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“O saber é saber que nada se sabe. Este é a defini¢cdo

do verdadeiro conhecimento”.

Confiicio (551 - 479 a.c.), filésofo chinés
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CAPITULO I



RESUMO

Ciclooxigenase (COX) € a enzima marca-passo na rota metabdlica onde o dcido
araquidonico € convertido em prostaglandinas. COX-2 € a isoforma que € induzida em
sitios de lesdo/inflamacao e expressa constituivamente em alguns poucos tecidos, como
o sistema nervoso central. Tem sido sugerido que a COX-2 tem um papel importante em
véarias doengas neurodegenerativas, incluindo epilepsia. Neste estudo nds testamos se o
celecoxib, um inibidor seletivo da COX-2 (0,2; 2 ou 20 mg/kg, p.o.) protege contra as
convulsdes, carbonilagio de proteinas e inibicdo da atividade da Na",K*-ATPase
induzidas por pentilenotetrazol (PTZ), um agente convulsivante cldssico que tem sido
largamente usado para estudo da epilepsia e na busca de novos compostos com
atividade anticonvulsivante. A administracdo de celecoxib (2 mg/kg) atenuou as
convulsdes comportamentais e eletrogrificas e a inibicdo da atividade da Na" K-
ATPase induzidas por PTZ no hipocampo e cértex cerebral de ratos, sugerindo um
papel facilitatério para COX-2 nos efeitos do PTZ. J4 que existem evidéncias que a
PGE; é um mediador chave na via de sinalizacdo da COX-2, n6s decidimos investigar o
efeito da administracio intracerebroventricular de anticorpos anti-PGE, (4 pg/2 ul,
i.c.v.) sobre os episédios convulsivos e inibicio da atividade da Na",K'-ATPase
induzidas por PTZ. A administracdo de anticorpos anti- PGE, atenuou as convulsdes
comportamentais e eletrogréficas e a inibi¢do da atividade da Na",K*-ATPase induzidas
por PTZ no hipocampo e coértex cerebral de ratos. Em outro experimento, nds
mostramos que a administragdo intracerebroventricular de PGE; (100 ng/2 ul, i.c.v.) ndo
causou convulsdes per se, mas induziu o aparecimento de convulsdes eletrograficas em
combinagdo com uma dose subconvulsivante de PTZ (20 mg/kg, 1.p.), reforcando um
importante papel para PGE; nas convulsdes induzidas por PTZ. Em conjunto estes
dados suportam um papel facilitatério para a via COX-2/PGE, nas convulsdes e

inibi¢do da atividade da Na",K*-ATPase induzidas por PTZ.



ABSTRACT

Cyclooxygenase (COX) is the rate-limiting enzyme in the metabolic pathway
where arachidonic acid is converted to prostaglandins. COX-2 is the isoform of
cyclooxygenase which is inducible at injury/inflammation sites and expressed
constitutively in a few tissues, such as the central nervous system. It has been suggested
that COX-2 plays a role in several disorders, including convulsive behavior. In this
study we tested whether celecoxib, a selective COX-2 inhibitor (0.2, 2 or 20 mg/kg,
p.0.) protects against the convulsions, protein carbonylation and inhibition of Na* K-
ATPase activity induced by pentylenetetrazol (PTZ; 60 mg/kg, i.p.), a classical
convulsant agent that has been fairly used for the study of epilepsy and screening of
new compounds with antiepileptic activity. The systemic administration of celecoxib (2
mg/kg) attenuated PTZ-induced behavioral and electroencephalographic seizures and
Na®,K*-ATPase activity inhibition in the hippocampus and cerebral cortex of rats,
suggesting a facilitatory role for COX-2 on the PTZ-induced effects. Since there is a
bulk of evidence showing that PGE; is a key mediator in COX-2 signaling, we decided
to investigate the effect of the intracerebroventricular administration of anti-PGE,
antibodies (4 ug/2 ul, i.c.v.) on the convulsive episodes and inhibition of Na* K'-
ATPase activity induced by PTZ. Administration of anti-PGE, antibodies attenuated
PTZ-induced behavioral and electroencephalographic seizures and Na',K'-ATPase
activity inhibition in the hippocampus and cerebral cortex of rats. In a reverse approach,
we showed that intracerebroventricular administration of PGE; (100 ng/2 ul, i.c.v.) did
not cause electrographic alterations per se, but elicits electroencephalographic
convulsions if given in combination with a subconvulsant dose of PTZ (20 mg/kg, i.p.),
further suggesting an important role for this prostaglandin in the convulsant effects of
PTZ. Collectively, these data support a facilitatory role for the COX-2/PGE, pathway in

PTZ-induced convulsions and Na", K*-ATPase activity inhibition.



LISTA DE ABREVIATURAS

AC - adenilato ciclase

AMPc — monofosfato de adenosina ciclico
ATP - adenosina trifosfato

COX-1 - ciclooxigenase 1

COX-2 - ciclooxigenase 2

COX-3 - ciclooxigenase 3

DNPH - dinitrofenil-hidrazina

EP, - receptor para prostaglandina E,, tipo 1
EP; - receptor para prostaglandina E,, tipo 2
EP; - receptor para prostaglandina E,, tipo 3
EP, - receptor para prostaglandina E,, tipo 4
1.c.v.- intracerebroventricular

1.p. - intraperitoneal

MN - membrana nuclear

MP - membrana plasmatica

MRE - membrana de reticulo endoplasmatico
NMDA - N-metil-D-aspartato

NSAIDS - antiinflamatdérios ndo-esteroidais
PBS - Solugdo salina (NaCl 0,9 %) tamponada com fosfato
PGD, - prostaglandina D,

PGE; - prostaglandina E,

PGF,, - prostaglandina Fy,

PGG; - prostaglandina G,



PGH; - prostaglandina H,
PGI; - prostaglandina I,

PKC - proteina quinase C
PLA,; - fosfolipase A,

PLC - fosfolipase C

p.o. - via oral

PTZ - pentilenotetrazol

SDS - dodecil sulfato de sédio

TXA, - tromboxano A,



1 INTRODUCAO



1. Introducao

1.1. Prostaglandinas e ciclooxigenases

A histéria da descoberta das prostaglandinas e da ciclooxigenase comec¢a em
1930, quando Kurzrok e Lieb, dois ginecologistas americanos, observaram que fatias de
musculatura uterina podiam se contrair ou relaxar em contato com sémen (Kurzrok and
Lieb, 1930). Alguns anos mais tarde, o sueco von Euler e o inglés Goldblatt mostraram
de maneira independente que a substancia presente no s€men também possuia atividade
contracturante da musculatura lisa de outros 6rgdos e também possuia acdo hipotensora
(Goldblatt, 1935; von Euler, 1936). Von Euler identificou o composto ativo como uma
substancia lipidica acida solivel, a qual ele chamou de prostaglandina (von Euler,
1936). Na década de 1960 descobriu-se que a prostaglandina de von Euler era, na
verdade, uma familia de substancias com estrutura quimica semelhante, os eicosandides,
e as primeiras estruturas quimicas dos membros desta familia comecaram a ser
elucidadas com a descricio das estruturas quimicas da prostaglandina E; e da
prostaglandina F;, (Bergstrom and Samuelsson, 1962).

