E) but decreased the increase in EEG wave
amplitude induced by administration of all doses of
PTZ [F(3,44) = 4,55; p < 0.05; Fig. 3F].

) Sedentary
o r . Trined

#0 b -

Latenci (s)

o |

[ Sedentary
00 I Trained

14

Time spent convulsioning ()

Figure 2.

Effect of physical training on latency (A) and duration
(B) of generalized tonic—clonic convulsions induced by
PTZ (45 and 60 mglkg, i.p.). *p < 0.05 compared with
sedentary-PTZ group (45 mg/kg, ip.). *p < 0.05 com-
pared to sedentary-PTZ group (45 and 60 mg/kg, i.p.)
Dataare mean + SEMforn = 8-10in each group.
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Representative electroencephalographic recordings demonstrate the discharge sequence observed in sedentary
(A-l) and trained group (A-ll) after systemic administration after saline (0.9% NaCl, | mlkg, i.p.). Typical
electroencephalographic recordings variations after administration of the subthreshold to severe convulsive dose of
PTZ (30-60 mg/kg, i.p.) in sedentary (B-1ll; 3C-V; 3D-VIIl) and physical training group (3B-1V; 3C-VI; 3D-VIIl). The
arrow indicates NaCl or PTZ (30, 45 or 60 mg/kg, i.p.) administration. Calibration bars 500 xV and 3 min. Figs. 3E, F
show the effect of physical training on EEG amplitude before (A) and after saline (0.9% NaCl, | ml/kg, i.p.) or PTZ
(30-60 mg/kg, i.p.) (B). *p < 0.05 compared with NaCl group. #p < 0.05 compared to sedentary-PTZ group
(30-60 mg/kg, i.p.) Dataare mean + SEM forn = 8-10 in each group.
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Table |. Effect of swimming training on 2’,7'-dichlorofluorescein (DCF) oxidation, protein carbonyl, and TBARS
content after injection of PTZ (30, 45, and 60 mg/kg, i.p.)

DCFH-DA oxidation Protein carbony| content TBARS content (nmol MDASmg
(% of control) (nmol/mg protein) protein)
Treatment (mg/kg) Sedentary Trained Sedentary Trained Sedentary Trained
MNaCl 100 £ 5.0 -16.33+82° 66 07 601 £ 02 5745 + |7.7 40.10 £ 106
PTZ-30 50.01 % 5.5° 1021 £ 5.1¢ 77+0.6 52+ 04 6337 £ 10.7 5590 + |44
PTZ-45 51.96 + 6.1° I1.16 + 48° 89 + 0.6 62+ 03" 689 + 156 542 + 105
PTZ-60 49.47 + 4.2° 10.05 + 43" 104 + 0.6° 60 + 05" 1182 + 205° 662 + 139°

Data are mean + SEM forn = 8-10 in each group. MDA, malondialdeide.

“p < 0.05 compared to NaCl-sedentary group.

bp < 0.05 compared with sedentary-PTZ groups (30-60 mg/kg,i.p.) (Student—Newman—Keuls test).
p < 0.05 compared to NaCl-sedentary group.

Epileptiform activity-induced alteration in ROS
generation and the antioxidant status in cerebral A [ Sedentary
cortex: effects of physical training [ Trained

. . . . 45 &
Several parameters that indicate the antioxidant status
L]
30 15 1]

and the generation of oxidative stress in the cell were

determined in cortical homogenates. These include 3 *
DCFH-DA oxidation, lipid peroxidation (TBARS), pro- £ g 27
tein carbonyl, NPS content, and CAT and SOD activities. g =
The effect of injection of PTZ (30, 45, and 60 mg/kg, 8 % 18
i.p.) and swimming training on DCFH-DA oxidation, pro- |

tein carbonyl, and lipid peroxidation (TBARS) is showed s
in Table 1. Statistical analysis revealed that physical train-
ing attenuated DCFH-DA oxidation [F(1.64) = 35.17;

MNaCl

p < 0.05] per se, and prevented the increase in DCFH-DA ==

oxidation induced by all doses of PTZ [F(1,30) = 5.17;

p < 0.05]. This training protocol also protected against B [ Sedentary
TBARS [F(1.64) = 14.98: p < 0.05] and protein carbonyl I Trained
increase [F(3,64) = 2.17; p < 0.05] induced by higher °r

doses of PTZ (45 and 60 mg/kg).
In addition, statistical analysis showed that physical

training increased SOD  activity [F(1.64) = 31.69; i 5 1 "

p < 0.05: Fig. 4A] per se, and protected against its inhibi-

tion after administration of the fully convulsant dose of = 2 F *

PTZ (60 mg/kg) [F(3,64) = 3.90; p < 0.05]. Moreover, | .

administration of PTZ at45 or 60 mg/kg induced a signifi- i}

cant decrease in CAT activity [F(3,64) = 4.89; p < 0.05],

an effect prevented by physical training [F(3,64) = 2.73; 0 ™ r
PTZ

Catalase activity
(wnite/mg protein)

MaCl 30

p = 0.05; Fig. 4B]. Furthermore, physical training incre-
ased NPS content [F(1,64) = 22.24; p < 0.05] per se, and
protected against the decrease in NPS induced by higher | gy o physical training and PTZ injection on SOD
doses of PTZ (45 and 60 mgfkg) [F(3,64) =587 | (A)and catalase (B) activity ex vivo. Data are mean +
p < 0.05] (Fig. 4C). SEM for n = 8-10 in each group. *p < 0.05 compared
to NaCl-sedentary group. ®p < 0.05 compared with
Effects of physical training on PTZ-induced glutamate sedentary-PTZ groups (45-60 mg/kg, ip.). *p < 0.05
uptake and inhibition of Na* ,K*-ATPase activity compared to NaCl-sedentary group. (Stdent—
Considering that alterations in the redox state of regula- Newman—Keuls test).
tory sulfhydryl groups in selected targets, such as Na®, Epilepsia © ILAE
K*-ATPase (Morel et al., 1998) and glutamate transporters

Figure 4.
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Free—SH group content
(pmeolimg protein)

Table 2. Effect of swimming training on nonprotein sulfhydryl groups, Na*, K*-ATPase activity and, [*H]
Glutamate uptake after injection of PTZ (30, 45, and 60 mg/kg, i.p.)

Na®, K*-ATPase activity
(nmal Pi/mg protein/min)

[*H] Glutamate uptake
(pmol/mg protein/min)

Treatment (mg/kg) Sedentary Trained Sedentary Trained Sedentary Trained

NaCl 1.21 £ 0.02 279 + 0.02° 1413 + 13.0 1564 £ 129 1013+ 130 8920 £ 150
PTZ-30 1.09 £ 0.06 202+ 0.02 108.8 + B.3° 1399 + 10.0° 81.27 83 9025 + 139
PTZ-A45 0.96 + 0.01° 216+ 001" B8.8 + 7.8° 1310 £ 10.1% 69.80x78 73.10 = 10.1
PTZ-60 047 + 0.02° 1.53 + 0.02° 79.7 £ 6.2° 153.6 + 87" 37.62 % 6.3° 64.5 £ 87"

Dataare mean + SEM forn = 8-10 in each group.
“p < 0.05 compared to NaCl-sedentary group.

“p < 0.05 compared to NaCl-sedentary group.

bp < 0.05 compared with sedentary-PTZ groups (30-60 mg/kg, i.p.) (Student=Newman-Keuls test).

(Trotti et al., 1997), increases cellular excitability and
facilitates the appearance or propagation of convulsions
(Ames, 2000), we investigated the effect of physical train-
ing and PTZ administration on Na*, K*-ATPase activity
and [3H]-g1utamale uptake (Table 2). Statistical analysis
showed that administration of PTZ at all doses used
decreased Na®, K'-ATPase activity [F(3,64) = 4.72;
p < 0.05], and that physical training was protective
against Na*, K*-ATPase activity inhibition induced by
PTZ [F(3.64) = 1.14; p < 0.05]. Moreover, statistical
analysis showed that administration of PTZ at 60 mg/kg
decreased [3H]-g1ulamate uptake  [F(3,64) = 3.85:
p < 0.05)] and that physical training prevented this effect
[F(3,64) = 1.27: p < 0.05].

Correlation analysis of the duration of convulsive
episodes with biochemical parameters

Correlation analysis (Pearson’s comrelation analysis)
revealed that the duration of convulsive episodes induced
by severe convulsive dose of PTZ (60 mg/kg) did not cor-
relate with TBARS production (r = 0.418; p < 0.303),
protein carbonylation (r = 0L302; p < 0.453), or DCFH-
DA oxidation (r = 0.450; p < 0.263) (data not shown).
On the other hand, Pearson’s correlation analysis revealed
that the duration of convulsive episodes elicited by this
dose of PTZ strongly correlated with free -SH-group oxi-
dation (r = 0.912; p < 0.007); Na*, K*-ATPase activity
(r=10.844: p < 0.05): and glutamate-uptake inhibition
(r = 0.934; p < 0.001) (Fig. 5). Furthermore, we showed
a negative correlation between duration of convulsive epi-
sodes after injection of PTZ (60 mgkg) with free -SH-
group oxidation (r = 0.931 p < 0.001); Na*, K*-ATPase
activity (r = 0.812; p < 0.05); and glutamate uptake inhi-
bition (r = 0.921;p < 0.001) in trained rats.

DISCUSSION

In the current study we have confirmed and extended
our previous findings that PTZ elicits behavioral and
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electrographic seizures and increases reactive species
generation (ROS) in vivo (Oliveira et al., 2004; Ribeiro
et al., 2005: Fighera et al., 2006), and have shown for the
first time that a 6 weeks of swimming training protocol
affords significant alteration in the antioxidant status and
is effective in attenuating convulsions and neurochemical
alterations elicited by PTZ.

Concerns about increased seizure frequency and its
potential for injury have led to overprotective measures by
many health care professionals (Bjorholtet al., 1990; Arida
et al., 2003; Wong & Wirrell, 20006). In this context, the
protection exerted by physical training on epileptiform
activity and neurochemical alterations induced by PTZ
is of particular interest because PTZ-induced seizures are
an important model of myoclonic and generalized tonic—
clonic seizures, which are utilized in the routine test for
screening anticonvulsants (Swinyard et al., 1987) and
because it supports the idea that physical training may pre-
vent seizures induced by different agents. In this context, a
significant body of evidence has demonstrated that training
performed before and during the kindling procedure slows
amygdala kindling development (Anda et al., 1998,2007b)
and decreases susceptibility (Setkowicz & Mazur, 2006)
and frequency of spontancous recurrent seizures in the
pilocarpine model of epilepsy in rats (Arida et al., 1999;
2004). On the other hand, although there is convincing evi-
dence of the positive role of physical exercise in reducing
the frequency and severity of seizures in several models of
epilepsy (McAuley et al., 2001; Sutoo & Akiyama, 2003;
Howard et al., 2004), the mechanism underlying this
protective effect has not been clearly investigated.

In the present study, we showed that 20 min after
administration of moderate and severe doses of PTZ (45
and 60 mg/kg, i.p.), several parameters that indicate the
anti-oxidant status and generation of oxidative stress in
cortical homogenates were affected. The occurrence of
DCFH-DA oxidation, lipid peroxidation (TBARS),
increase in protein carbonyl, decrease in NPS content, and
inhibition of catalase and SOD activity after single doses
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of PTZ suggest that epileptic seizures elicited by this con-
vulsant agent were accompanied by increase of oxidative
stress. However, the cause-effect relationship between
these events is difficult to postulate, since we found no
correlation between duration of PTZ-induced convulsion
and total protein carbonylation, TBARS production, or
DCFH-DA oxidation. If such a cause—effect relationship
between convulsions and these neurochemical parameters
existed, a significant positive correlation between these
variables should be found. Nevertheless, one might also
consider the possibility that selected targets, which could
not contribute significantly to the content observed, could
be responsible for the convulsant action exerted by PTZ.
In this context, it has been demonstrated that, in some
cases, such as Alzheimer’s disease, only selected proteins
show increases in the levels of carbonylation (Castegna
et al., 2002). With respect to the effects of the subconvul-
sive dose of PTZ (30 mg/kg, i.p.) in cerebral cortex, the
data from the present study suggest that changes in this
structure could be related to the specific function of PTZ
as a selective blocker of the chloride ionophore complex
(Psarropoulou et al., 1994; Walsh et al., 1999) or to cellu-
lar thiol homeostasis (Patsoukis et al., 2004) before the
appearance of seizures.

On the other hand, the results presented in this report
showed that the duration of convulsive episodes elicited by
PTZ (60 mg/kg, i.p.) strongly correlated with free —SH-
group oxidation; Na*, K*-ATPase activity; and glutamate-
uptake inhibition, suggesting that convulsive activity and
neurochemical parameters are closely linked events. These
experimental findings also suggest that the significant cor-
relation observed previously may be related to a thiol
redox-affected function of N-methy-p-aspartate (NMDA)
and GABA , receptors (Amato et al., 1999; Sanchez et al.,
2000). Furthermore, the PTZ-induced excitability pro-
posed in this report is in accordance with previously
reported data showing that a single convulsive dose of PTZ
results in significant changes in many parameters such
GABA , receptor density and function (Psarropoulou et al.,
1994; Walsh et al., 1999), whole brain hydroxyl radicals
(Raucaetal., 1999), free fatty acids, and glutathione perox-
idase activity inspecific brain areas (Erakovicetal., 2003).

In the current study, the electrographic and behavioral
recordings indicate that physical training had an effect on
the generation and duration of generalized seizures
induced by PTZ (45 and 60 mg/kg, i.p.). These experimen-
tal findings suggest that important changes in the brain
induced by physical training (Sutoo & Akiyama, 2003)
might affect the susceptibility to seizurogenic stimuli or
events followed by spontaneous epileptiform activity elic-
ited by PTZ. In this context, considering that Na* K*-AT-
Pase enzyme plays a pivotal role in cellular ionic gradient
maintenance and is particularly sensitive to reactive
species (Morel et al., 1998; Petrushanko et al., 2006), we
suggest that the maintenance of Na*, K*-ATPase activity
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induced by physical training might protect against
enhance neuronal excitability induced by PTZ. In fact, in
the present study we showed a strongly negative correla-
tion betweenduration of PTZ-induced convulsive episodes
with free =SH-group oxidation, Na*, K*-ATPase activity,
and glutamate-uptake inhibition in trained group of rats.

The results presented in this report also showed that
administration of a moderate to severe convulsive dose of
PTZ (45 and 60 mg/kg. ip.) inhibited Na*, K*-ATPase
activity, whereas a severe convulsive dose of PTZ
(60 mg/kg, 1.p.) inhibited glutamate uptake. Although the
exact mechanism through which PTZ reduces glutamate
uptake is still unknown, it is tempting to propose that the
reduction of glutamate uptake by PTZ could be related
directly or indirectly to PTZ-induced oxidative stress. In
this line of thinking, oxidation of regulatory sulthydryl
groups in glutamate transporters decrease its activity
(Trotti et al., 1997) and a reduction in Na*,K*-ATPase
activity also decreases glutamate uptake, since it depends
on Na* gradients across cell membrane. This is particu-
larly important considering that the activity of glutamate
transporters can be impaired by several indirect mecha-
nism, including ROS formation and reduction of Na™ K*-
ATPase activity (Volterra et al., 1994; Nanitsos et al.,
2004). However, further in-depth studies are necessary to
definitively establish the mechanisms involved.