A familia dos eicosandides inclui as prostaglandinas, leucotrienos, tromboxanos
e algumas outras substancias estruturalmente relacionadas. O termo eicosandide vem do
fato de que estas substincias sdo derivadas de 4cidos graxos essenciais poliinsaturados
com 20 carbonos (do grego eikos = vinte), como por exemplo, o 4cido araquiddnico
[20:4(5,8,11,14)]. O 4cido araquidonico € o principal precursor da formacdo de
eicosandides e encontra-se esterificado com glicerofosfolipidios de membrana
(Bergstrom et al., 1964). Por acdo de acil-hidrolases, particularmente da fosfolipase A,,

z

o 4cido araquidonico € liberado das membranas e serve como substrato para



ciclooxigenases, lipoxigenases ou enzimas do sistema do citocromo P450 para formacgao
de eicosandides (Simmons et al., 2004).

A cicloxigenase (COX) (E.C. 1.14.99.1), também chamada de prostaglandina H,
sintase (PGHS), foi identificada como a principal enzima responsével pela conversao do
acido araquidonico em PGH, em 1972 (Smith and Lands, 1972), e purificada em 1976 a
partir de vesiculas seminais de ovelha (Hemler and Lands, 1976; Miyamoto et al.,
1976). Embora a velocidade de sintese de PGH, dependa primariamente da
disponibilidade de 4cido araquidonico livre, a ciclooxigenase € considerada a enzima
limitante da velocidade na rota de biossintese de prostaglandinas e tromboxanos a partir
do 4cido araquidonico. A cicloxigenase é uma enzima bifuncional que possui duas
atividades enzimadticas que ocorrem em dois sitios cataliticos distintos (Vane et al.,
1998; Simmons et al., 2004):

a) Atividade de ciclooxigenase: catalisa a oxidacdo e ciclizacdo do &cido
araquidonico até o hidroperéxido prostaglandina G, (PGG).

b) Atividade de peroxidadase: catalisa a peroxidacio do PGG, até o
hidroxiperéxido prostaglandina H, (PGH,).

A PGH, é quimicamente instdvel e é rapidamente convertido por sintases
especificas em uma série de prostaglandinas e tromboxanos, como a prostaglandina E,
(PGE,), prostaglandina F,, (PGF,,), prostaglandina D, (PGD,), prostaglandina I, (PGI,)

e o tromboxano A; (TXA,) (Figura 1).
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Figura 1: Biossintese de prostaglandinas e tromboxano A,. O 4cido araquidonico é
liberado dos fosfolipidios de membrana pela acdo da fosfolipase A, (PLA;). No passo
seguinte, a ciclooxigenase catalisa a formacdo PGG,, e em seguida a reducdo deste a
PGH,. O PGH, ¢é subsequentemente convertido em uma série de prostaglandinas,
inculindo PGE,, PGD,, PGF,,, PGI, e tromboxano A, (TXA;), pela atividade de
sintases especificas. Duas isoformas de ciclooxigenase (COX-1 e COX-2) estdo
caracterizadas em mamiferos, e a inibicdo ndo-seletiva das isoformas € o principal
mecanismo de acdo das drogas antiinflamatdrias nao-esteroidais (NSAIDs), ao passo
que a inibi¢do seletiva da COX-2 é o principal mecanismo de acdo dos NSAIDs da
familia dos COXIBs. A existéncia de uma terceira isoforma de ciclooxigenase (COX-3)
foi proposta recentemente. A COX-3 seria um alvo preferencial para drogas
analgésicas/antipiréticas como o paracetamol e dipirona.

Fonte: adaptado de (Gupta and Dubois, 2001).

Entre os avangos mais significantes no estudo da biologia dos eicosandides nos

ultimos anos estd a descoberta de que existem pelo menos duas isoformas de



ciclooxigenase. Pelo menos duas isoformas de ciclooxigenase foram caracterizadas em
mamiferos, e denominadas COX-1 e COX-2. Ambas sdo alvos para acdo das drogas
antiinflamatérias ndo-esteroidais (Simmons et al., 2004), o inglés John Vane foi
laureado com o prémio Nobel de Medicina e Fisiologia em 1982 pela descoberta que a
inibicdo da ciclooxigenase € o principal mecanismo de acdo das drogas
antiinflamatdrias ndo-esteroidais.

Em mamiferos, as isoformas de ciclooxigenase sdo produtos de dois genes
diferentes. O gene que codifica a COX-1 foi clonado pela primeira vez em 1988
(DeWitt and Smith, 1988; Merlie et al., 1988; Yokoyama et al., 1988), ao passo que o
gene que codifica a COX-2 foi clonado trés anos mais tarde (Kujubu et al., 1991;
Simmons et al., 1991). Ambos os genes codificam polipeptideos de 70 kDa que
possuem 60 % de semelhanca na seqiiéncia primdria e que catalisam essencialmente a
mesma reacdo de formag¢do do PGH,. Embora a COX-1 e COX-2 sejam similares em

alguns aspectos, existem diferencas importantes que estao sumarizadas na Tabela 1.

Parametro COX-1 COX-2
Peso molecular (kDa) 71 71
Numero de aminoécidos 576 587
Tamanho do gene (kb) 22 8.3
Tamanho de mRNA (kb) 2.8 4.5
Localizagao MP MP, MN, MRE

Aminodcido no bolso catalitico yle 523/Ile 434/His 513 Val 523/Val 434/Arg 513

Substratos Acido araquidénico Acido araquidénico
Dihomo-y-linoleato Dihomo-y-linoleato
Acido eicosapentanoico
Acido linolénico
Anandamida

2-araquidonil-glicerol
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Tabela 1: Principais diferencas entre as isoformas de ciclooxigenase. MP, membrana
plasmdtica; MR, membrana de reticulo endoplsmético; MN, membrana nuclear.

Fonte: compilado de (Vane et al., 1998; Smith et al., 2000; Simmons et al., 2004).

A COX-1 € expressa constitutivamente em quase todos os tecidos e acredita-se
que seja responsdvel por fungdes de manutencdo da homeostase do organismo,
incluindo manutencdo do tonus da musculatura lisa, agregacdo plaquetdria, e protecdo
da mucosa géstrica (Vane et al., 1998). Uma variante de splice da COX-1 foi descoberta
recentemente e chamada COX-3 (Chandrasekharan et al., 2002). Esta enzima é expressa
principalmente no sistema nervoso central e parece ser seletivamente inibida por
algumas drogas analgésicas/antipiréticas como paracetamol e dipirona. Assim, a
inibicdo da COX-3 no cérebro poderia representar um mecanismo central primério pelo
qual estas drogas que possuem atividade antiinflamatéria quase nula possam causar
analgesia e diminuir a febre (Chandrasekharan et al., 2002). Contudo, ainda existe
controvérsia a respeito da real existéncia de uma terceira isoforma de COX
cataliticamente ativa e sobre quais seriam suas fun¢des no organismo (Davies et al.,
2004; Simmons et al., 2004; Kis et al., 2005).

COX-2 € a isoforma cuja expressdo € induzida na maioria dos tecidos,
principalmente durante uma resposta inflamatoria, com contribui¢do importante nao s6
para o reparo da lesdo, mas também para o desenvolvimento de lesdo cronica (Vane et
al., 1998). A COX-2 pode usar alguns outros acidos graxos e endocanabindides como
anandamida e 2-araquidonil-glicerol como substratos. Recentemente tem sido proposto
que o metabolismo de endocanabindides pela COX-2 é um mecanismo importante de
regulacdo das fungdes desses neuromoduladores (Kim and Alger, 2004; Slanina et al.,

2005; Slanina and Schweitzer, 2005).
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Com relacdo a estrutura protéica, ha uma diferenca crucial no sitio ativo que
catalisa a reacdo de ciclooxigenase, que € o principal sitio para ligacdo dos
antiinflamatorios ndo esteroidais (Rome and Lands, 1975; Simmons et al., 2004). Na
COX-1 existe uma isoleucina na posicao 523 que € substituida por uma valina na COX-
2. Esta pequena diferenca promove um aumento de cerca de 25 % na largura da entrada
e um aumento na flexibilidade do bolso catalitico da COX-2 (Kurumbail et al., 1996).
Embora existam outras diferengas na estrutura protéica entre as isoformas, a diferenca
citada acima € a mais importante para o desenvolvimento de inibidores seletivos para
cada uma das isoformas (Kurumbail et al., 1996), visto que podem ser desenhados
inibidores com tamanho suficiente para alcancgar o sitio catalitico na COX-2 mas nao na
COX-1 e assim inibir preferencialmente a COX-2.

Assim, outro avango importante na biologia dos eicosandides foi o surgimento
de inibidores seletivos da COX-2, que, em principio, poderiam ser uteis na supressao de
processos inflamatdrios sem desencadear os efeitos adversos relacionados com a
inibicdo nao-seletiva das vdrias isoformas da ciclooxigenase (Patrignani et al., 2005).
Contudo, este tema ainda permanece motivo de significante debate embora isto
permaneca motivo de debate significativo na literatura (Warner and Mitchell, 2004).
Virios inibidores seletivos da COX-2 estdo disponiveis atualmente no mercado, tanto
para pesquisa basica como para uso na clinica. Um dos inibidores seletivos da COX-2
mais utilizados atualmente € o celecoxib (Celebra™, Pfizer), que estd aprovado pela
Food and Drug Administration para o tratamento de vérias condic¢Oes inflamatdrias,
incluindo osteoartrite, artrite reumatéide e dor aguda.

Apesar da grande importancia da indug@o expressdo da COX-2 em situagdes de

resposta inflamatdria, € muito importante mencionar que a COX-2 também € expressa
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de maneira constitutiva em alguns poucos tecidos, como o cérebro (Yamagata et al.,

1993; Sang and Chen, 2006).

1.2. COX-2 e prostaglandinas no cérebro

A presenca de prostaglandinas no cérebro foi demonstrada pela primeira vez por
Samuelsson, em 1964 (Samuelsson, 1964). Em 1993 foi demonstrada pela primeira vez
a presenga da COX-2 neste tecido (Yamagata et al., 1993). Além disso, Yamagata e
colaboradores mostraram que os niveis basais de COX-2 no cérebro sdo regulados por
atividade neuronal, e sd3o aumentados por estimulacdo em alta frequéncia associada a
indugdo de potencializag@o de longa duragdo (Yamagata et al., 1993).

A COX-2 no cérebro é encontrada principalmente no cortex, hipocampo e
hipotdlamo, principalmente em neurdnios, mas também células ndo-neuronais, como
astrocitos, células da microglia, células da meninge e do plexo cordide (Vane et al.,
1998). Quantitativamente, a COX-2 € mais abundante em neurdnios glutamatérgicos do
hipocampo e cortex cerebral, e nestas células esta enzima estd localizada nos espinhos
dendriticos, onde ocorre a transmissio sindptica (Kaufmann et al., 1996). E de especial
interesse mencionar que no cérebro a COX-2 € considerada metabolicamente acoplada a
PGE; sintase, ja que esta enzima estd co-localizada com a COX-2 (Bosetti et al., 2004).
Como conseqiiéncia, a maior parte do PGH, produzido na reacdo da COX-2 ¢
rapidamente convertido em PGE,, e esta é quantitativamente a principal prostaglandina
produzida no cérebro apds ativacdo da COX-2 (Vidensky et al.,, 2003; Sang et al.,
2005), implicando a PGE, como um efetor chave na via de sinalizacdo da COX-2 e
tornando dificil uma dissociacdo entre as funcdes mediadas pela COX-2 por esta

prostaglandina (Sang and Chen, 2006). Acredita-se que a maioria das acdoes mediadas
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pela PGE, sejam exercidas apds ativacdo de um de seus receptores cognatos, que foram
denominados receptores EP;, EP,, EP; e EP, (Narumiya et al., 1999). Todos esses
receptores possuem a arquitetura de sete dominios transmembrana caracteristica de
receptores acoplados a proteina G, embora cada um deles seja codificado por um gene
distinto e promovam respostas celulares através da ativacdo de diferentes tipos de
proteina G. As cascatas de sinalizacdo ativadas pelos diferentes receptores EP sdo

mostradas na Tabela 2.