In the present study, we showed that physical training
was effective against PTZ-induced TBARS formation,
protein carbonylation, DCFH-DA, and free -SH-group
oxidation. In addition, the present protocol of training pro-
tected against PTZ- induced inhibition of SOD and CAT
activity. These results agree with a substantial body of evi-
dence that suggests adaptive responses to regular and mod-
erate endurance exercise involving an increase of
antioxidant defenses, a reduction of basal production of
oxidants, and a reduction of radical leak during oxidative
phosphorylation (Packer & Cadenas, 2007). Accordingly,
arecent study has demonstrated that moderate exercise sig-
nificantly decreases the age-associated development of
oxidative damage in mice, increases lifespan, prevents
deterioration of mitochondrial function, and evenimproves
behavioral performance (Navarro et al., 2004). Further-
more, Radak et al. (2006) suggest that exercise-induced
production of ROS plays a role in the induction of antioxi-
dants, and DNA repair and protein degrading enzymes,
resulting indecreased incidence of oxidative stress.

Considering that regular exercise leads to the develop-
ment of compensatory responses to oxidative stress (Salo
et al., 1991; Viguie et al., 1993; Leeuwenburgh &
Heinecke, 2001) and that failure of some selected targets,
such as Na*,K*-ATPase, may increase cellular excitability
and facilitate the appearance or propagation of convul-
sions (Patel et al., 2004), we suggest that the increase of
antioxidant defenses and reduction of basal production of
oxidants elicited by this physical training may protect
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against Na*, K*-ATPase inhibition induced by PTZ. In
fact, results presented in this report showed that this proto-
col of swimming training increased NPS content and SOD
activity, protected against ROS generation per se, and was
effective against Na*, K*-ATPase inhibition elicited by a
subthreshold convulsive dose of PTZ (30 mg/kg, ip.).
Accordingly, the negative correlation between the dura-
tion of convulsive episodes after injection of PTZ (60 mg/
kg, i.p.) with free =SH-group oxidation, Na*, K*-ATPase
activity, and glutamate-uptake inhibition in a trained
group of rats reinforce the assumption that physical train-
ing displays antioxidant properties and protects against
the epileptiform activity-induced alterations in ROS gen-
eration in cerebral cortex.

With respect to the difference in body weight between
sedentary and trained rats, we think that such difference
may be explained by changes in body composition. For
instance, a decrease in subcutaneous adipose tissue of
trained rats may explain why body mass was smaller in
this group. However, we have not determined body com-
position in the present study, and, therefore, this explana-
tion remains speculative in nature, and further studies are
necessary to determine the mechanisms involved.

In conclusion, the present study reports that PTZ admin-
istration induces convulsive behavior following excitotox-
ic damage in vivo and that previous physical training
protects against these deleterious effects. The results
showing specific molecular systems modulated by exer-
cise also provide a framework to guide further studies to
examine the mechanisms by which exercise alters neuro-
nal functions. Therefore, these experimental findings sug-
gest that physical training may be a new therapeutic
approach to control acute and chronic excitotoxicity,
including seizure activity.

ACKNOWLEDGMENTS

This work was supported by FINEP (grant: 01.06.0842-00) and CNPq
(grant: 500120/2003-0). C.F. Mello and A F. Furian are the recipients of
CNPq fellowships. M. 8. Oliveira is the recipient of a CAPES fellowship.

We confirm that we have read the Journal’s position on issues invelved in
ethical publication and affirm that this report is consistent with those
guidelines. In addition, we would like to state that all authors have seen
and approved the study and that no part of the work has been published or
is under consideration for publication elsewhere. Moreover, the present
study was supported by government funding and has no financial or other
relationship that might lead to a conflict of interest. We also would like to
declare that all experiments were camied out according to the National
Institutes of Health Guide for the Care and Use of Laboratory Animals
(NIH Publications No. 80-23) revised 1996, and that the University Eth-
ics Committee approved the respective protocols.

REFERENCES

Aebi H. (1984) Catalase in vitro. Methods Enzymol 105:121-126.

Alessio HM, Goldfarb AH, Cutler RG. (1988) MDA content increases in
fast- and slow-twitch skeletal muscle with intensity of exercise in a
rat. Am S Physiol 255:874-877.

Ali SF, LeBel CP, Bondy SC. (1992) Reactive oxygen species formation
as a biomarker of methylmercury and trimethyltin neurotoxicity.
Neurotoxicology 13:637-648.

Amato A, Connolly CN, Moss 81, Smart TG. (1999) Modulation of neu-
ronal and recombinant GABAA receptors by redox reagents. J Phiys-
iof 512:35-50.

Ames A L (2000) CNS energy metabolism as related to function. Brain
Res Rev 34:42-68.

Andrade DM, Minassian BA. (2007) Genetics of epilepsies. Expert Rev
Newrother 7:727-734.

Arida RM, de Jesus Vieira A, Cavalheiro EA. (1998) Effect of
physical exercise on kindling development. Epilepsy Res 30:127-
132,

Arida RM, Scorza FA, dos Santos NF, Peres CA, Cavalheiro EA. (1999)
Effect of physical exercise on seizure occurrence in a model of tem-
poral lobe epilepsy in rats. Epilepyy Res 37:45-52.

Arida RM, Scorza FA, de Albuguerque M, Cysneiros RM, de Oliveira
RIJ, Cavalheiro EA. (2003) Evaluation of physical exercise habits in
Brazilian patients with epilepsy. Epifepsy Behav 4:507-510.

Arida RM, Scorza CA, Scorza FA, Gomes da Silva S, da Graca Naffah-
Mazzacoratti M, Cavalheiro EA. (2007a) Effects of different types of
physical exercise on the staining of parvalbumin-positive neurons in
the hippocampal formation of rats with epilepsy. Prog Newropsycho-
phamacol Biol Psychiatry 31:814-822,

Arida RM, Scorza FA, de Lacerda AF, de Silva SG, Cavalheiro EA.
(2007b) Physical training in developing rats does not influence
the kindling development in the adult life. Physiol Behav 90:629—
633,

Belardinelli P, Ciancetta L, Staudt M, Pizzella V, Londei A, Birbaumer
N, Romani GL, Braun C. {2007) Cerebro-muscular and cerebro-cere-
bral coherence in patients with pre- and perinatally acquired unilat-
eral brain lesions. Newroimage 37:1301-1314.

Bjorholt PG, Nakken KO, Rohme K., Hansen H. (1990) Leisure time hab-
its and physical fitness in adults with epilepsy. Epilepsia 31:83-87.

Bradford MM. (1976) A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-
dye binding. Anal Biochem 72:248-254.

Castegna A, Aksenov M, Thongboonkerd V, Klein JB, Pierce WM,
Booze R, Markesbery WR, Butterfield DA. (2002) Proteomic identi-
fication of oxidatively modified proteins in Alzheimer’s disease
brain. Part I1: dihydropyrimidinase-related protein 2, alpha-enolase
and heat shock cognate 71.J Newrochen 82:1524-1532.

Cotman CW, Engesser-Cesar C. (2002) Exercise enhances and protects
brain function. Exerc Sport Sci Rev 30:75-79.

Danbolt NC. (2001) Glutamate uptake. Prog Newrobiol 65:1-105.

Denio LS, Drake ME Jr, Pakalnis A, (1989) The effect of exercise on sei-
zure frequency. J Med 20:171-176.

Ellman GL, Lysko H. (1967) Disulfide and sulfhydryl compounds in
TCA extracts of human blood and plasma. J Lab Clin Med 70:518-
527,

Erakovi¢ V, Zupan G, Varljen J, Simoni¢ A. (2003) Pentylenetetrazol-
induced seizures and kindling: changes in free fatty acids, superoxide
dismutase, and glutathione peroxidase activity. Newrochem Int
42:173-178.

Eriksen HR, Ellertsen B, Gronningsaeter H, Nakken KO, Loyning Y, Ur-
sin H. (1994) Physical exercise in women with intractable epilepsy.
Epilepsia 35:1256-1264.

Ferraro TN, Golden GT, Smith GG, St Jean P, Schork NJ, Mulholland N,
Ballas C, Schill J, Buono RJ, Berrettini WH. (1999) Mapping loci for
pentylenetetrazol-induced seizure susceptibility in mice. J Newrosci
19:6733-6739.

Fighera MR, Royes LF, Furian AF, Oliveira MS, Fiorenza NG, Frussa-
Filho R, Petry JC, Coelho RC, Mello CF. (2006) GM1 ganglioside
prevents seizures, Na+, K+ -ATPase activity inhibition and oxidative
stress induced by glutaric acid and pentylenetetrazole. Newrobiol Div
22:611-623,

Frantseva MV, Perez Velazquez JL, Tsoraklidis G, Mendonca AJ,
Adamchik Y, Mills LR, Carlen PL, Burnham MW, (2000) Oxidative
stress is involved in seizure-induced neurodegeneration in the kind-
ling model of epilepsy. Newroscience 97:431-435.

Frizzo ME, Lara DR, Prokopiuk Ade S, Vargas CR, Salbego CG, Wajner
M. Souza DO. (2002) Guanosine enhances glutamate uptake in brain

Epilepsia, 50(4y:811=823, 2009
doiz 1011111528 1167 2008 01908 x

46



822

M. A. Souza et al.

cortical slices at normal and excitotoxic conditions. Cell Mol Newro-
biol 22:353-363.

Gluck MR, Jayatilleke E. Shaw S, Rowan AJ, Haroutunian V. (2000)
CNS oxidative stress associated with the kainic acid rodent model of
expermental epilepsy. Epilepsy Res 39:63-71.

Gobatto CA, de Mello MA, Sibuya CY, de Azevedo IR, dos Santos LA,
Kokubun E. (2001) Maximal lactate steady state in rats submitted 1o
swimming exercise. Comp Biochem Physiol A Mol Integr Physiol
130:21-27.

Gupta YK, Veerendra Kumar MH, Srivastava AK. (2003) Effect of Cen-
tella asiatica on pentylenetetrazole-induced kindling, cognition and
oxidative stress in rats. Phamacol Biochem Behav 74:579-585.

Howard GM, Radloff M, Sevier TL. (2004) Epilepsy and sports participa-
tion. Curr Sporis Med Rep 3:15-19.

Huang RQ, Bell-Horner CL, Dibas MI, Covey DF, Drewe JA, Dillon
GH. (2001) Pentylenetetrazole-induced inhibition of recombinant
gamma-aminobutyric acid type A (GABA(A)) receptors: mechanism
and site of action. J Pharmacol Exp Ther 298:986-995.

Jalava M, Sillanpaa M. (1997) Physical activity, health-related fitness,
and health experience in adults with childhood -onset epilepsy: a con-
trolled study. Epilepyia 38:424-429.

Jamme I, Petit E. Divoux D. (1995) Modulation of mouse cerebral
Na® K*-ATPase activity by oxygen free radicals. Neuroreport 7
333-337.

Jensen FE, Applegate C, Burchfiel 1, Lombroso CT. (1991) Differential
effects of perinatal hypoxia and anoxia on long term seizure suscepti-
bility in the rat. Life Sei 49:399—407.

Khedr EM, Galal O, Said A, Abd-elsameea M, Rothwell JC_(2007) Lack
of post-exercise depression of corticospinal excitability in patients
with Parkinson’s disease. EurJ Newrol 14:793-796.

Kiraly MA, Kiraly S1. (2005) The effect of exercise on hippocampal
integrity: review of recent research. Int J Psychiatry Med 35:75-89.

Lazarevic G, Antic S, Cvetkovic T, Vlahovic P, Tasic I, Stefanovie V.
(2006) A physical activity programme and its effects on insulin resis-
tance and oxidative defense in obese male patients with type 2 diabe-
tes mellitus. Diaberes Metab 32:583-590.

Leeuwenburgh C, Heinecke TW. (2001) Oxidative stress and antioxidants
inexercise. Curr Med Chem 8:829-838.

Levine RL, Gadand D, Oliver CN, Amici A, Climent I, Lenz AG, Ahn BW,
Shaltiel S, Stadtman ER. (1990) Determination of carbonyl content in
oxidatively modified proteins. Methods Enzvmol 186:464—478.

Marquezi ML, Roschel HA, dos Santa Costa A, Sawada LA, Lancha AH
Jr. (2003) Effect of aspartate and asparagine supplementation on fati-
gue determinants in intense exercise. Int J Sport Nutr Exerc Metab
13:65-75.

McAuley JW, Long L, Heise I, Kirby T, Buckworth I, Pitt C, Lehman
KI, Moore JL, Reeves AL. (2001) A prospective evaluation of the
effects of a 12-week outpatient exercise program on clinical and
behavioral outcomes in patients with epilepsy. Epilepsy Behav
2:592-600.

McColl CD, Horne MK, Finkelstein DI, Wong JY, Berkovic SF, Drago J.
(2003) Electroencephalographic characterisation of pentylenetetrz-
ole-induced seizures in mice lacking the alpha 4 subunit of the neuro-
nal nicotinic receptor. Newrophamacology 44:234-243,

Misra HP, Fridovich L. (1972) The generation of superoxide radical dur-
ing the antoxidation of hemoglobin. J Biol Chem 247:6960-6962.
Morel P, Fauconneau B, Page G, Mirbeau T, Huguet F. (1998) Inhibitory
effects of ascorbic acid on dopamine uptake by rat striatal synapto-
somes: relationship to lipid peroxidation and oxidation of protein

sulfhydryl groups. Newrosci Res 32:171-179.

Nakken KO, Bjorholt PG, Johannessen S1, Loyning T, Lind E. (1990)
Effect of physical training on aerobic capacity, seizure occurence,
and serum level of antiepileptic drugs in adults with epilepsy. Epilep-
sig 31:88-94.

Nanitsos EK, Acosta GB, Saihara Y, Stanton D, Liao LP, Shin
JW, Rae C, Balcar VI. (2004) Effects of glutamate transport sub-
strates and glutamate receptor ligands on the activity of Na+/K(+)-
ATPase in brain tissue in vitro. Clin Exp Pharmacol Physiol 31:762-
769,

Navarro A, Gomez C, Lopez-Cepero JM. Boveris A. (2004) Beneficial
effects of moderate exercise onmice aging: survival, behavior, oxida-
tive stress, and mitochondrial electron transfer. Am J Physiol Regul
Integr Comp Physiol 286:505-511.