Tipo Subtipo Proteina G  Cascata de sinalizacdo

EP, - Gq PLC; 1 [Ca™*]ie 1 PKC
EP, - Gs AC; 1 AMPc
EP;  EPs Gi AC; | AMPc
EP;p Gs AC; 1 AMPc
EPsc Gs AC; 1 AMPc
EP3p Gs AC; T AMPc
Gi AC; | AMPc

Gq PLC; 1 [Ca™]ie 1 PKC
EP, - Gs AC; 1 AMPc

Tabela 2: Tipos e subtipos de receptores EP e respectivas cascatas de sinalizagdo. O
simbolo 1 significa aumento/ativacio enquanto que o simbolo | significa
diminui¢do/inibicdo. PLC, fosfolipase C; [Ca®*]i, concentracdo intracelular de fons
calcio; PKC, proteina quinase C; AC, adenilato ciclase; AMPc, monofosfato de
adenosina ciclico.

Fonte: adaptado de Narumiya et al. (1999).

1.3. Papel fisiolégico da COX-2 e da PGE; no cérebro
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Devido a sua expressao constitutiva no cérebro, € interessante a possibilidade de
que a COX-2 e seu principal metabdlito, a PGE,, participem de um grande nimero de
funcdes fisioldgicas neste tecido. De fato, evidéncias sugerem que a COX-2 e a PGE,
participam da regulacdo de processos cerebrais importantes, incluindo o ciclo
sono/vigilia, termoregulacio e aprendizado e memoéria (Yamagata et al., 1993;
Gerozissis et al., 1995; Hayaishi and Matsumura, 1995; Boulant et al., 1997; Reppert
and Weaver, 2002; Teather et al., 2002; Rall et al., 2003; Ivanov and Romanovsky,

2004).

1.3.1. Ciclo sono/vigilia

A regulacdo do ciclo sono/vigilia ocorre principalmente por interacdes entre
mecanismos intrinsecos do relégio circadiano, o nosso “reldgio bioldgico” que estd
situtado no nucleo supraquiasmdtico do hipotdlamo anterior, € um processo
homeostatico controlado por substancias endégenas reguladoras do sono (Reppert and
Weaver, 2002). Evidéncias experimentais apontam a PGD, e a PGE, como alguns dos
principais mediadores que regulam o ciclo sono/vigilia. De fato, a injecdo intracerebral
de PGD; induz sono fisiolégico ortodoxo (tipo REM) e paradoxal (tipo nao-REM) em
vérias espécies de mamiferos, ao passo que a injecdo de PGE, induz estado de vigilia
(Hayaishi and Matsumura, 1995). Além disso, usando técnicas de microdidlise e
eletroencefalografia, Gerozissis e colaboradores (1995) mostraram que os niveis de
PGE, no hipotdlamo de ratos eram mais altos durante o periodo de vigilia do que
durante o periodo de sono, e a chegada de cada um destes periodos poderia ser
presumida pelos niveis hipotalamicos de PGE,, fortalecendo a idéia de um papel

importante para a PGE; na regulacao do ciclo sono/vigilia.
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1.3.2. Termoregulacao e febre

O centro termorregulatério localiza-se na drea pré-optica do hipotdlamo anterior
e os neurOnios termossensiveis dessa regido integram sinais aferentes sobre a
temperatura corporal central e periférica e provocam vdrias respostas comportamentais e
fisiolégicas, controlando a producdo ou dissipagcdo de calor (Boulant et al., 1997). Tem
sido demonstrado que a PGE, é mediador chave nesses processos. De fato, a PGE,
altera a taxa de disparo de neurdnios pré-opticos, principalmente através da ativacdo de
receptores EP3 na drea pré-Optica do hipotdlamo anterior (Ivanov and Romanovsky,
2004; Blatteis et al., 2005). A ativagdo destes receptores provoca diminuicdo dos niveis
intracelulares de AMPc, e consequentemente diminui¢io da atividade neuronal (Steiner
et al., 2002; Ivanov and Romanovsky, 2004). Como resultado, ocorre a inibicdo de
neurOnios sensiveis ao calor (promovendo a conservagdo de calor) e a excitacdo de
neurOnios termoinsensiveis (estimulando a produgdo de calor), culminando assim com o

aumento da temperatura central (Ivanov and Romanovsky, 2004).

1.3.3. Aprendizado e memoria

A observacdo por Yamagata e colaboradores (1993) de que a expressao basal da
COX-2 no cérebro era proporcional aos niveis de atividade neuroral e aumentada por
estimulagcdo em alta frequéncia associada a inducdo de potencializacao de longa duragdo
forneceu uma das primeiras pistas que a COX-2 poderia estar envolvida em processos
relacionados com aprendizado e memoria, uma vez que a LTP é um importante evento

para o processamento de informacdes (Bliss and Collingridge, 1993). De fato, a injecao

16



sist€émica pos-treino de um inibidor seletivo da COX-2 (NS-398), mas ndao da COX-1
(piroxicam) aumenta o tempo necessdrio para o animal localizar a plataforma escondida
no labirinto aquatico de Morris (Teather et al., 2002), sugerindo um papel para a COX-2
na consolida¢do da memoria neste tipo de tarefa. Além disso, a infusdo intrahipocampal
pré-treino de celecoxib (inibidor seletivo da COX-2), mas nao de indometacina (inibidor
nao-seletivo das isoformas) piora a performance do animal no labirinto aquético de
Morris (Rall et al., 2003), sugerindo que a COX-2 também possui um papel importante

na aquisicao de um novo aprendizado.

1.4. Papel patoldgico da COX-2 e da PGE; no cérebro

Estudos recentes t€ém mostrado uma participacdo importante da COX-2 e PGE,
em doencas neurodegenerativas agudas e cronicas associadas com alto grau de mobi-
mortalidade e com alta incidéncia na populacdo em geral. Aqui serd dada énfase as
situagdes neurodegenerativas agudas, como isquemia, trauma-cranio-encefélico,

convulsdes e epilepsia.

1.4.1. Isquemia

Estudos téem mostrado que a expressao da COX-2 no cérebro aumenta apos
isquemia cerebral tanto em modelos animais (Collaco-Moraes et al., 1996; Miettinen et
al., 1997) quanto cérebros de humanos apds episddio isquémico letal (Sairanen et al.,
1998; Iadecola et al., 1999). A extensdo da lesdo 24 h apds oclusdo permanente da
artéria cerebral média € proporcional ao aumento na expressao da COX-2 no cérebro de

ratos (Collaco-Moraes et al., 1996), sugerindo um papel central para esta enzima na
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neurodegeneracao induzida pela isquemia. Mais evidéncias de que a COX-2 ¢é
importante para neurodegeneracdo induzida pela isquemia vém dos estudos que
mostraram que a inibi¢ado seletiva da COX-2 diminui o tamanho de lesdo cerebral apds
isquemia (Nogawa et al., 1997), mesmo quando administrada 24 h apds o evento
isquémico (Candelario-Jalil et al., 2002). Além disso, camundongos trangénicos que
superexpressam COX-2 humana sdo mais susceptiveis ao dano causado pela isquemia
cerebral (Dore et al., 2003), enquanto os camundongos nocaute que sdo deficientes
nesta enzima sdo mais resistentes (Iadecola et al., 2001).

A participagdo diversos receptores EP na lesdo causada por isquemia cerebral
comecgou a ser investigada recentemente. Um estudo de Kawano e colaboradores (2006)
mostrou que a ativagdo de receptores EP1 diminui o tamanho da lesdo cerebral induzida
por isquemia, fornecendo a primeira evidéncia do envolvimento de um receptor para

PGE; neste tipo de situacdo neurodegenerativa.

1.4.2. Trauma cranio-encefalico

O trauma cranio-encefélico frequentemente resulta de concussdes cerebrais e
pode ocasionar déficit neurolégico e neurodegeneracdo através de danos diretos
causados pela pancada em si, como por exemplo, ruptura de vias neuronais ou através
de mecanismos secundarios que ocorrem de minutos a dias apds a concussdo (Faden
and Salzman, 1992). Um desses eventos secunddrios € o aumento na expressido e
atividade da COX-2 (Dash et al., 2000; Strauss et al., 2000; Gopez et al., 2005).

De maneira semelhante ao visto na isquemia, a inibi¢do seletiva da COX-2 se
mostra neuroprotetora em varios modelos experimentais de trauma cranio-encefélico,

com raras excegdes. A administracdo de nimesulida no modelo de impacto-aceleracdao
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(Cernak et al., 2001, 2002) ou de DFU no modelo de percussdo fluida (Gopez et al.,
2005) resulta em diminui¢do da lesdo e melhora nos déficits cognitivos induzidos pelo
trauma cranio-encefalico. Por outro lado, A inibicdo seletiva da COX-2 com celecoxib
no modelo do impacto cortical controlado ndo teve efeito sobre a piora da performance
dos animais no labirinto aquético de Morris induzida pelo trauma cranio-encefalico e
facilitou a piora da performance dos animais no teste do “beam walk”, ocasionando um
nimero maior de quedas (Dash et al., 2000). Em conjunto, estes resultados sugerem que
o tipo de modelo de trauma cranio-encefalico € critico para definicdo do papel da COX-

2 neste tipo de situacdo neurodegenerativa.

1.4.3. Convulsdes e epilepsia

O papel da COX-2 e da PGE, em diversos modelos experimentais de convulsoes
e epilepsia comegou a ser investigado a partir da metade da década de 1990, com o
trabalho de Chen e colaboradores (1995), que mostrou aumento na expressao da COX-2
ap6s as convulsdes induzidas por cainato. E interessante mencionar que humanos com
epilepsia do lobo temporal e camundongos geneticamente susceptiveis a convulsdes
mostram aumento da expressdao da COX-2 no cérebro, fortalecendo a idéia de que esta
enzima pode ter um papel importante em convulsdes e na epilepsia.

Os resultados encontrados em modelos animais de convulsdo e epilepsia desde o
trabalho de Chen e colaboradores (1995) sdo bastante variados, desde que tem sido
demonstrado tanto um papel facilitatorio quanto um papel inibitério para COX-2 em
modelos animais de convulsdo e epilepsia. Mesmo a falta de efeito de inibidores
seletivos da COX-2 tem sido demonstrada nesses modelos. As razdes para estas

discrepancias nao estdo estabelecidas, mas € possivel que o modelo animal escolhido, a
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via e os tempos de administracdo possam ser criticos para os resultados encontrados,
assim como em modelos de trauma cranio-encefalico (ver discussdo acima).

Tem sido mostrado que a inibi¢do seletiva da COX-2 com celecoxib reduz a
porcentagem de animais que exibem extensdo tOnica dos membros traseiros induzida
por eletrochoque, e aumenta a laténcia para as convulsdes induzidas por inalagdo de
fluorotil em ratos neonatos (Kim and Jang, 2006). Além disso, a administragdo de
celecoxib atenua a neurogénese e as convulsdes recorrentes induzidas por pilocarpina
(Jung et al., 2006), sugerindo que a COX-2 poderia ter um papel facilitatério nas
convulsdes induzidas por estes agentes.

O papel da COX-2 nas convulsdes induzidas por cainato permanece um tanto
controverso. Baik e colaboradores (1999) reportaram que a administracdo sistémica de
celecoxib agrava as convulsdes e aumenta a taxa de mortalidade e les@o hipocampal
induzidas por cainato. Por outro lado, camundongos transgénicos que superexpressam a
COX-2 exibem um agravamento das convulsdes e maior taxa de mortalidade apos
injecdo deste agente convulsivante (Kelley et al., 1999), trazendo resultados
aparentemente conflitantes.