Epilepsia, 50(4):81 1-823, 2009
doi: 101111 1528-1167 2008.01908 x

Oliveira MS, Flavia Furian A, Freire Royes LF, Rechia Fighera M, de
Carvalho Myskiw J, Gindri Florenza N, Mello CE. (2004) Ascorbate
modulates pentylenetetrazol-induced convulsions biphasically. Neu-
roscience 128:721-728.

Packer L. Cadenas E. (2007) Oxidants and antioxidants revisited. New
concepts of oxidative stress. Free Radic Res 41:951-952.

Patel AB, de Graaf BA, Mason GF, Kanamatsu T, Rothman DL, Shulman
RG, Behar KL. (2004) Glutamatergic neurotransmission and neuro-
nal glucose oxidation are coupled durng intense neuronal activation.
J Cerelr Blood Flow Metab 24:972-985.

Patsoukis N, Zervoudakis G, Georgiou CD, Angelatou F, Matsokis NA,
Panagopoulos NT. (2004) Effect of pentylenetetrazol-induced epilep-
tic seizure on thiol redox state in the mouse cerebral cortex. Epilepsy
Res 62:65-74.

Patsoukis N, Zervoudakis G, Georgiou CD, Angelatou F, Matsokis NA,
Panagopoulos NT. (2005) Thiol redox state and lipid and protein oxi-
dation in the mouse striatum after pentylenetetrazol-induced epileptic
seizure. Epilepsia 46:1205-1211.

Petrushanko [, Bogdanov N, Bulygina E, Grenacher B, Leinsoo T, Boldy-
rev A, Gassmann M, Bogdanova A. (2006) Na-K-ATPase in rat cere-
bellar granule cells is redox sensitive. Am J Physiol Regul Integr
Comp Physiol 200:916-925.

Prigol M, Wilhelm EA, Schneider CC, Rocha JB, Nogueira CW, Zeni G.
(2007) Involve ment of oxidative stress in seizures induced by diphe-
nyl diselenide in rat pups. Brains Res 1147:226-232.

Psarropoulou C, Matsokis N, Angelatou F, Kostopoulos G. (1994) Pen-
tylenetetrazol-induced seizures decrease gamma-aminobutyc acid-
mediated recurrent inhibition and enhance adenosine-mediated
depression. Epilepsia 35:12-19.

Radak Z. Kaneko T, Tahara S, Nakamoto H, Pucsok J, Sasvari M. Nyakas
C, Goto 5. (2001) Regular exercise improves cognitive function and
decreases oxidative damage in rat brain. Neurochem Int 38:17-23.

Radak 7. Toldy A, Szabo Z, Siamilis S, Nyakas C, Silye G, Jakus I, Goto
. (2006) The effects of raining and detraining on memory, neurotro-
phins and oxidative stress markers in rat brain. Newrochem Int
49:387-392.

Radak Z, Chung HY. Goto S. (2008) Systemic adaptation to oxidative
challenge induced by regular exercise. Free Rudic Biol Med 44:153—
159,

Rauca C. Zerbe R, Jantze H. (1999) Formation of free hydroxyl radicals
after pentylenetetrazol-induced seizure and kindling. Brain Res
847:347-351.

Ribeiro MC, de Avila DS, Schneider CY, Hermes FS, Furian AF, Olive-
ira MS, Rubin MA, Lehmann M, Krieglstein J, Mello CF. (2005)
alpha-Tocopherol protects against pentylenetetrazol- and methylmal-
onate-induced convulsions. Epilepsy Res 66:185-194.

Rios C, Santamaria A. (1991) Quinolinic acid is a potent lipid peroxidant
inratbrain homogenates. Newrochem Res 16:1139-1143,

Sachdev S, Davies KJ. (2008) Production, detection, and adaptive
responses to free radicals in exercise. Free Radic Biol Med 44:215-
223

Salo DC, Donovan CM, Davies KJ. (1991) HSP70and other possible heat
shock or oxidative stress proteins are induced in skeletal muscle,
heart, and liver during exercise. Free Radic Biol Med 11:239-246.

Sanchez RM, Wang C, Gardner G, Odando L, Tauck DL, Rosenberg PA,
Aizenman E, Jensen FE. (2000) Novel role for the NMDA receptor
redox modulatory site in the pathophysiology of seizures. J Newrosci
20:2409-2417.

Setkowicz Z, Mazur A. (2006) Physical training decreases susceptibility
to subsequent pilocarpine-induced seizures in the rat. Epilepsy Res
T1:142-148.

Steinhoff BI, Neususs K, Thegeder H, Reimers CD. (1996) Leisure time
activity and physical fitness in patients with epilepsy. Epilepsia
37:1221-1227.

Sutoo D, Akiyama K. (2003) Regulation of brin function by exercise.
Newrobiol Dis 13:1-14.

Swinyard EA, Woodhead JH, Franklin MR, Sofia RD, Kupferberg HI
(1987} The effect of chronic felbamate administration on anticonvul-
sant activity and hepatic drug-metabolizing enzymes in mice and rats.
Epilepsia 28:295-300.

Thomsen C. (1999) Pentylenetetrazokinduced seizures increase [3H]L-
2-amino-4-phosphonobutyrate binding in discrete regions of the rat
brain. Newrosci Lett 266:5-8.

47



823

Effect of Swimming Training on Convulsive Behavior

Troti D, Rizzini BL, Rossi D, Hangeto O, Racagni G, Danbolt NC,
Volterra A (1997) Neuronal and glial glotamate transporters possess
an SH-based redox regulatory mechanism. Ewr J Newrosci 9:1236—
1243,

Viguie CA, Frei B, Shigenaga MK, Ames BN, Packer L, Brooks GA.
(1993)  Antioxidant status  and indexes of oxidative stress
during consecutive days of exercise. J Appl Physiol 75:566—
572,

Volterra A, Trotti D, Tromba C, Floridi S, Racagni G. (1994) Glutamate
uptake inhibition by oxygen free radicals in rat cortical astrocytes.
J Newrosci 14:2924-2932,

Walsh LA, Li M, Zhao TJ. Chiu TH, Rosenberg HC. (1999) Acute pen-
tylenetetrazol injection reduces rat GABAA receptor mRNA levels
and GABA stumulation of benzodiazepine binding with No effect on
benzodiazepine binding site density. J Phamacol Exp Ther
289:1626-1633.

Wong J, Wirrell E. (2006) Physical activity in children/teens with epi-
lepsy compared with that in their siblings without epilepsy. Epilepsia
47:631-639.

Wyse AT, Streck EL, Barros SV, Brusque AM, Zugno Al, Wajner M.
(2000) Methylmalonate administration decreases Na+ K+ ATPase
activity in cerebral cortex of rats. Newroreporr 11:2331-2334,

Epilepsia, 50(4)3:811-823, 2009
doi: 10.1111/5.1528-1167.2008.01908.x

48



49

MANUSCRITO -ATIVIDADE ANTIOXIDANTE INDUZIDA POR
BAIXAS DOSES DE CAFEINA ATENUA AS CONVULSOES E DANO
OXIDATIVO INDUZIDOS POR PENTILENOTETRAZOL EM
RATOS.

Titulo Original

Antioxidant activity elicited by low dose of caffeine attenuates pentylenetetrazol-

induced seizures and oxidative damage in rats.

Autores

Mauren Assis Souza, Bibiana Castagna Mota, Rogério Rosa Gerbatin, Fernanda Silva

Rodrigues, Mauro de Castro, Michele Rechia Fighera, Luiz Fernando Freire Royes.

Periédico

Physiology and Behaviour



50

Antioxidant activity elicited by low dose of caffeine attenuates pentylenetetrazol-

induced seizures and oxidative damage in rats.

12 12

Mauren Assis Souza —“, Bibiana Castagna Mota ™“, Rogério Rosa Gerbatin?,

Fernanda Silva Rodrigues *?, Mauro Castro , Michele Rechia Fighera“**®, Luiz Fernando

Freire Royes!#3%",

! Programa de Pés-graduagdo em Ciéncias Bioldgicas: Bioguimica Toxicoldgica,
Centro de Ciéncias Naturais e Exatas. Universidade Federal de Santa Maria, Brasil.

2 Laboratério de Bioquimica do Exercicio, Centro de Educagdo Fisica e Desportos.
Universidade Federal de Santa Maria, Santa Maria, RS, Brasil.

® Programa de Pés-graduacdo em Farmacologia, Centro de Ciéncias da Satde.
Universidade Federal de Santa Maria, Santa Maria, RS, Brasil.

* Departamento de Métodos e Técnicas Desportivas. Universidade Federal de Santa
Maria, Santa Maria, RS, Brasil.

*Departamento de Neuropsiquiatria. Centro de Ciéncias da Salde, Universidade
Federal de Santa Maria, Santa Maria, RS, Brasil.

* Corresponding author: Dr. Luiz Fernando Freire Royes
Departamento de Métodos e Técnicas Desportivas,
Centro de Educacao Fisica e Desportos.
Universidade Federal de Santa Maria,
97105-900 Santa Maria, RS, BRASIL.
FAX: +55 55 3220 8031
e-mail: nandoroyes@yahoo.com.br



mailto:nandoroyes@yahoo.com.br

o1

Abstract

Although caffeine supplementation has been a documented beneficial effect on
neurological disorders, its implications for epilepsy are still controversial. Thus, the aim of
this study was to investigate the effects of 2-week caffeine supplementation (6mg/kg; p.o.) on
seizures and neurochemical alterations induced by pentylenetetrazol (PTZ 60 mg/kg i.p).
Statistical analyses showed that long-term but not acute caffeine administration decreased the
duration of PTZ-induced seizures in adult male Wistar rats as recorded by cortical
electroencephalographic (EEG) and behavioral analysis. The quantification of EEG
recordings also revealed that caffeine supplementation protected against PTZ-induced wave
amplitude increase. Neurochemical analyses revealed that caffeine supplementation increased
glutathione (GSH) content per se and protected against the increase in the levels of
thiobarbituric acid reactive substances (TBARS) and oxidized diclorofluoresceine diacetate
(DCFH-DA) as well as the decrease in GSH content and Na*,K*-ATPase activity induced by
PTZ. Our data also showed that the infusion of L-buthionine sulfoximine (BSO; 3.2 pumol/site
i.c.v), an inhibitor of GSH synthesis, 2 days before PTZ injection reverted the anticonvulsant
effect elicited by caffeine. BSO infusion also decreased GSH content and Na*,K*-ATPase
activity, however, it increased DCFH-DA oxidation and TBARS per se and reverted the
protective effect exerted by caffeine. Results presented in this report extend the
neuroprotective effects of low long-term caffeine exposure to epileptic damage and suggest
that the increase in the cerebral GSH content elicited by caffeine supplementation may

provide a new therapeutic approach to the control of the seizure activity.

Key words: Caffeine, seizures, oxidative damage, GSH, Na*, K*-ATPase activity,
BSO.
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1. Introduction

Epilepsy is a neurological disorder characterized by recurrent episodes of seizures
due to an imbalance between cerebral excitability and inhibition with a tendency towards
uncontrolled excitability [1]. Currently, around 50 million people worldwide have active
epilepsy with continuing seizures that need treatment. Despite the increasing number and
variety of anti-epileptic drugs, morethan 30% of the cases of epilepsy are medically
intractable [2]. In this sense, animal models for seizures and epilepsy have played a key role
in advancing our comprehension of ictogenesis basic mechanisms underlying epileptogenesis
[3]. More important than understanding the mechanism of seizure is the possibility of
devising novel strategies to treat epilepsy, which may also offer some additional insights in
key mechanism processes. Other research groups have focused on the study of alternative
therapies such as caffeine, which reduce seizures and related brain damage [4, 5].

Caffeine (1,3,7-trimethylxanthine), which belongs to the group of purine alkaloids, is
the most commonly and widely ingested psychoactive substance. Caffeine is found in
beverages such as coffee, tea, and many soft drinks as well as in chocolate products and
desiccated coconut. Structurally, caffeine is similar to adenosine, an endogenous
neuromodulator, and binds to adenosine receptor to act as a nonselective antagonist [6].
Experimental and clinical studies have indicated that chronic caffeine supplementation
provides neuroprotective effects against several neurological disorders, including Alzheimer’s
and Parkinson’s diseases by the blockade of adenosine receptors [7-10]. On the other hand,
caffeine-mediated neuroprotection is not exclusively attributed to the blockade of adenosine
receptor.

Caffeine may have other effects against neurodegeneration in the CNS, although the
precise entity is still elusive. In addition, it is important to consider that the potential benefits
of this compound for patients with convulsive disorders remain poorly defined. While some
authors suggest a proconvulsant role of acute caffeine treatment [11, 12], others suggest that
caffeine may be an anticonvulsant agent [5, 13, 14]. The basis for this discrepancy is
unknown; however, methodological differences may account for the apparent disagreement
among findings. Important methodological considerations that may have impacted the results
of various studies include the convulsant agents administered, the drug doses studied, the
administration routes, the animal model species, and the parameters evaluated.

The brain is one of the major organs that generates large amounts of reactive oxygen

species (ROS). Compared with other organs, the brain is especially vulnerable to oxidative stress
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because of its lower antioxidant enzyme activities, since it contains high quantities of lipids with
unsaturated fatty acids, which are targets of lipid peroxidation [15]. Under normal conditions, the
brain can equilibrate the generated ROS with its own antioxidant defense. In this context,
glutathione (GSH) is the most abundant thiol-reducing agent that plays a critical role as a major
antioxidant in the CNS [16]. In line with this view, a growing number of studies have
demonstrated that oxidative stress facilities the appearance and/or propagation of seizures in
several models of epilepsy [17, 18]. Accordingly, experimental findings from our research group
have demonstrated that the inhibition of some selected target for oxidative stress such as Na*,K"-
ATPase may lead to neuronal excitability and appearance of convulsion in model of seizure
elicited by PTZ [19-21]. This is particularly important considering the fact that this ion-motive
pump plays a key role in regulating and controlling nerve excitability [22]. Based on the
hypothesis that the selected targets are involved in epilepsy, an alternative approach to the
treatment of this disorder would be the use of neuroprotective therapy to prevent or slow down
seizure progression.

Over the last years, accumulating evidence has suggested a potential antioxidant role of
caffeine [23-26]. The suggestions are largely based on chemical studies showing it to be able to
scavenge ROS, particularly the hydroxyl radical (OH’), known to be generated in the body by
many physiologic reactions involving oxygen utilization [27, 28]. Additionally, caffeine has been
shown to prevent Fenton’s reaction-induced oxidation of glutathione [27], a major antioxidant
reserve in many tissues, including CNS. However, the effect of caffeine against ROS inducing
oxidative stress especially in the brain where oxidative stress has been implicated in the genesis
and propagation of seizures has not been studied to date. Therefore, since it has been proposed
that at least part of the neuroprotective effects of caffeine are due to antioxidant effects [25, 26]
and that oxidative stress facilitates the appearance and propagation of seizures in several
experimental models of epilepsy [29, 30], we evaluated the effect of caffeine supplementation on

PTZ-induced electrographic and neurochemical alterations in cerebral cortex of rats.
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2. Materials and Methods

2.1 Animals and reagents

Adult male Wistar rats (270-300 g) were used in the present study. Rats were housed
four to a cage. Light and temperature were controlled (12-h light/dark cycle, 22+1 C, 55%
relative humidity) and rats had free access to food (Guabi, Santa Maria, Brazil) and water. All
experimental protocols were designed to keep the number of animals used to a minimum as
well as to keep them from suffering. All experimental protocols were conducted in
accordance with national and international legislation (National Council for Control of
Animal Experimentation (CONCEA) and of U.S. Public Health Service’s Policy on Human
Care and Use of Laboratory Animals-PHS Policy), and approved by the Ethics Committee
for animal research at the Federal University of Santa Maria. Behavioral tests were conducted
during the light phase of the cycle (between 10:00 AM and 4:00 PM). All reagents were
purchased from Sigma (St Louis, MO, U.S.A.). Caffeine anhydrous was dissolved in water
and L-buthionine sulfoximine (BSO) and PTZ were dissolved in 0.9% physiological saline.

2.2 Study design

The study design is summarized in Figure 1 and consisted of two experiments. The
experiments were as follows.

Experiment 1: in order to determine the role of caffeine on the electrographic, and
neurochemical alterations in cerebral cortex of rats induced by convulsive dose of PTZ (60
mg/kg, i.p), animals were supplemented with caffeine (6 mg/Kg) [31] or its vehicle (water) by
intragastric gavage (p.o.) for 15 days. In the present study, we also evaluated the participation
of glutathione pathway on electroencephalographic and neurochemical alterations exerted by
caffeine in this model of seizure. For this propose, a subset of animals was supplemented with
caffeine (6 mg/Kg) for 15 days. On the days 14 and 15 of caffeine treatment, another subset of
animals received intracerebroventricular infusion of L-buthionine sulfoximine (BSO; 3.2
pmol/site i.c.v), an inhibitor of GSH synthesis . Twenty four hours after the last administration
of BSO, animals were injected with a convulsive dose of PTZ (60 mg/kg, i.p) as described in
Figure 1.
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Experiment 2: To evaluate if the acute caffeine administration protects against PTZ-
induced electrographic seizures and neurochemical alterations, a subset of animals was treated
with caffeine (6 mg/Kg) 60 min before the injection of a convulsive dose of PTZ (60 mg/kg,
i.p). After a 20 min seizure evaluation, animals were killed and parietal cortex removed for

biochemical analyses.

2.3 Surgical procedure

For the electroencephalographic recordings (EEG), all animals were subjected to
surgery. In brief, animals were anesthetized with Equithesin (1% phenobarbital, 2%
magnesium sulfate, 4% chloral hydrate, 42% propylene glycol, 11% ethanol; 3 ml/kg, i.p.)
and placed in a rodent stereotaxic apparatus. For the EEG recordings, two screw electrodes
were placed bilaterally over the parietal cortex along with a ground lead positioned over the
nasal sinus. The electrodes were connected to a multipin socket fixed to the skull with acrylic
cement. For intracerebroventricular infusion of BSO (3.2 umol/site i.c.v), a cannula was
positioned on the right ventricle (coordinates relative to bregma: AP 0 mm; ML 1.5 mm; 2.5
mm from the dura) [32]. Ceftriaxone (200 mg/kg, i.p.) was administered immediately before
the surgical procedure. The behavioral and EEG evaluation were performed 4 days after

surgery.

2.4 Seizure evaluation

Seizures were monitored in all animals by EEG recording. On the day of the
experiments, each animal was transferred to an acrylic glass cage (25 X 25 X 40 cm) and
allowed to adapt for 20 min before EEG recording. The rat was then connected to the lead
socket in a swivel inside a Faraday’s cage, and the EEG was recorded using a digital
encephalographer (Neuromap EQSA260, Neuromap LTDA, Itajat, MG, Brazil). EEG signals
were amplified, filtered (0.1-70.0 Hz, band pass), digitalized (sampling rate 256 Hz), and
stored in a personal computer for off-line analysis. Routinely, a 10 min baseline recording
was obtained to establish an adequate control period. After baseline recording animals
received an injection of saline (0.9% NaCl, 1 ml/kg, i.p.) or PTZ (60 mg/kg, i.p.). The animals
were observed for the appearance of clonic and generalized tonic—clonic convulsive episodes
for 20 min according to [33], who describes clonic convulsions as episodes characterized by

typical partial clonic activity affecting the face, head, vibrissae, and forelimbs. Generalized
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convulsive episodes were considered as generalized whole-body clonus involving all four
limbs and tail, rearing, and wild running and jumping, followed by sudden loss of upright
posture and autonomic signs, such as hypersalivation and defecation, respectively. During the
20min observation period, latencies for the first clonic and generalized tonic—clonic
convulsions were measured. EEG recordings were visually analyzed for seizure activity,
which were defined by the occurrence of the following alterations in the recording leads [34]:
isolated sharp waves (> 1.5 x baseline); multiple sharp waves (> 2x baseline) in brief spindle
episodes (> 1s > 5 s); multiple sharp waves (> 2x baseline) in long spindle episodes (> 5 s);
spikes (> 2 x baseline) plus slow waves; multispikes (> 2 x baseline, >3 spikes/complex) plus
slow waves; and major seizure (repetitive spikes plus slow waves obliterating background
rhythm, > 5 s). For quantitative analysis of EEG amplitude, we averaged EEG amplitude over

the 20min of observation.

2.5 Sample processing

Immediately after the seizure evaluation period, animals were killed by decapitation
and their brains were exposed by the removal of the parietal bone. The cerebral cortex was
quickly dissected on an inverted ice-cold Petri dish and the material was stored at -80° C for
subsequent biochemical analyses. Samples were prepared according to the guidelines for each

technique, as described below.

2.6 Measurement of TBARS content

Thiobarbituric Acid Reactive Substances (TBARS) content was estimated in a
medium containing 0.2 ml of cortex homogenate, 0.1 ml of 8.1% SDS, 0.4 ml of acetic acid
buffer (500 mM, pH 3.4), and 0.75 ml of 0.81% (TBA). The mixture was finally made up to 2
ml with type | ultrapure water and heated at 95 °C for 90 min in a water bath using a glass
ball as a condenser. After cooling to room temperature, absorbance was measured in the

supernatant at 532 nm [35].

2.7 lIsolation of rat brain mitochondria for Oxidized Diclorofluoresceine
(DCFH) Level Determination
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Rat cortex mitochondria were isolated as described by [36] with some modifications.
Firstly, the cerebral cortex was quickly removed from the rat skull and homogenized in a
buffer containing (in mM): 100 sucrose, 10 EDTA, 100 Tris-HCI, and 46 KCI (pH 7.4). After
homogenization, the resulting suspension was centrifuged for 3 min at 2,000 g (4° C) to
obtain a low speed supernatant fraction (S1). S1 was centrifuged for 20 min at 12,000 g (4°
C). The pellet was re-suspended in a buffer containing (in mM): 100 sucrose, 10 EDTA, 100
Tris-HCI, 46 KCI and bovine serum albumin (BSA, 0.5%; pH 7.4) and re-centrifuged for 10
min at 12,000 g (4° C). The supernatant was decanted and the final pellet re-suspended in a
buffer containing (in mM): 70 sucrose, 0.02 EDTA, 20 Tris-HCI, 230 mannitol, 1 K;HPO,, to
yield a protein concentration of 30-40 mg/mL.

2.8 Oxidized Diclorofluoresceine (DCFH) Level Determination

The levels of DCFH were determined as an index of the peroxide production by the
cellular components. This experimental method of analysis is based on the deacetylation of
the probe DCFH-DA and its sub-sequent oxidation by reactive species to DCFH, a highly
fluorescent compound [37]. Fractions of cortex mitochondria (350 pg/pl) were added to a
medium containing buffer Il and DCFH-DA (1 mM). After DCFH-DA addition, the
fluorescence measurement procedure started (excitation at 488 nm and emission at 525 nm,
and both slit widths used were at 1.5 nm). DCFH oxidation was determined using a standard

curve of DCF and results were corrected by the protein content.

2.9 GSH levels

The levels of GSH were determined fluorometrically as described by [38], using 0-
phthaladehyde (OPA) as fluorophore. Briefly, cortex was homogenized in 0.1 M HCIO,.
Homogenates were centrifuged at 2500 g for 10 min and the low-speed supernatants were
separated for measurement of GSH. Supernatant (100 pl) was incubated with 100 pl of OPA
(0.1% in methanol) and 1.8 ml of 0.1 M phosphate buffer (pH 8.0) for 15 min at room
temperature in the dark. Fluorescence was measured with a fluorescence spectrophotometer at
excitation wavelength of 350 nm and at emission wavelength of 420 nm. GSH levels were

expressed as nmol GSH/g of tissue.

2.10 Na*,K*-ATPase activity measurements
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Assay of Na*,K*-ATPase activity was performed according to Wise [39]. Briefly, the
reaction medium consisted of 30 mM Tris—HCI buffer (pH 7.4), 0.1 mM EDTA, 50 mM
NaCl, 5 mM KCI, 6 mM MgCI2, and 50 pg of protein in the presence or absence of the
Na’,K*-ATPase inhibitor ouabain (1 mM), in a final volume of 320 pL.

The reaction was started by the addition of adenosine triphosphate (ATP) to a final
concentration of 5 mM. After 30 min at 37°C, the reaction was stopped by the addition of 70
uL of trichloroacetic acid (TCA, 50%). Saturating substrate concentrations were used and the
reaction was linear with protein and time. The amount of inorganic phosphate released was
quantified by the colorimetric method described by Fiske and Subbarow [40]. The Na*,K"-
ATPase activity was calculated by subtracting the ouabain-sensitive activity from the overall

activity (in the absence of ouabain).

2.11 Protein determination

Protein content was measured colorimetrically by the method of [41] using bovine

serum albumin (1 mg/mL) as standard.

2.12 Statistical analysis

Data from ex-vivo TBARS, GSH levels, DCFH and Na',K'-ATPase activity
determinations were analyzed by three-way ANOVA (analysis of variance) and were
expressed as mean + S.E.M. Latency to first clonic and generalized tonic-clonic seizures were
analyzed by Scheirer-Ray-Hare test and expressed as median %+ interquartile range. A

probability of p< 0.05 was considered significant.

3. Results

Figure 2 shows the effect of a two week caffeine supplementation (6 mg/kg) on
behavioral seizures induced by PTZ (60 mg/kg). Statistical analyses revealed that the caffeine
treatment did not alter the latency periods for the first myoclonic jerk [U=24; p>0.05 Fig. 2A]
or first generalized tonic-clonic seizures [U=24; p>0.05; Fig. 2B]. However, it decreased the

time spent in generalized tonic-clonic seizure [U=10; p<0.05; Fig. 2C] induced by the
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convulsive dose of PTZ. The behavior repertoire observed after PTZ injection occurred
concomitantly with electrographically recorded seizures: myoclonic jerks were characterized
by multiple sharp waves in brief spindle episodes, whereas generalized seizures were
characterized by the appearance of 2-3 Hz high-amplitude activity (Fig.4A-B, E and F). The
quantification of electroencephalographic wave amplitude revealed that all groups increased
EEG amplitude after PTZ administration [F(1,13)=23,93; p< 0.05, Fig. 2J]. However, caffeine
atenuates the increase in wave amplitude after the injection of PTZ (60 mg/kg; i.p.)
[F(1,13)=5,98; p< 0.05].

Considering that the oxidative stress facilitates the appearance and/or propagation of
seizures in several models of epilepsy [19, 20] and that caffeine has been shown antioxidant
effects [25, 26], we decided to investigate the effects of caffeine supplementation on oxidative
stress induced by PTZ, characterized here by DCFH-DA oxidation, TBARS content, and
GSH levels in cerebral cortex of rats. The results presented in this report revealed that
caffeine supplementation increased GSH content [F(1,27)=5.54; p< 0.05; Fig. 3A] per se and
protected against PTZ-induced GSH decrease [F(1,27)=5.54;p< 0.05; Fig. 3A]. In addition,
statistical analyses revealed that caffeine supplementation prevented against PTZ-induced
DCFH-DA oxidation [F(1,27)=4.28; p< 0.05 Fig. 3B] and TBARS content increase
[F(1,27)=4.56; p<0.05 Fig. 3C]. The caffeine supplementation also protected against PTZ-
induced Na*,K*-ATPase activity inhibition [F(1,27)=8.76; p< 0.01]. These experimental data
suggest that alterations in the redox state of regulatory sulfhydryl groups in selected targets
such as Na',K'-ATPase activity [42] increased cellular excitability and that chronic
administration of caffeine prevented such an effect.

In the present study, we also evaluated the participation of glutathione pathway on
electroencephalographic and neurochemical alterations exerted by caffeine in this model of
seizure. Behavioral and EEG recordings revealed that caffeine supplementation decreased the
time spent in generalized tonic-clonic seizures induced by PTZ (U= 8,15; p< 0.05, Fig. 4E)
and that infusion of BSO (3.2 pmol/5 pl i.c.v) 2 days before PTZ injection reverted the
anticonvulsant effect elicited by caffeine (U=8,15 p<0,05, Fig. 4E). The quantification of
electroencephalographic wave amplitude revealed that the infusion of BSO altered the effect
exerted by caffeine supplementation characterized here by EEG wave amplitude increase after
PTZ injection (F(1,26)=4.52; p<0.05 Fig. 4L). Neurochemical analyses also revealed that the
BSO (3.2 pmol/5pli.c.v) infusion decreased GSH content [F(1,54)=26.73; p< 0.01 Fig. 5A]
and Na* K*-ATPase activity[F(1,54)=9.15; p< 0.01 Fig. 5D], whereas DCFH-DA oxidation
[F(1,54)=5.18; p< 0.01] and TBARS content per se [F(1,54)=18,85; p< 0.01 Fig. 5D] were
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increased . In addition, BSO reverted the protective effect exerted by caffeine against PTZ-
induced GSH decrease [F(1,54)=11.54; p< 0.05], Na',K'-ATPase activity inhibition
[F(1,54)=13.43; p< 0.05], as well as DCFH-DA oxidation[(1,54)=13.03; p< 0.05] and
TBARS increase [F(1,54)=16.93; p< 0,05].