O efeito de inibidores seletivos da COX-2 também foi avaliado com resultados
conflitantes nas convulsdes induzidas por pentilenotetrazol PTZ, desde que igualmente
falta de efeito e um efeito anticonvulsivante dessas drogas foi encontrado. Enquanto
Akarsu e colaboradores (2006) mostraram que o inibidor seletivo da COX-2, SC-58236
(20 or 40 mg/kg, s.c.), ndo teve efeito sobre as convulsdes induzidas por PTZ, Dhir e
colaboradores (2006) reportaram que rofecoxib e nimesulida aumentam a laténcia para
o aparecimento de convulsdes clonicas induzidas por PTZ. Assim, o papel da COX-2
nas convulsdes induzidas por diversos agentes, incluindo o PTZ, permanece um tanto

desconhecido, assim como a participa¢dao da PGE, nesses modelos experimentais.
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O entendimento do papel da COX-2 e da PGE, nas convulsdes induzidas por
PTZ é de especial interesse pelo fato de que este agente convulsivante tem sido
largamente utilizado para indu¢do de um modelo animal de epilepsia e epileptogénese
que tem fornecido importantes informagdes a respeito dos mecanismos bdsicos da
fisiopatologia desta doenga e também como uma droga bastante util na busca de novas

drogas com ag¢do anticonvulsivante e neuroprotetora (Pitkédnen et al., 20006).

1.5. Carbonilagdo de proteinas

As espécies reativas de oxigé€nio e nitrogénio sdo continuamente produzidas e
neutralizadas pelo sistema de defesa antioxidante. Entretanto, quando as espécies
reativas sdo produzidas em altas concentracdes ou quando as defesas antioxidantes sao
deficientes, elas podem causar prejuizo na fun¢do celular, apoptose e necrose (Halliwell
and Gutteridge, 1999), caracterizando o “estresse oxidativo”. Esse desequilibrio entre a
producdo celular de espécies reativas e as defesas antioxidantes pode representar um
mecanismo fundamental para as doencas em seres humanos (Halliwell and Gutteridge,
1999). A producdo de espécies reativas pode ser estimada pela determinacdo dos
produtos formados apds reacdo com proteinas, lipidios ou DNA (Halliwell and
Gutteridge, 1999).

A determinacdo de grupos carbonil nas proteinas oxidadas € um dos métodos
bioquimicos mais utilizados na investigacdo dos efeitos do estresse oxidativo em
proteinas (Levine et al., 2000; Dalle-Donne et al., 2003b). As proteinas podem sofrer
modificagdes de grupos tidis e nitrosilacdo de grupos fendlicos acarretando na
fragmentacdo na cadeia polipeptidica. Particularmente, os aminodcidos histidina,

arginina e lisina sdo os principais alvos das espécies reativas para a producio de grupos
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carbonil (>C=0). O conteudo de grupos carbonil nas proteinas pode ser medido apds a
reacdo deste grupo com 2.4-dinitrofenil-hidrazina para formar 2.4-dinitrofenil-
hidrazona, que pode ser detectada e quantificada espectrofotometricamente ou
imunoquimicamente (Levine et al., 2000; Dalle-Donne et al., 2003b).

A carbonilagcdo de proteinas pode ocasionar perda nas funcdes das mesmas e
aumentar a susceptibilidade a protedlise, e assim a carbonilacdo de proteinas tem sido
implicada na etiologia ou progressdao de vdarias doencas (Levine et al., 2000; Levine,
2002; Dalle-Donne et al., 2003b). A carbonilacdo de proteinas, um dos marcadores de
estresse oxidativo do cérebro, estd aumentada na neurodegeneracdo relacionada com a
idade, ou em modelos experimentais de doengas neurodegenerativas, como nas doengas
de Alzheimer, Huntington e Parkinson (Dalle-Donne et al., 2003a), e também em
modelos de convulsdes induzidos por PTZ (Oliveira et al., 2004), dcido metilmal6nico

(Ribeiro et al., 2005) e 4cido glutarico (Fighera et al., 2006).

1.6. Na" K*-ATPase

A Na®" K"-ATPase ¢ uma enzima de membrana plasmética responsavel por
manter a homeostase idnica celular. Esta enzima utiliza o ATP para exportar 3 fons Na*
para o meio extracelular e importar 2 fons K* para o meio intracelular, e usa Mg** como
cofator (Jorgensen et al., 2003). A Na",K*-ATPase ¢ fundamental para a manutencdo do
potencial de membrana de repouso e para a propagacdo do impulso nervoso e um
prejuizo ao funcionamento desta enzima ocasiona aumento ou diminui¢do da
excitabilidade neuronal, dependendo do grau de inibi¢do induzido (Grisar et al., 1992).

Existem evidéncias de que as espécies reativas podem estar relacionadas com

convulsdes (Patel, 2004) e com diminui¢do na atividade da Na",K*-ATPase, uma vez
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que estas podem alterar o estado redox de grupos sulfidrilicos e outros residuos
regulatérios no sitio ativo da enzima (Morel et al., 1998). De fato, a inibi¢do da
atividade da Na",K'-ATPase com ouabaina causa o aparecimento de convulsdes e
concomitante lipoperoxidacdo (Jamme et al., 1995). Além disso, o grau de inibicdo da
atividade da Na',K'-ATPase induzido pela administracdo intracerebral de 4cido
metilmaldnico ou de acido glutdrico se correlaciona positivamente com a duragdo das
convulsdes induzidas por estes agentes (Fighera et al., 2006; Furian et al., 2006),
reforgando o papel importante da inibi¢do da atividade Na*,K*-ATPase nas convulsdes

induzidas por diversos agentes.
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2 OBJETIVO
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2. Objetivo

O objetivo deste trabalho de pesquisa foi investigar o papel da cicloxigenase-2 e

da prostaglandina E; nas convulsdes, carbonilacdo de proteinas e inibi¢do da atividade

da Na*,K*-ATPase induzidas por PTZ.

2.1. Hipéteses

As hipéteses que foram testadas neste trabalho foram:

1. Inibidores da COX-2 t€ém a¢do anticonvulsivante e previnem a carbonilacdo de

proteinas e inibi¢io da Na",K*-ATPase induzidas por PTZ.

2. Anticorpos anti-PGE; t€m acdo anticonvulsivante e previnem a carbonilagdo de

proteinas e inibi¢io da Na",K*-ATPase induzidas por PTZ.

3. A administracdo PGE, causa convulsdo per se e facilita as convulsdes induzidas por

PTZ.
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Abstract

Cyclooxygenase (COX) is the rate-limiting enzyme in the metabolic pathway where
arachidonic acid is converted to prostaglandins. COX-2 1is the isoform of
cyclooxygenase which is inducible at injury/inflammation sites and expressed
constitutively in a few tissues, such as the central nervous system. It has been suggested
that COX-2 plays a role in several disorders, including convulsive behavior. In this
study we tested whether celecoxib, a selective COX-2 inhibitor (0.2, 2 or 20 mg/kg,
p.0.) protects against the convulsions, protein carbonylation and inhibition of Na*,K"-
ATPase activity induced by pentylenetetrazol (PTZ; 60 mg/kg, i.p.), a classical
convulsant agent that has been fairly used for the study of epilepsy and screening of
new compounds with antiepileptic activity. The systemic administration of celecoxib (2
mg/kg) attenuated PTZ-induced behavioral and electroencephalographic seizures and
Na®,K*-ATPase activity inhibition in the hippocampus and cerebral cortex of rats,
suggesting a facilitatory role for COX-2 on the PTZ-induced effects. Since there is a
bulk of evidence showing that PGE; is a key mediator in COX-2 signaling, we decided
to investigate the effect of the intracerebroventricular administration of anti-PGE,
antibodies (4 ug/2 pl, i.c.v.) on the convulsive episodes and inhibition of Na* K-
ATPase activity induced by PTZ. Administration of anti-PGE, antibodies attenuated
PTZ-induced behavioral and electroencephalographic seizures and Na®,K*-ATPase
activity inhibition in the hippocampus and cerebral cortex of rats. In a reverse approach,
we showed that intracerebroventricular administration of PGE; (100 ng/2 ul, i.c.v.) did
not cause electrographic alterations per se, but elicits electroencephalographic
convulsions if given in combination with a subconvulsant dose of PTZ (20 mg/kg, i.p.),

further suggesting an important role for this prostaglandin in the convulsant effects of
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PTZ. Collectively, these data support a facilitatory role for the COX-2/PGE, pathway in

PTZ-induced convulsions and Na*,K*-ATPase activity inhibition.

Key words: cox-2 inhibitor, celecoxib, epilepsy, anti-PGE,; antibodies, EEG
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Cyclooxygenase (COX) is the rate-limiting enzyme in the metabolic pathway
where arachidonic acid is converted to prostaglandins, which are potent mediators of
inflammation (Vane et al., 1998, Simmons et al., 2004). Three COX isozymes were
identified, and termed COX-1, COX-2 and COX-3 (Simmons et al., 2004). COX-2 is
the isoform which is inducible at injury/inflammation sites and expressed constitutively
in a few organs, such as the central nervous system (CNS) (Vane et al., 1998). In the
CNS, COX-2 is localized in excitatory neuronal dendrites (Kaufmann et al., 1996),
particularly in the hippocampus and cortex (Yamagata et al., 1993). Although COX-2 is
constitutively expressed in the CNS, COX-2 expression may also be up-regulated by
physiological events, such as high-frequency stimulation (Yamagata et al., 1993,
Kaufmann et al., 1996). In fact, it has been suggested that COX-2 contributes to
regulation of important cerebral physiological processes, such as control body
temperature, appetite, sleep and wake cycle and learning and memory processes
(Kaufmann et al., 1997).

Despite its involvement in the normal functioning of the CNS, it has been
suggested that COX-2 plays a role in some neurological disorders, such as Alzheimer’s
disease (Melnikova et al., 2006), cerebral ischemia (Nakayama et al., 1998), traumatic
brain injury (Cernak et al., 2001) and epilepsy (Vezzani and Granata, 2005). In fact,
patients with temporal lobe epilepsy and genetically seizure-susceptible El mice have
increased COX-2 expression in brain (Okada et al., 2001, Desjardins et al., 2003).
Moreover, it has been demonstrated that COX-2 knockout mice are resistant to
electrical kindling development (Takemiya et al., 2003), and that transgenic mice
overexpressing neuronal COX-2 are more susceptible to kainate-elicited convulsions
(Kelley et al., 1999), suggesting that COX-2 may have a critical role in convulsive

states.
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The involvement of COX-2 in the convulsions elicited by electroshock (Shafiq
et al., 2003) and pilocarpine (Jung et al., 2006) has also been studied. However, the
effects of selective COX-2 inhibitors on the convulsions induced by pentylenotetrazol
(PTZ) are conflicting, since selective COX-2 inhibitors have been reported to protect
(Dhir et al., 2006) or have no effect (Akarsu et al., 2006) on the convulsions induced by
PTZ. Therefore, in the current study, we decided to further investigate the role COX-2
and the PGE,; pathway in the behavioral and electrographic seizures, protein

carbonylation and Na*,K*-ATPase activity inhibition induced by PTZ.

Experimental Procedures

Animal and reagents

Adult male Wistar rats (200-250 g) maintained under controlled light and
environment (12:12 h light-dark cycle, 24 + 1°C, 55% relative humidity) with free
access to food (Guabi, Santa Maria, Brazil) and water were used. Animal utilization
protocols followed the Official Government Ethics guidelines and were approved by the
University Ethics Committee.

Reagents were purchased from Sigma (St. Louis, MO, USA), except PGE,
monoclonal antibodies, which were obtained from Cayman Chemicals (Ann Arbor, MI,
USA) and PGE,, which was obtained from Merck (Darmstadt, Germany). Celecoxib
was extracted from commercially available capsules (Celebra®, Pfizer, Sao Paulo, SP,
Brasil). Its identity and purity was checked by nuclear resonance methods and

was > 95%.

Drug administration protocol
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The effect of the systemic administration of the selective COX-2 inhibitor
celecoxib on the neurochemical alterations (protein carbonyl content and Na® K-
ATPase activity) and seizure activity induced by PTZ was investigated by
administrating to the animals increasing doses of celecoxib (0.2; 2 or 20 mg/kg, p.o.) or
its vehicle (0.1% carboxymethylcellulose plus 5% Tween 80, p.o.), 60 min prior to the
injection of PTZ (60 mg/kg, i.p.) or sterile saline solution (0.9% NaCl, i.p.).

The effect of the intracerebroventricular administration of anti-PGE, monoclonal
antibodies on neurochemical alterations and seizure activity induced by PTZ (60 mg/kg,
1.p.) was investigated by injecting the animals with anti-PGE, monoclonal antibodies (4
png/2 ul, i.c.v.) or its vehicle (sterile phosphate-buffered saline, PBS, pH 7.4), 15 min
before PTZ administration.

The effect of the intracerebroventricular administration of increasing doses of
PGE, on seizure activity and neurochemical alterations induced by a subconvulsive
dose of PTZ was investigated by injecting the animals with increasing doses of PGE, (1;
10 or 100 ng/2 ul, i.c.v.) or its vehicle (sterile phosphate-buffered saline, PBS, pH 7.4)
15 min before PTZ (20 mg/kg, i.p.) administration.