In the present study we investigated the role of the acute caffeine administration on
PTZ-induced electrographic seizures as well as neurochemical alterations. Figure 6 shows
that the acute caffeine administration one hour before PTZ administration (6 mg/kg) had no
effect on the latency periods for the first myoclonic jerk [U=10.5; p>0.05], the first
generalized tonic-clonic seizure [U=9.5; p>0.05] or the time spent in generalized tonic-clonic
seizure [U=11; p>0.05]. Behavioral seizures were accompanied by EEG recording observed
after PTZ injection. EEG recordings revealed that PTZ treatment increase EEG amplitude
[F(1,11)=21,48; p<0.05] the acute caffeine administration had no effect on wave amplitude
increase elicited by PTZ (Figure 6J). Accordingly, neurochemical analyses revealed that the
acute caffeine administration did not protect against the increase of DCFH-DA oxidation
[F(1,25)=0.14; p> 0.05 Fig. 7B], TBARS content [F(1,25)=0.05; p> 0.05, Fig. 7C], as well as
Na’ K*-ATPase activity inhibition [F(1,25)=0.38;p> 0.05 Fig. 7D] and GSH level decrease
[F(1,25)=0.46; p> 0.05, Fig. 7A] induced by the injection of convulsive dose of PTZ.

4. Discussion

In the present study, we confirmed and extended our previous findings that PTZ
elicits behavioral seizures, electrographic seizures, and oxidative stress [19, 20]. The idea that
the selected target dysfunction may play a critical role in oxidative stress during seizure onset
[20, 43, 44] was supported by our findings of decreased Na*, K*-ATPase activity, GSH levels,
increased lipid peroxidation, and DCFH-DA oxidation in cerebral cortex of rats after PTZ-
induced seizures.

The results presented in this report also revealed that long-term caffeine
administration (6 mg/kg) attenuates EEG alterations and decreases generalized tonic-clonic
seizures induced by PTZ. Furthermore, our data reveled that caffeine supplementation
increases GSH content per se and the infusion of BSO, an inhibitor of GSH synthesis, and
reverts the protective effect of caffeine against toxicity elicited by PTZ characterized here by
EEG seizures, Na+, K+-ATPase activity inhibition, GSH decrease, increased lipid

peroxidation, and DCFH-DA oxidation. The results presented in this report also showed that
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the acute caffeine administration (6 mg/kg) had no effect on seizures and did not protect
against the increase of oxidative stress and Na®, K'-ATPase activity inhibition induced by
injection of convulsive dose of PTZ. These experimental data reinforce the idea that adaptive
long-lasting neurochemical and behavioral responses are usually different from the acute drug
effect [45-47]. Furthermore, the protection exerted by caffeine supplementation on the
epileptic activity and neurochemical alterations induced by PTZ is of particular interest
because PTZ-induced seizure is an important model of myoclonic and generalized tonic—
clonic seizures, which is used in the routine test for screening anticonvulsants [48].

Caffeine is one of the most favorable psycho stimulant in beverages or foods for
motor activation, mood chances, information processing, and cognitive/performances [31].
Considering that caffeine is structurally similar to adenosine, an endogenous inhibitory
neuromodulator, most of the studies have suggested that caffeine has neuroprotective effects
as an adenosine receptor antagonist [49-51]. Although epidemiological studies have indicated
that caffeine consumption is negatively correlated with the incidence of some neurological
diseases [8, 52, 53], anecdotally, caffeinated beverages are “known” to lower seizure
thresholds in patients with epilepsy [54]. However, due to the lack of well-designed,
randomized, and placebo-controlled clinical trials, this concept has been challenged [55].
While clinical trials have demonstrated that higher doses of antagonist of adenosine receptor
(Alg) rolofylline induce seizures in patients with renal failure [56], another study with
116,363 women revealed that caffeine ingestion was not associated with an increased risk of
epilepsy [57]. In this context, the understanding of the mechanisms involved in the caffeine-
related control of seizure is important since caffeine holds the second position in consumption
among all beverages followed by water, and people from all over the world consume
approximately 500 billion cupsof coffee annually [58].

In experimental animals the caffeine administration at dose of 0.3 g/L per day over a
period of two weeks (resulting in plasma levels of caffeine in the range of 6 to 14uM
corresponding to chronic caffeine in human) reduced NMDA, bicucculine and PTZ-induced
seizures in mice in the absence of changes in A, Aoa, or GABAA receptors [59]. Considering
that chronic but not acute caffeine administration attenuates EEG seizures elicited by PTZ, we
suggest that another mechanism underlies caffeine’s ability to induce anticonvulsant effect. In
this context, more recent observations have demonstrated that caffeine also acts as an
antioxidant [60]. This idea is largely based on chemical studies showing it to be able to
scavenge ROS, particularly the hydroxyl radical (OHe) and ambient with physiologic

reactions involving oxygen utilization [28, 61]. The interaction of OHe with caffeine results in
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its oxidative de-methylation generating partially N-methylated xanthines such as
theobromine, paraxanthine, and theophylline [62, 63]. In addition, studies have shown that the
antioxidant effect of caffeine is similar to that of glutathione and higher than that of ascorbic
acid [28]. This antioxidant effect protects humans against health disorders associated with
ROS generation such as Alzheimer's and Parkinson’s diseases [64, 65].

In the present study the occurrence of DCFH-DA oxidation, TBARS increase,
decrease in GSH content, and Na",K*-ATPase activity inhibition after PTZ injection suggests
that epileptic seizures elicited by this convulsant agent were accompanied by an increase of
oxidative stress. In addition, the increase of ROS production attacks the unsaturated bonds of
membrane fatty acids leading to an autocatalytic process called membrane lipid peroxidation,
which may impair the function of several membrane transport proteins including Na*,K*-
ATP-ase [66].Thus, the alteration in the redox state of regulatory sulfhydryl groups in selected
targets such as Na*,K*-ATPase activity might increase cellular excitability[67]. Accordingly,
considering that GSH is the major determinant of the cellular redox state protecting SH-
groups of proteins from oxidation and restoring Na*,K*-ATPase activity [68, 69], the failure
of Na*, K*-ATPase activity caused by the infusion of the inhibitor of GSH synthesis (BSO) in
this report may be due to the weak action of the antioxidant on the membrane enzyme. In fact,
the depletion of GSH results in the inhibition of the Na*,K*-ATPase activity [70] and increase
of lipid peroxidation in models of seizures induced by PTZ (Kumar and Gandhimathi, 2010).
Furthermore, it has been demonstrated that the intracerebroventricularly administered GSH
inhibited PTZ induced convulsions in mice [71] and protected against seizure episodes
induced by diphenyl diselenide in rat pups by reducing oxidative stress [72].

In line with this view, results presented in this report also revealed that caffeine
supplementation increased GSH content per se. Considering that caffeine supplementation
leads to the development of compensatory responses to oxidative stress induced by
experimental model of Alzheimer’s and Parkinson’s diseases [64]; [73] and GSH protects
against free radical-induced Na*,K*-ATPase inhibition [74], we suggest that the increase of
antioxidant defenses (GSH) in this protocol of caffeine supplementation may protect against
Na*,K*-ATPase inhibition induced by PTZ. In fact, the infusion of BSO (an GSH inhibitor
synthesis) decreased GSH content, Na',K'-ATPase activity and increased DCFH-DA
oxidation per se as well as reverted the protective effect exerted by caffeine against PTZ-
induced EEG seizures.

In conclusion, the present study reports that PTZ administration induces convulsive

behavior following excitotoxic damage in vivo and that caffeine supplementation protects
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against these deleterious effects. The results showing specific molecular systems modulated
by caffeine also provide a framework to guide further studies to examine the mechanisms by
which this compound alters neuronal functions. Therefore, although further studies are
necessary to determine the mechanisms involved in this protective action exerted by caffeine,
these experimental findings suggest that the administration of low doses of caffeine may be a
new therapeutic approach to control acute and chronic excitotoxicity including seizure

activity.

5. References

[1] Papandreou D, Pavlou E, Kalimeri E, Mavromichalis 1. The ketogenic diet in children
with epilepsy. Br J Nutr. 2006;95:5-13.

[2] Fisher K, Kettl P. Aging with mental retardation: increasing population of older adults
with MR require health interventions and prevention strategies. Geriatrics. 2005;60:26-9.

[3] Loscher W. Critical review of current animal models of seizures and epilepsy used in the
discovery and development of new antiepileptic drugs. Seizure. 2011;20:359-68.

[4] Rigoulot MA, Leroy C, Koning E, Ferrandon A, Nehlig A. Prolonged low-dose caffeine
exposure protects against hippocampal damage but not against the occurrence of epilepsy in
the lithium-pilocarpine model in the rat. Epilepsia. 2003;44:529-35.

[5] El Yacoubi M, Ledent C, Parmentier M, Costentin J, Vaugeois JM. Evidence for the
involvement of the adenosine A(2A) receptor in the lowered susceptibility to
pentylenetetrazol-induced seizures produced in mice by long-term treatment with caffeine.
Neuropharmacology. 2008;55:35-40.

[6] Fredholm BB, Lindstrom K. Autoradiographic comparison of the potency of several
structurally unrelated adenosine receptor antagonists at adenosine Al and A(2A) receptors.
European journal of pharmacology. 1999;380:197-202.

[7] Ross GW, Abbott RD, Petrovitch H, White LR, Tanner CM. Relationship between
caffeine intake and parkinson disease. JAMA. 2000;284:1378-9.

[8] Maia L, de Mendonca A. Does caffeine intake protect from Alzheimer's disease? Eur J
Neurol. 2002;9:377-82.

[9] Kalda A, Yu L, Oztas E, Chen JF. Novel neuroprotection by caffeine and adenosine
A(2A) receptor antagonists in animal models of Parkinson's disease. J Neurol Sci.
2006;248:9-15.

[10] Xu K, Xu Y, Brown-Jermyn D, Chen JF, Ascherio A, Dluzen DE, et al. Estrogen
prevents neuroprotection by caffeine in the mouse 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine model of Parkinson's disease. J Neurosci. 2006;26:535-41.

[11] Cutrufo C, Bortot L, Giachetti A, Manzini S. Differential effects of various xanthines on
pentylenetetrazole-induced seizures in rats: an EEG and behavioural study. Eur J Pharmacol.
1992;222:1-6.

[12] Czuczwar SJ, Janusz W, Wamil A, Kleinrok Z. Inhibition of aminophylline-induced
convulsions in mice by antiepileptic drugs and other agents. Eur J Pharmacol. 1987;144:309-
15.

[13] Cognato GP, Agostinho PM, Hockemeyer J, Muller CE, Souza DO, Cunha RA. Caffeine
and an adenosine A(2A) receptor antagonist prevent memory impairment and synaptotoxicity
in adult rats triggered by a convulsive episode in early life. J Neurochem. 2010;112:453-62.



64

[14] Johansson B, Georgiev V, Kuosmanen T, Fredholm BB. Long-term treatment with some
methylxanthines decreases the susceptibility to bicuculline- and pentylenetetrazol-induced
seizures in mice. Relationship to c-fos expression and receptor binding. The European journal
of neuroscience. 1996;8:2447-58.

[15] Milder J, Patel M. Modulation of oxidative stress and mitochondrial function by the
ketogenic diet. Epilepsy Res. 2012;100:295-303.

[16] Dringen R. Metabolism and functions of glutathione in brain. Prog Neurobiol.
2000;62:649-71.

[17] Gupta A, Naorem T. Cognitive retraining in epilepsy. Brain Inj. 2003;17:161-74.

[18] Patsoukis N, Zervoudakis G, Georgiou CD, Angelatou F, Matsokis NA, Panagopoulos
NT. Effect of pentylenetetrazol-induced epileptic seizure on thiol redox state in the mouse
cerebral cortex. Epilepsy Res. 2004;62:65-74.

[19] Souza MA, Oliveira MS, Furian AF, Rambo LM, Ribeiro LR, Lima FD, et al. Swimming
training prevents pentylenetetrazol-induced inhibition of Na+, K+-ATPase activity, seizures,
and oxidative stress. Epilepsia. 2009;50:811-23.

[20] Rambo LM, Ribeiro LR, Oliveira MS, Furian AF, Lima FD, Souza MA, et al. Additive
anticonvulsant effects of creatine supplementation and physical exercise against
pentylenetetrazol-induced seizures. Neurochem Int. 2009;55:333-40.

[21] Saraiva AL, Ferreira AP, Silva LF, Hoffmann MS, Dutra FD, Furian AF, et al. Creatine
reduces oxidative stress markers but does not protect against seizure susceptibility after severe
traumatic brain injury. Brain Res Bull. 2012;87:180-6.

[22] Vasilets LA, Schwarz W. Structure-function relationships of cation binding in the
Na+/K(+)-ATPase. Biochim Biophys Acta. 1993;1154:201-22.

[23] Rossowska MJ, Nakamoto T. Effects of chronic caffeine feeding on the activities of
oxygen free radical defense enzymes in the growing rat heart and liver. Experientia.
1994;50:465-8.

[24] Noschang CG, Pettenuzzo LF, von Pozzer Toigo E, Andreazza AC, Krolow R, Fachin A,
et al. Sex-specific differences on caffeine consumption and chronic stress-induced anxiety-
like behavior and DNA breaks in the hippocampus. Pharmacol Biochem Behav. 2009;94:63-
9.

[25] Varma SD, Kovtun S, Hegde K. Effectiveness of topical caffeine in cataract prevention:
studies with galactose cataract. Mol Vis. 2010;16:2626-33.

[26] Aoyama K, Matsumura N, Watabe M, Wang F, Kikuchi-Utsumi K, Nakaki T. Caffeine
and uric acid mediate glutathione synthesis for neuroprotection. Neuroscience. 2011;181:206-
15.

[27] Shi X, Dalal NS, Jain AC. Antioxidant behaviour of caffeine: efficient scavenging of
hydroxyl radicals. Food Chem Toxicol. 1991;29:1-6.

[28] Devasagayam TP, Kamat JP, Mohan H, Kesavan PC. Caffeine as an antioxidant:
inhibition of lipid peroxidation induced by reactive oxygen species. Biochim Biophys Acta.
1996;1282:63-70.

[29] Shin EJ, Jeong JH, Chung YH, Kim WK, Ko KH, Bach JH, et al. Role of oxidative stress
in epileptic seizures. Neurochem Int. 2011;59:122-37.

[30] Waldbaum S, Patel M. Mitochondria, oxidative stress, and temporal lobe epilepsy.
Epilepsy Res. 2010;88:23-45.

[31] Fredholm BB, Battig K, Holmen J, Nehlig A, Zvartau EE. Actions of caffeine in the
brain with special reference to factors that contribute to its widespread use. Pharmacol Rev.
1999;51:83-133.

[32] Paxinos G, Watson CR, Emson PC. AChE-stained horizontal sections of the rat brain in
stereotaxic coordinates. J Neurosci Methods. 1980;3:129-49.



65

[33] Ferraro TN, Golden GT, Smith GG, St Jean P, Schork NJ, Mulholland N, et al. Mapping
loci for pentylenetetrazol-induced seizure susceptibility in mice. J Neurosci. 1999;19:6733-9.
[34] McColl E, Meadows K, Barofsky I. Cognitive aspects of survey methodology and quality
of life assessment. Qual Life Res. 2003;12:217-8.

[35] Ohkawa H, Ohishi N, Yagi K. Assay for lipid peroxides in animal tissues by
thiobarbituric acid reaction. Anal Biochem. 1979;95:351-8.

[36] Bhattacharya SK, Thakar JH, Johnson PL, Shanklin DR. Isolation of skeletal muscle
mitochondria from hamsters using an ionic medium containing ethylenediaminetetraacetic
acid and nagarse. Anal Biochem. 1991;192:344-9.

[37] Halliwell B. Biochemistry of oxidative stress. Biochem Soc Trans. 2007;35:1147-50.

[38] Hissin PJ, Hilf R. A fluorometric method for determination of oxidized and reduced
glutathione in tissues. Anal Biochem. 1976;74:214-26.

[39] Wyse AT, Streck EL, Barros SV, Brusque AM, Zugno Al, Wajner M. Methylmalonate
administration decreases Na+,K+-ATPase activity in cerebral cortex of rats. Neuroreport.
2000;11:2331-4.

[40] Fiske CH, Subbarow Y. The Nature of the "Inorganic Phosphate” in VVoluntary Muscle.
Science. 1927;65:401-3.

[41] Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities
of protein utilizing the principle of protein-dye binding. Anal Biochem. 1976;72:248-54.

[42] Morell G, Steplock D, Shenolikar S, Weinman EJ. Identification of a putative Na(+)-H+
exchanger regulatory cofactor in rabbit renal BBM. Am J Physiol. 1990;259:F867-71.

[43] Frantseva MV, Perez Velazquez JL, Tsoraklidis G, Mendonca AJ, Adamchik Y, Mills
LR, et al. Oxidative stress is involved in seizure-induced neurodegeneration in the kindling
model of epilepsy. Neuroscience. 2000;97:431-5.

[44] Gluck MR, Thomas RG, Sivak MA. Unaltered cytochrome oxidase, glutamate
dehydrogenase and glutaminase activities in platelets from patients with sporadic amyotrophic
lateral sclerosis--a study of potential pathogenetic mechanisms in neurodegenerative diseases.
J Neural Transm. 2000;107:1437-47.

[45] Lopez F, Miller LG, Greenblatt DJ, Kaplan GB, Shader RI. Interaction of caffeine with
the GABAA receptor complex: alterations in receptor function but not ligand binding. Eur J
Pharmacol. 1989;172:453-9.

[46] Hughes RN, Beveridge 1J. Sex-and age-dependent effects of prenatal exposure to
caffeine on open-field behavior, emergence latency and adrenal weights in rats. Life Sci.
1990;47:2075-88.

[47] Tchekalarova J, Kubova H, Mares P. Postnatal caffeine treatment affects differently two
pentylenetetrazol seizure models in rats. Seizure. 2009;18:463-9.

[48] Swinyard EA, Woodhead JH, Franklin MR, Sofia RD, Kupferberg HJ. The effect of
chronic felbamate administration on anticonvulsant activity and hepatic drug-metabolizing
enzymes in mice and rats. Epilepsia. 1987;28:295-300.

[49] Chen JF, Xu K, Petzer JP, Staal R, Xu YH, Beilstein M, et al. Neuroprotection by
caffeine and A(2A) adenosine receptor inactivation in a model of Parkinson's disease. J
Neurosci. 2001;21:RC143.

[50] Dall'lgna OP, Porciuncula LO, Souza DO, Cunha RA, Lara DR. Neuroprotection by
caffeine and adenosine A2A receptor blockade of beta-amyloid neurotoxicity. Br J
Pharmacol. 2003;138:1207-9.

[51] Nakaso K, Ito S, Nakashima K. Caffeine activates the PI3K/Akt pathway and prevents
apoptotic cell death in a Parkinson's disease model of SH-SY5Y cells. Neurosci Lett.
2008;432:146-50.



66

[52] Ascherio A, Zhang SM, Hernan MA, Kawachi I, Colditz GA, Speizer FE, et al.
Prospective study of caffeine consumption and risk of Parkinson's disease in men and women.
Ann Neurol. 2001;50:56-63.

[53] Lindsay DS, Neiger R, Hildreth M. Porcine enteritis associated with Eimeria spinosa
Henry, 1931 infection. J Parasitol. 2002;88:1262-3.

[54] Kaufmann WK, Heffernan TP, Beaulieu LM, Doherty S, Frank AR, Zhou Y, et al.
Caffeine and human DNA metabolism: the magic and the mystery. Mutat Res. 2003;532:85-
102.

[55] Asadi-Pooya AA, Nei M, Sharan AD, Mintzer S, Zangaladze A, Evans JG, et al.
Antiepileptic drugs and relapse after epilepsy surgery. Epileptic Disord. 2008;10:193-8.

[56] Cotter G, Dittrich HC, Weatherley BD, Bloomfield DM, O'Connor CM, Metra M, et al.
The PROTECT pilot study: a randomized, placebo-controlled, dose-finding study of the
adenosine Al receptor antagonist rolofylline in patients with acute heart failure and renal
impairment. J Card Fail. 2008;14:631-40.

[57] Dworetzky BA, Bromfield EB, Townsend MK, Kang JH. A prospective study of
smoking, caffeine, and alcohol as risk factors for seizures or epilepsy in young adult women:
data from the Nurses' Health Study Il. Epilepsia. 2010;51:198-205.

[58] Butt MS, Sultan MT. Coffee and its consumption: benefits and risks. Crit Rev Food Sci
Nutr. 2011;51:363-73.

[59] Georgiev V, Johansson B, Fredholm BB. Long-term caffeine treatment leads to a
decreased susceptibility to NMDA-induced clonic seizures in mice without changes in
adenosine Al receptor number. Brain Res. 1993;612:271-7.

[60] Leon-Carmona JR, Galano A. Is caffeine a good scavenger of oxygenated free radicals? J
Phys Chem B. 2011;115:4538-46.

[61] Gomez-Ruiz JA, Leake DS, Ames JM. In vitro antioxidant activity of coffee compounds
and their metabolites. J Agric Food Chem. 2007;55:6962-9.

[62] Stadler RH, Richoz J, Turesky RJ, Welti DH, Fay LB. Oxidation of caffeine and related
methylxanthines in ascorbate and polyphenol-driven Fenton-type oxidations. Free Radic Res.
1996;24:225-10.

[63] Chung WG, Cha YN. Oxidation of caffeine to theobromine and theophylline is catalyzed
primarily by flavin-containing monooxygenase in liver microsomes. Biochem Biophys Res
Commun. 1997;235:685-8.

[64] Rosso A, Mossey J, Lippa CF. Caffeine: neuroprotective functions in cognition and
Alzheimer's disease. Am J Alzheimers Dis Other Demen. 2008;23:417-22.

[65] Prasanthi JR, Dasari B, Marwarha G, Larson T, Chen X, Geiger JD, et al. Caffeine
protects against oxidative stress and Alzheimer's disease-like pathology in rabbit
hippocampus induced by cholesterol-enriched diet. Free Radic Biol Med. 2010;49:1212-20.
[66] Marnett LJ. Oxy radicals, lipid peroxidation and DNA damage. Toxicology. 2002;181-
182:219-22.

[67] Morelli A, Ravera S, Panfoli I, Pepe IM. Effects of extremely low frequency
electromagnetic fields on membrane-associated enzymes. Archives of biochemistry and
biophysics. 2005;441:191-8.

[68] Boldyrev A, Bulygina E, Yuneva M, Schoner W. Na/K-ATPase regulates intracellular
ROS level in cerebellum neurons. Ann N 'Y Acad Sci. 2003;986:519-21.

[69] Franzon R, Lamers ML, Stefanello FM, Wannmacher CM, Wajner M, Wyse AT.
Evidence that oxidative stress is involved in the inhibitory effect of proline on Na(+),K(+)-
ATPase activity in synaptic plasma membrane of rat hippocampus. Int J Dev Neurosci.
2003;21:303-7.



67

[70] Petrushanko I, Bogdanov N, Bulygina E, Grenacher B, Leinsoo T, Boldyrev A, et al. Na-
K-ATPase in rat cerebellar granule cells is redox sensitive. Am J Physiol Regul Integr Comp
Physiol. 2006;290:R916-25.

[71] Abe K, Nakanishi K, Saito H. The possible role of endogenous glutathione as an
anticonvulsant in mice. Brain Res. 2000;854:235-8.

[72] Prigol M, Bruning CA, Nogueira CW, Zeni G. The role of the glutathione system in
seizures induced by diphenyl diselenide in rat pups. Chem Biol Interact. 2011;193:65-70.

[73] Nobre HV, Jr., Cunha GM, de Vasconcelos LM, Magalhaes HI, Oliveira Neto RN, Maia
FD, et al. Caffeine and CSC, adenosine A2A antagonists, offer neuroprotection against 6-
OHDA-induced neurotoxicity in rat mesencephalic cells. Neurochem Int. 2010;56:51-8.

[74] Tsakiris S, Angelogianni P, Schulpis KH, Behrakis P. Protective effect of L-cysteine and
glutathione on rat brain Na+,K+-ATPase inhibition induced by free radicals. Z Naturforsch C.
2000;55:271-7.



68

Figure Legends
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Figure 1. Representation of experimental desigin. The animals were treated wifh caffeine (6
mg/Kg p.o) during fifteen days. On the twenth day, the animal were submitted to a surgery for
electrodes and/or cannula implantments. In the experiment with BSO, animal received an i.c.v
infusion (3.2 umol/5 ul) on fourteenth and fifteenth day. On the sixteenth day animals were
connected to EEG and injected with PTZ (60 mg/Kg i.p) or saline 0.9% and twenty minutes
after were killed to biochemical analyses.
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Figure 2. Effect of long-term caffeine administration (6 mg/kg, p.0.) on the convulsive
behavior induced by PTZ (60 mg/kg, i.p.). (A) Latency for first clonic seizure; (B) latency for
generalized tonic-clonic seizure; (C) time spent in generalized tonic-clonic seizure ; (D) wave
amplitude quantification. Data are presented as median and interquartile range Mann-Whitney
test (A-C) and data are presented as the mean + S.E.M One-Way Anova * p< 0.05 compared
with PTZ-treated group, # p< 0.05 compared with basal period (n= 7-8).
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Figure 3. Effect of cronic caffeine administration (6 mg/kg, p.0.) on the oxidative damage
induced by PTZ (60 mg/kg, i.p.). The effect of caffeine and PTZ on GSH content (A), DCFH
oxidation (B), TBARS content (C) and Na*, K *, ATPase activity. Data are presented as the
mean + S.E.M Two-Way Anova * p<0.05 compared with vehicle-treated group, ** p< 0.01
compared with vehicle-treated group, # p<0.05 compared with PTZ-treated group (n= 7-8).
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Figure 4. Effect of BSO on the neuroprotective effect of caffeine against behavioral and
electroencephalographic seizures induced by PTZ (60 mg/kg, i.p.). Representative
electroencephalographic recordings of animals treated with Vehicle (A-B), BSO (C-D)
caffeine (E-F) and caffeine plus BSO (G-H) after PTZ injection (B — D - F and H). Arrows
indicate PTZ injection; arrowheads indicate the first clonic seizure. Data from (1) Latency for
first clonic seizure; (J) latency for generalized tonic-clonic seizure; (K) time spent in
generalized tonic-clonic seizure are presented as median and interquartile range. Data from
(L) wave amplitude quantification are presented as the mean + S.E.M. * p<0.05 compared
with PTZ-treated group # p<0.05 compared with basal period (Scheirer-ray-hare and Three-
way Anova test, n=7=8).
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Figure 5. Effect of BSO on the neuroprotective effect of long-term caffeine (6 mg/Kg p.o)
against oxidative damage induced by PTZ (60 mg/kg, i.p.). The effect of caffeine and PTZ on
GSH content (A), DCFH oxidation (B), TBARS content (C) and Na*, K ¥, ATPase activity.
Data are presented as the mean + S.E.M Three-Way Anova * p< 0.05 compared with vehicle
treated group ** p<0.05 compared with BSO treated group, # p<0.05 compared with PTZ-
treated group (n= 6-8).
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Figure 6. Effect of acute caffeine administration (6 mg/kg, p.o.) against behavioral and
electroencephalographic seizures induced by PTZ (60 mg/kg, i.p.). Representative
electroencephalographic recordings of animals treated with Vehicle (A-C) or caffeine after
PTZ injection (C and F), (A and D) basal period (B and E) vehicle or caffeine treatment
before PTZ administration. Arrows indicate PTZ injection; arrowheads indicate the first
clonic seizure. Data from (G) Latency for first clonic seizure; (H) latency for generalized
tonic-clonic seizure; (I) time spent in generalized tonic-clonic seizure are presented as median
and interquartile range. Data from (J) wave amplitude quantification are presented as the
mean = S.E.M. * p<0.05 compared with PTZ-treated group # p<0.05 compared with caffeine-
treated group (Mann-Whitney test and One-way Anova test, n=7=8).
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Figure 7. Effect of acute caffeine administration (6 mg/kg, p.0.) on the oxidative damage
induced by PTZ (60 mg/kg, i.p.). The effect of caffeine and PTZ on GSH content (A), DCFH
oxidation (B), TBARS content (C) and Na*, K *, ATPase activity. Data are presented as the
mean + S.E.M Two-Way Anova * p<0.05 compared with vehicle-treated group (n= 7-8).
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Introducéo

Estudos na area de epilepsia e modelos experimentais de convulsdes em animais tém
desempenhado um papel fundamental no avanco da compreensdo dos mecanismos basicos de
ictogénese e epileptogénese (Loscher, 2011). Dessa forma, esses estudos tém sido
fundamentais para a descoberta e desenvolvimento de novas terapias antiepilépticas (Loscher,
2011). Durante as ultimas décadas, foram desenvolvidos diversos modelos experimentais de
convulsdes (Purpura and Shofer, 1972, Loscher et al., 1999), como por exemplo, 0 modelo de
convulsdo induzido por pentilenotetrazol (PTZ) (Loscher and Schmidt, 1988, Loscher et al.,
1999, White et al., 2008).

Muitos estudos sugerem o envolvimento de uma cascata de eventos bioldgicos,
incluindo a geracdo de espécies reativas de oxigénio (EROs), subjacentes ao desenvolvimento
e propagacdo da epilepsia e convulsdes induzidas por PTZ (Shin et al., 2011, Azam et al.,
2012).

Nesse contexto, o SNC apresenta varios mecanismos na tentativa de reduzir os
potenciais efeitos fisiopatologicos da EROs, entre eles,0 aumento na expressdo de genes das
enzimas antioxidantes. Dentre esses genes, alguns sdo expressos regularmente, enquanto
outros sdo induzidos em resposta ao aumento do estresse oxidativo (Ishii et al., 2000).

O elemento de ligacdo de resposta do AMPc (CREB) é um fator de transcri¢cdo que
parece ser essencial para o desenvolvimento normal do CNS e na regulacdo da detoxificacdo
de EROs. Alguns estudos mostram que o CREB regula uma classe de genes de antioxidantes
através da expressdo de um fator nuclear (PGC-1a) (Herzig et al., 2001, Lee et al., 2005, St-
Pierre et al., 2006), que esta envolvido na expressdo de enzimas antioxidantes, como a GPx1 e
SOD2 (St-Pierre et al., 2006).

Além disso, pesquisas mostram que alguns fatores neurotréficos, como o fator
neurotréfico derivado do cérebro (BDNF), ativam o CREB (Finkbeiner et al., 1997). O BDNF
esta implicado na sobrevivéncia e diferenciacdo celular, assim como, no aumento da
resisténcia ao estresse oxidativo (Guo and Mattson, 2000, Klumpp et al., 2006, Boutahar et
al., 2010). De fato, a ativacdo da via BDNF/CREB protege das convulsdes, aumento dos
niveis de EROs e da reducéo na expressao de PGC-1a (Lee et al., 2009).

No entanto, ensaios clinicos prévios revelaram inumeros efeitos colaterais das
neurotrofinas, bem como, a sua pobre penetracdo na barreira hemato-encefalica, dificultando

0 uso terapéutico destas proteinas (Allen and Dawbarn, 2006). Portanto, muitos estudos estdo


http://translate.googleusercontent.com/translate_c?depth=1&hl=pt-BR&prev=/search%3Fq%3DCREB%26hl%3Dpt-BR%26biw%3D1366%26bih%3D687%26prmd%3Dimvns&rurl=translate.google.com.br&sl=en&u=http://en.wikipedia.org/wiki/CAMP_response_element&usg=ALkJrhiW_n3b4w8QVT7lUIdl5ElVWWw89g

76

sendo realizados para encontrar um agente com propriedades terapéuticas que possa agir na
via BNDF/CREB (Hooper and Scott, 2005, Choi et al., 2011).

O exercicio fisico é uma intervencdo de baixo custo, ndo invasiva com varios
resultados benéficos, incluindo o aumento de respostas anti-inflamatérias e antioxidantes
(Linke et al., 2005), e 0 aumento no contetdo de fatores neurotréficos, especialmente o
BDNF (Radak et al., 2006, Dietrich et al., 2008). Além disso, o exercicio fisico protege das
crises epilépticas em pacientes (REF) e em diferentes modelos de convulsbes (Arida et al.,
2009), assim como do dano oxidativo induzido por PTZ (Rambo et al., 2009).

A cafeina (1,3,7-trimethylxanthine), que pertence ao grupo dos alcaldides, tem efeito
protetor em diferentes modelos de doencas neuroldgicas, como por exemplo, a epilepsia
(Chen et al.,, 2001, Arendash et al., 2006, Dall'lgna et al., 2007). Neste contexto, foi
observado que a suplementacédo de cafeina, em baixas doses, atenua as convulsdes e o estresse
oxidativo induzidos pelo PTZ, assim como, aumenta os niveis de BDNF e CREB (EI Yacoubi
et al., 2011, Porciuncula et al., 2012).

Considerando que a atividade fisica e a cafeina exerceram um efeito protetor nas
convulsdes e dano oxidativo induzido por PTZ (artigos 1 e 2, respectivamente), e que a via
BDNF/CREB/PGC1-a pode ser um importante mecanismo de regulagdo das EROs, decidimos
avaliar os efeitos do exercicio fisico associado a suplementacdo com cafeina na expressdo de

fatores de transcricao responsaveis pela regulacdo das enzimas detoxificantes de EROs.

Objetivos:

Avaliar o efeito do exercicio fisico e da suplementacdo com cafeina:

1. Nas convulsdes comportamentais e eletroencefalograficas induzidas por PTZ
2. Na expressdao de BDNF, CREB e PGC1-a

3. No contetudo de GSH e atividade da GPx

4. Na atividade e expressdo da SOD

5. No conteudo de TBARS e carbonilacdo proteica
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Materiais e Métodos

Animais e reagentes

Foram utilizados ratos Wistar machos fornecidos pelo Biotério Central da UFSM, com
peso variando entre 270 — 300g, mantidos em ciclo claro-escuro de 12 horas a temperatura de
22 £ 1°C, com alimento e &gua ad libitum. Todos os protocolos serdo submetidos a avaliacao
pelo comité de ética da Universidade Federal de Santa Maria. O numero de animais utilizados
sera 0 minimo possivel de modo a fornecer efeitos consistentes de nossos resultados. Os
procedimentos experimentais foram realizadas durante a fase clara do ciclo (9:00 - 16:00).
Todos os reagentes foram adquiridos da Sigma (St Louis, MO, EUA). A cafeina anidra foi

solubilizada em agua e o PTZ foi dissolvido em solucéo salina fisiologica 0,9%.

Protocolo de exercicio fisico e suplementacdo com cafeina

O exercicio de natacdo em estilo livre foi realizado em um tambor de plastico circular
(didmetro, 120 cm; profundidade, 90 cm) cheio com agua mantido a uma temperatura de 32 +
2°C. O exercicio consistiu de natacdo diaria por 50 minutos, cinco dias por semana, durante 4
semanas. Durante os trés primeiros dias de exercicio, todos os animais foram submetidos a
um periodo de adaptacdo de natacdo sem pesos. Apds o periodo de adaptacdo da natacdo, 0s
ratos foram submetidos ao exercicio de natacdo com uma carga de trabalho (5% do peso
corporal), para melhorar a resisténcia (Gobatto et al., 2001). O tratamento com cafeina na

dose de 6 mg/kg por via oral (gavage) foi realizado durante todo o protocolo de treinamento.

Procedimento Cirdrgico

Para os registros eletroencefalogréficos (EEG), todos os animais foram submetidos ao
procedimento cirdrgico para implantacdo de eletrodos. Em resumo, os animais foram
anestesiados com equitesina (fenobarbital 1%, sulfato de magnésio 2%, hidrato de cloral 4%,
propileno glicol 42%, etanol 11%, 3 ml / kg, ip) e fixados no aparelho estereotaxico para
roedores. Para os registros de EEG, dois eletrodos foram colocados bilateralmente sobre o
cortex parietal, juntamente com um cabo de massa posicionada sobre o seio nasal. Os

eletrodos foram conectados a uma tomada de multipino fixado ao cranio com acrilico.
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Ceftriaxona (200 mg / kg, ip) foi administrado imediatamente antes do procedimento
cirargico. A avaliacdo comportamental e EEG foram realizadas 4 dias depois da cirurgia.

Avaliacdo das convulsbes

Aplés 4 dias de recuperacdo, 0s animais serdo conectados ao aparelho
eletroencefalografo digital (Neuromap EQSA260, Neuromap LTDA, Brasil). Sera feito um
registro da atividade eletroencefalografica basal por 10 minutos e logo apds os animais seréo
injetados com cloreto de sodio (NaCl) ou PTZ (60mg/kg) e observados durante 20 minutos.

O sistema de eletroencefalografia, os protocolos cirdrgicos e de registro da
atividade eletroencefalografica assim como os critérios para analise das convulsdes sao
descritos detalhadamente em estudos prévios de nosso grupo (Oliveira et al., 2008). Em
resumo, 0s animais que estardo em caixas de acrilico divididas em 9 &reas iguais serdo
observados quanto ao aparecimento de comportamentos convulsivos. A laténcia para o
primeiro episddio convulsivo (caracterizada pelo aparecimento de miocl6nias) e a soma da
duracdo de todas as convulsdes apresentadas durante o periodo de avaliacdo (tempo total
convulsionando) serd cronometrado. Os sinais eletroencefalograficos serdo amplificados,
filtrados, digitalizados e gravados em um computador pessoal para posterior analise. Apds o
registro eletroencefalogréafico e/ou a avaliacdo comportamental os animais serdo eutanasiados
por decapitacdo e o cortex cerebral sera obtido para realizacdo das analises neuroguimicas,

conforme descrito abaixo.

Resultados obtidos até o momento:

A andlise estatistica demonstrou que os animais submetidos ao protocolo de exercicio
fisico aumentaram a laténcia para a primeira convulsdo miocloncica [U=15,41; p<0,05] e
primeira convulsdo generalizada ténico-clénica [U=19,02; p<0,05] bem como diminui a
duracdo das convulsdes [U=18,01; p<0,05], além de prevenir o aumento de amplitude das
ondas apdés a administracdo de PTZ [F(1,22)=3,9; p<0,05]. Da mesma o tratamento com
cafeina aumentou a laténcia para a primeira convulsdo mioclénica [U=15,41; p<0,05] e
primeira convulsdo generalizada ténico-clonica [U=19,02; p<0,05], diminuiu a duracdo das
convulsdes [U=18,01; p<0,05] e atenuou o aumento de amplitude de onda induzido por PTZ

[F(1,22)=2,34; p<0,05]. O tratamento com exercicio fisico mais a suplementagcdo com cafeina
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também demonstrou 0 mesmo efeito protetor frente as convulsdes, aumentando a laténcia
para a primeira convulsdo mioclénica [U=15,41; p<0,05], primeira convulsdo generalizada
ténico-clonica [U=19,02; p<0,05] bem como diminuiu a duracdo das convulsdes [U=18,01;
p<0,05] e atenuou o0 aumento de amplitude de onda induzido por PTZ [F(1,22)=3,6; p<0,05].
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Perspectivas do Estudo:

Os resultados obtidos até o momento indicam um efeito protetor tanto do exercicio
fisico quanto da suplementagdo com cafeina frente as convulsbes induzidas por PTZ,
entretanto ndo houve um efeito aditivo entre os dois tratamentos. Considerando estudos
prévios do grupo e da literatura de que o exercicio fisico e a cafeina modulam positivamente o
sistema antioxidante e protegem do dano oxidativo induzido por PTZ nds temos como
perspectivas desse estudo:

- Analisar a expressdo de BDNF, CREB e PGC1-a

- Analisar contetido de GSH e atividade da GPx

- Analisar a atividade e expressao da SOD

- Analisar o conteudo de TBARS e carbonilagéo protéica.



80

Referéncias:

Allen SJ, Dawbarn D (2006) Clinical relevance of the neurotrophins and their receptors. Clin
Sci (Lond) 110:175-191.

Arendash GW, Schleif W, Rezai-Zadeh K, Jackson EK, Zacharia LC, Cracchiolo JR, Shippy
D, Tan J (2006) Caffeine protects Alzheimer's mice against cognitive impairment and
reduces brain beta-amyloid production. Neuroscience 142:941-952.

Arida RM, Scorza FA, Terra VC, Cysneiros RM, Cavalheiro EA (2009) Physical exercise in
rats with epilepsy is protective against seizures: evidence of animal studies. Arq
Neuropsiquiatr 67:1013-1016.

Azam F, Prasad MV, Thangavel N (2012) Targeting oxidative stress component in the
therapeutics of epilepsy. Curr Top Med Chem 12:994-1007.

Boutahar N, Reynaud E, Lassabliere F, Borg J (2010) Brain-derived neurotrophic factor
inhibits cell cycle reentry but not endoplasmic reticulum stress in cultured neurons
following oxidative or excitotoxic stress. J Neurosci Res 88:2263-2271.

Chen JF, Xu K, Petzer JP, Staal R, Xu YH, Beilstein M, Sonsalla PK, Castagnoli K,
Castagnoli N, Jr., Schwarzschild MA (2001) Neuroprotection by caffeine and A(2A)
adenosine receptor inactivation in a model of Parkinson's disease. J Neurosci
21:RC143.

Choi SW, Bhang S, Ahn JH (2011) Diurnal variation and gender differences of plasma brain-
derived neurotrophic factor in healthy human subjects. Psychiatry Res 186:427-430.

Dall'lgna OP, Fett P, Gomes MW, Souza DO, Cunha RA, Lara DR (2007) Caffeine and
adenosine A(2a) receptor antagonists prevent beta-amyloid (25-35)-induced cognitive
deficits in mice. Exp Neurol 203:241-245.

Dietrich MO, Andrews ZB, Horvath TL (2008) Exercise-induced synaptogenesis in the
hippocampus is dependent on UCP2-regulated mitochondrial adaptation. J Neurosci
28:10766-10771.

El Yacoubi M, Dubois M, Gabriel C, Mocaer E, Vaugeois JM (2011) Chronic agomelatine
and fluoxetine induce antidepressant-like effects in H/Rouen mice, a genetic mouse
model of depression. Pharmacol Biochem Behav 100:284-288.

Finkbeiner S, Tavazoie SF, Maloratsky A, Jacobs KM, Harris KM, Greenberg ME (1997)
CREB: a major mediator of neuronal neurotrophin responses. Neuron 19:1031-1047.

Gobatto CA, de Mello MA, Sibuya CY, de Azevedo JR, dos Santos LA, Kokubun E (2001)
Maximal lactate steady state in rats submitted to swimming exercise. Comp Biochem
Physiol A Mol Integr Physiol 130:21-27.

Guo ZH, Mattson MP (2000) Neurotrophic factors protect cortical synaptic terminals against
amyloid and oxidative stress-induced impairment of glucose transport, glutamate
transport and mitochondrial function. Cereb Cortex 10:50-57.

Herzig S, Long F, Jhala US, Hedrick S, Quinn R, Bauer A, Rudolph D, Schutz G, Yoon C,
Puigserver P, Spiegelman B, Montminy M (2001) CREB regulates hepatic
gluconeogenesis through the coactivator PGC-1. Nature 413:179-183.

Hissin PJ, Hilf R (1976) A fluorometric method for determination of oxidized and reduced
glutathione in tissues. Anal Biochem 74:214-226.

Hooper JE, Scott MP (2005) Communicating with Hedgehogs. Nat Rev Mol Cell Biol 6:306-
317.

Ishii T, Itoh K, Takahashi S, Sato H, Yanagawa T, Katoh Y, Bannai S, Yamamoto M (2000)
Transcription factor Nrf2 coordinately regulates a group of oxidative stress-inducible
genes in macrophages. J Biol Chem 275:16023-16029.



81

Klumpp S, Kriha D, Bechmann G, Maassen A, Maier S, Pallast S, Hoell P, Krieglstein J
(2006) Phosphorylation of the growth factors bFGF, NGF and BDNF: a prerequisite
for their biological activity. Neurochem Int 48:131-137.

Lee B, Cao R, Choi YS, Cho HY, Rhee AD, Hah CK, Hoyt KR, Obrietan K (2009) The
CREBJ/CRE transcriptional pathway: protection against oxidative stress-mediated
neuronal cell death. J Neurochem 108:1251-1265.

Lee J, Kim CH, Simon DK, Aminova LR, Andreyev AY, Kushnareva YE, Murphy AN,
Lonze BE, Kim KS, Ginty DD, Ferrante RJ, Ryu H, Ratan RR (2005) Mitochondrial
cyclic AMP response element-binding protein (CREB) mediates mitochondrial gene
expression and neuronal survival. J Biol Chem 280:40398-40401.

Linke A, Adams V, Schulze PC, Erbs S, Gielen S, Fiehn E, Mobius-Winkler S, Schubert A,
Schuler G, Hambrecht R (2005) Antioxidative effects of exercise training in patients
with chronic heart failure: increase in radical scavenger enzyme activity in skeletal
muscle. Circulation 111:1763-1770.

Loscher W (2011) Critical review of current animal models of seizures and epilepsy used in
the discovery and development of new antiepileptic drugs. Seizure 20:359-368.
Loscher W, Honack D, Gramer M (1999) Effect of depth electrode implantation with or
without subsequent kindling on GABA turnover in various rat brain regions. Epilepsy

Res 37:95-108.

Loscher W, Schmidt D (1988) Which animal models should be used in the search for new
antiepileptic drugs? A proposal based on experimental and clinical considerations.
Epilepsy Res 2:145-181.

Mello CF, Rubin MA, Sultana R, Barron S, Littleton JM, Butterfield DA (2007)
Difluoromethylornithine decreases long-lasting protein oxidation induced by neonatal
ethanol exposure in the hippocampus of adolescent rats. Alcohol Clin Exp Res
31:887-894.

Misra HP, Fridovich 1 (1972) The generation of superoxide radical during the autoxidation of
hemoglobin. J Biol Chem 247:6960-6962.

Oliveira MS, Furian AF, Rambo LM, Ribeiro LR, Royes LF, Ferreira J, Calixto JB, Mello CF
(2008) Modulation of pentylenetetrazol-induced seizures by prostaglandin E2
receptors. Neuroscience 152:1110-1118.

Porciuncula A, Zapata N, Guruceaga E, Agirre X, Barajas M, Prosper F (2012) MicroRNA
signatures of iPSCs and endoderm-derived tissues. Gene Expr Patterns.

Purpura DP, Shofer RJ (1972) Excitatory action of dibutyryl cyclic adenosine monophosphate
on immature cerebral cortex. Brain Res 38:179-181.

Radak Z, Toldy A, Szabo Z, Siamilis S, Nyakas C, Silye G, Jakus J, Goto S (2006) The
effects of training and detraining on memory, neurotrophins and oxidative stress
markers in rat brain. Neurochem Int 49:387-392.

Rambo LM, Ribeiro LR, Oliveira MS, Furian AF, Lima FD, Souza MA, Silva LF, Retamoso
LT, Corte CL, Puntel GO, de Avila DS, Soares FA, Fighera MR, Mello CF, Royes LF
(2009) Additive anticonvulsant effects of creatine supplementation and physical
exercise against pentylenetetrazol-induced seizures. Neurochem Int 55:333-340.

Santamaria A, Rios C (1993) MK-801, an N-methyl-D-aspartate receptor antagonist, blocks
quinolinic acid-induced lipid peroxidation in rat corpus striatum. Neurosci Lett
159:51-54.

Shin DS, Yu W, Sutton A, Calos M, Puil E, Carlen PL (2011) Isovaline, a rare amino acid,
has anticonvulsant properties in two in vitro hippocampal seizure models by
increasing interneuronal activity. Epilepsia 52:2084-2093.

St-Pierre J, Drori S, Uldry M, Silvaggi JM, Rhee J, Jager S, Handschin C, Zheng K, Lin J,
Yang W, Simon DK, Bachoo R, Spiegelman BM (2006) Suppression of reactive



82

oxygen species and neurodegeneration by the PGC-1 transcriptional coactivators. Cell
127:397-408.

Wendel A (1981) Glutathione peroxidase. Methods Enzymol 77:325-333.

White HS, Franklin MR, Kupferberg HJ, Schmutz M, Stables JP, Wolf HH (2008) The

anticonvulsant profile of rufinamide (CGP 33101) in rodent seizure models. Epilepsia
49:1213-1220.



83

DISCUSSAO

As convulsdes sdo a principal manifestacdo clinica da epilepsia (Fischer et al., 2005) e
apesar do crescente numero e variedade de DAE, mais de 30% dos casos sdo clinicamente
classificados como refratarios ao tratamento (ELGER, 2003).

Existem evidéncias para a participacdo das EROs na fisiopatologia das epilepsias,
entretanto, determinar o seu papel é dificil, uma vez que o estresse oxidativo pode ser causa
ou consequéncia das crises epilépticas (WALDBAUM; PATEL, 2010).

Dessa forma, considerando o grande namero de pacientes refratarios ao tratamento
disponivel, e que o dano oxidativo parece ser um importante fator envolvido nas crises,
terapias alternativas que aumentem as defesas antioxidantes e/ou diminuam o dano oxidativo
podem se tornar importantes adjuvantes no tratamento das crises epilépticas. Neste sentido,
programas de exercicio fisico tém apresentado efeito protetor tanto em pacientes quanto em
modelos experimentais de epilepsia (ARIDA et al., 2009).

De fato, os resultados apresentados no primeiro estudo demonstraram que seis
semanas de protocolo de treino de natacdo proporciona alteracdo no status antioxidante e é
eficaz em atenuar convulsdes e alteracdes neuroquimicas induzidas pela administracdo de
PTZ.

As avaliagBes comportamentais e eletroencefalogréficas indicaram que o treinamento
fisico teve um efeito protetor sobre a geracao e duracdo de crises generalizadas induzidas por
PTZ (45 e 60 mg / kg, i.p.). Estes dados sugerem que as alteracBes na neuroplasticidade
induzidas pelo treinamento fisico podem diminuir a suscetibilidade a crises convulsivas
(SUTOO; AKIYAMA, 2003). Além disso, a administracdo de doses sub efetivas e efetivas de
PTZ (45 e 60 mg / kg, ip) aumentaram os niveis de oxidacdo de DCFH-DA, TBARS,
carbonilacdo protéica, assim como inibiram a atividade da SOD e CAT, sugerindo que as
convulsdes foram acompanhadas por um aumento do estresse oxidativo. No entanto, é dificil
estabelecer uma relacdo causa-efeito entre estes eventos, ja que nao houve correlagdo entre a
duracdo das convulsdes e carbonilagéo proteica, producdo de TBARS ou oxidacdo de DCFH-
DA.

No presente estudo, também foi observado que o treinamento fisico aumentou os
niveis de TNP e a atividade da SOD per se, bem como protegeu do aumento da formacao de
TBARS, carbonilacdo de proteinas, oxidagdo DCFH-DA e TNP induzidas pelas convulsdes.
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Além disso, o exercicio fisico protegeu da inibicdo da atividade das enzimas SOD e CAT.
Estes resultados concordam com algumas evidéncias que sugerem que as respostas
adaptativas ao exercicio moderado envolvem um aumento das defesas antioxidantes e uma
reducdo de producdo basal de oxidantes (RADAK et al., 2006; PACKER; CADENAS;
DAVIES, 2008). Navarro e colaboradores (2004) demonstraram que o exercicio fisico
moderado diminui o dano oxidativo, aumenta a expectativa de vida e melhora o desempenho
comportamental associado ao envelhecimento em ratos (NAVARRO et al., 2004).

Além disso, os resultados apresentados neste estudo mostraram que a administracao de
doses subconvulsivantes, e convulsivantes de PTZ (30, 45 e 60 mg / kg, ip) inibiram a
atividade da Na',K'-ATPase, a captacio de glutamato (60 mg / kg, ip) e diminuiram o
conteddo de TNP (45 e 60 mg/ kg, ip).

Tendo em vista que a enzima Na', K*-ATPase desempenha um papel fundamental na
manutencdo do gradiente ionico celular e é particularmente sensivel as espécies reativas
(MOREL et al., 1998; PETRUSHANKO et al., 2006), sugere-se que 0 manutencdo da
atividade Na',K'-ATPase induzida pelo treinamento fisico pode proteger do aumento da
excitabilidade neuronal induzida pela administracdo de PTZ. De fato, o presente estudo
mostrou uma forte correlagdo negativa entre a duragdo das convulsdes e a oxidacdo de TNP,
atividade da Na',K'-ATPase e inibicdo da captacdo de glutamato nos ratos treinados e
sedentérios, sugerindo que a convulsdo e 0s parametros neuroquimicos sdo eventos que estao
correlacionados.

Embora o mecanismo exato pelo qual PTZ reduz a captacdo de glutamato ainda nédo
esteja totalmente esclarecido, sugere-se que possa ter relacdo, direta ou indiretamente, com o
estresse oxidativo induzido pela administracdo de PTZ. Neste contexto, a oxidacdo de grupos
SH em transportadores de glutamato pode diminuir sua atividade (TROTTI et al., 1997),
assim como, uma reducéo da atividade da Na",K*-ATPase, também pode diminuir a captacéo
de glutamato, ja que esta é dependente de gradiente de Na* através da membrana celular
(KANAI 2003). Isso é particularmente importante considerando que a atividade dos
transportadores de glutamato pode ser afetada por varios mecanismo, incluindo formacéo de
EROs e reducdo da atividade da Na*,K*-ATPase (VOLTERRA et al., 1994; NANITSOS et
al., 2004). No entanto, mais estudos sdo necessarios para estabelecer definitivamente 0s
mecanismos envolvidos.

Considerando que o exercicio regular leva ao desenvolvimento de respostas
compensatdrias ao estresse oxidativo (VIGUIE et al., 1993; LEICHTWEIS et al., 2001) e que
a falha de alguns alvos selecionados, tais como Na',K'-ATPase, pode aumentar a
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excitabilidade celular e facilitar o aparecimento ou a propagacgéo das convulsdes (PATEL, M.,
2004), sugere-se que 0 aumento das defesas antioxidantes e reducdo da producdo basal de
oxidantes suscitados por este treinamento fisico pode proteger contra a inibicdo da atividade
da enzima Na*,K*-ATPase induzida por PTZ.

Portanto, como o exercicio fisico promoveu um aumento da resisténcia ao estresse
oxidativo e reduziu as crises neste modelo de convulsdo, pode-se considerar que a préatica de
atividade fisica, tanto de maneira profilatica como terapéutica, pode ter um impacto positivo
para auxiliar no tratamento da epilepsia.

Dessa forma, visto que as convulsbes estdo relacionadas com o dano oxidativo,
compostos com potencial efeito antioxidante podem auxiliar no controle das crises, entre elas
podemos citar a suplementacdo com a cafeina (AOYAMA et al., 2011).

Neste sentido o segundo estudo deste trabalho mostrou que a suplementacdo com
baixas doses de cafeina atenuou as convulsbes comportamentais e alteracfes
eletroencefalogréficas e o dano oxidativo induzidos por PTZ, bem como, aumentou o
conteddo de GSH per se. Além disso, a infusdo de BSO, um inibidor da sintese de GSH,
reverteu o efeito protetor da cafeina nas convulsGes e nos parametros neuroquimicos,
caracterizados pela diminuicdo na atividade da Na',K'-ATPase, nos niveis de GSH , no
aumento da LPO e na oxidagdo DCFH-DA induzidos por PTZ.

Embora o tratamento prolongado com a cafeina apresentou efeitos protetores, a
administracdo de forma aguda desta xantina (6 mg / kg) ndo alterou as convulsdes e 0s
parametros neuroguimicos induzidos por PTZ, sugerindo que os efeitos protetores induzidos
pela cafeina sdo devido ao tratamento cronico.

Embora os estudos epidemioldgicos tenham indicado que o consumo de cafeina esta
negativamente correlacionado com a incidéncia de algumas doencas neurolégicas (MAIA E
DE MENDONCA 2002; ASCHERIO; MUNGER; SIMON, 2010), seus efeitos na epilepsia
ainda permanecem controversos. Enquanto alguns estudos evidenciam que a administracao de
altas doses de cafeina diminui o limiar para as convulsdes induzidas por PTZ (CZUCZWAR
et al., 1987; CUTRUFO et al.,, 1992) e anula o efeito protetor de algumas DAE
(CHROSCINSKA-KRAWCZYK et al.), outros estudos sugerem um efeito neuroprotetor para
a cafeina em modelos de epilepsia (SHEN; LI; BOISON; EL YACOUBI et al., 2008).

Ainda que ndo se descarte que a agéo protetora da cafeina neste estudo seja por atuar
como antagonista dos receptores de adenosina, sugere-se que seu efeito neuroprotetor se de
por atenuar o dano oxidativo e prevenir a inibicdo da atividade da enzima Na*,K*-ATPase.

Neste contexto, alguns trabalhos mostram que a cafeina tambem age como um antioxidante



86

(NOSCHANG et al., 2009; LEON-CARMONA; GALANO, 2011) pode proteger de doencas
associadas a producdo de EROs, como DA, DP e epilepsia (ROSSO et al 2008; EL
YACOUBI et al., 2008; PRASANTHI et al., 2010). De acordo com esses dados, neste
trabalho também foi observado que a suplementacéo de cafeina aumentou o contetdo de GSH
per se, sugerindo um potencial antioxidante. Considerando-se que a suplementacéo de cafeina
induz ao desenvolvimento de respostas compensatorias ao estresse oxidativo em modelos de
doencas neurodegenerativas (NOBRE et al., 2010) e que a GSH protege da inibicdo da
Na’,K*-ATPase induzida por radicais livres (TSAKIRIS et al., 2000), sugere-se que O
aumento da GSH pode ser a responsavel por proteger a Na*,K*-ATPase da inibicdo induzida
por PTZ. Reforcando esta hipotese, foi observado que a administracdo de BSO per
sediminuiu o contetido de GSH, aumentou a oxidagdo DCFH-DA e inibiu a atividade Na",K*-
ATPase, assim como, reverteu o efeito protetor da cafeina nas convulsées induzidas por PTZ.

Nesse contexto, dados da literatura mostram que a deplecdo de GSH causa uma
inibicdo da enzima Na*,K*-ATPase em cultura de células neuronais (PETRUSHANKO et al.,
2006) e que a GSH administrada intracerebroventricular inibe as convulsées induzidas por
PTZ (ABE et al., 2000). Da mesma forma, Prigol e colaboradores (2011) mostraram que a
administracdo de GSH (i.c.v) protegeu das convulsbes e do dano oxidativo induzidos por
diseleneto (PRIGOL et al., 2011).

Em resumo, o presente trabalho demonstrou que a protecdo oferecida tanto pelo
exercicio fisico quanto pela cafeina frente as convulsdes pode ser devido a manutencdo do

estado redox e da atividade da enzima Na* K*-ATPase.



CONCLUSAO

De acordo com os resultados obtidos pode-se concluir que:

O exercicio fisico modula positivamente o sistema antioxidante e protege das

convulsdes e dano oxidativo induzido por PTZ.

A administracdo prolongada de cafeina modula positivamente o sistema antioxidante
(aumento nos niveis de GSH) sendo que este pode ser um dos mecanismos pelo qual ela

protege das convulsdes e dano oxidativo induzido por PTZ.

O exercicio fisico associado a administracdo prolongada de cafeina ndo oferecem
protecdo aditiva frente as convulsdes e dano oxidativo induzido por PTZ. Provavelmente pelo

fato de os dois modularem o estado redox neuronal.
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