All intracerebroventricular injections were performed by using a needle (30
gauge) protruding 1 mm below a guide cannula. Animals were anesthetized with
Equitesin (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. Under stereotaxic guidance, a cannula was inserted unilaterally into the right
lateral ventricle (coordinates relative to bregma: AP O mm, ML 1.5 mm, V 2.5 mm from
the dura) (Paxinos and Watson, 1986). Chloramphenicol (200 mg/kg, i.p.) was

administrated immediately before the surgical procedure. All drugs were injected over
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I-min period by using a Hamilton syringe, and an additional minute was allowed to
elapse before removal of needle to avoid backflow of drug through the cannula. All

experiments were performed three days after the surgical procedure.

Behavioral seizure evaluation

Immediately after the PTZ injection the animals were transferred to a round
open field (54.7 cm in diameter). During 20 min the animals were videomonitored for
the appearance of convulsive episodes. PTZ induces convulsive activity which can be
differentiated in four stages (Ferraro et al., 1999):

Stage 1: Hypoactivity. This phase represents a nonconvulsive state characterized
by reduced motor activity (hypoactive state) with animals exhibiting a prone or
crouched posture and a characteristic direct contact of the abdomen with the cage
bottom.

Stage 2: Clonic convulsions: These episodes are characterized by typical partial
clonic activity affecting the face, head, vibrissae, and forelimbs. Such clonic events are
short, typically lasting 1-2 sec and can occur either individually or in multiple discrete
episodes before generalization and over time.

Stage 3: Generalized convulsions: These episodes are characterized by
generalized whole-body clonus involving all four limbs and tail, rearing, wild running
and jumping, sudden loss of wupright posture and autonomic signs, such as
hypersalivation and defecation. The duration of generalized convulsions was variable
but typically involved behavioral changes lasting for 30-60 sec followed by a quiescent
period.

Stage 4: Maximal convulsions. Initially, this stage is indistinguishable from

stage 3. However, when evolving to stage 4, animals exhibit maximal convulsive
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activity characterized by tonic extension of hindlimbs normally associated with death
due to respiratory insufficiency. The dose of PTZ used in the present study (60 mg/kg)
did not induce stage 4-like convulsions in the 20 min observation period.

During the 20-min observation period, the latencies for the first clonic and first
generalized convulsions were measured. In addition, the total time spent in generalized
convulsions was recorded. Seizure activity was confirmed electrographically in a subset

of animals (n=3 per group), as described below.

EEG recordings

Animals were surgically implanted with a cannula and electrodes under
stereotaxic guidance. In brief, rats were deeply anesthetized with Equitesin (3 ml/kg,
1.p.). Two screw electrodes were placed bilaterally over the parietal cortex, along with a
ground lead positioned over the nasal sinus. Bipolar nichrome wire Teflon-insulated
depth electrodes (100 um) were implanted unilaterally into the hippocampus. IL.c.v.
infusions of drugs were carried out by a guide cannula, which was glued to a multipin
socket, and inserted through a previously opened skull orifice. The coordinates from
bregma for implantation of the electrodes were: AP -4 mm, ML 3 mm, V 3 mm from
the dura, which corresponds to the CA1 region of hippocampus (Paxinos and Watson,
1986). The electrodes were connected to a multipin socket and, together with the
injection cannula, were fixed to the skull with dental acrylic cement. The experiments
were performed 7-9 days after surgery.

The procedures for EEG recording and intracerebral injection of drugs were
carried out as previously described (Cavalheiro et al., 1992). Briefly, the animals were
allowed to habituate to a Plexiglas cage (25 x 25 x 60 cm) for at least 10 min before the

EEG recording. The rats were then connected to the lead socket in a swivel inside a
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Faraday’s cage. Routinely, a 10 min baseline recording was obtained to establish an
adequate control period. The protocol of drug injection used in this set of experiments
was the same used as described in “Drug administration protocol” section, except that
EEG was concomitantly recorded. EEG signals were amplified, filtered (0.1 to 50.0 Hz,
bandpass) and recorded using an analogical encephalographer (Berger TP 119). Thirty
seconds epochs were selected to determine significant EEG changes. Seizures were
defined by the occurrence of episodes consisting of the following alterations in the
recording leads (McColl et al., 2003): isolated sharp waves (> 1.5 X baseline); multiple
sharp waves (> 2 X baseline) in brief spindle episodes (> 1 sec > 5 sec); multiple sharp
waves (> 2 X baseline) in longer spindle episodes (> 5 sec); spikes (= 2 X baseline) plus
slow waves; multispikes (> 2X baseline, > 3 spikes/complex) plus slow waves; major
seizure (repetitive spikes plus slow waves obliterating background rhythm, > 5 sec).
Rhythmic scratching of the electrode headset by the animal rarely caused artifacts, and

such artifacts were easily identified and discarded.

Colorimetric determination of protein carbonyl content ex vivo and Na",K'-ATPase
activity

Immediately after the behavioral evaluation, the animals were sacrificed by
decapitation and their brains were rapidly removed. Cortex and hippocampus were
dissected and promptly homogenized in 10 volumes (w/v) of ice-cold 10 mM Tris-HCl
(pH 7.4), using a Potter-Elvehjem glass homogenizer. The protein carbonyl content and
Na®,K*-ATPase activity were determined in tissue homogenates, as described in detail

elsewhere (Oliveira et al., 2004).

Protein determination
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Protein content for neurochemical experiments was measured colorimetrically
by the method of Bradford (1976) using bovine serum albumin (1 mg/ml) as standard.
Statistical analysis

Behavioral data were analyzed by a Scheirer—Ray—Hare extension of the
Kruskal-Wallis test (nonparametric two-way ANOVA). Data from total protein
carbonylation and Na*,K*-ATPase activity determinations were analyzed by a three way
ANOVA, with the structure (hippocampus or cortex) treated as a within-subject factor.
Post hoc analyses were carried out by the F test for simple effect or the Student
Newman Keuls test, when appropriate. Data from behavioral analysis are presented as
median and interquartile ranges. Data from neurochemical experiments are expressed as
mean £ S.E.M. P < 0.05 was considered significant, and P and F values are shown only

if P <0.05.

Results

Figures 1A-C show the effect of increasing doses of celecoxib on the latency for
the first clonic and generalized convulsion induced by PTZ. Statistical analysis
(Kruskall-Wallis test followed by nonparametric multiple comparisons Dunn test)
revealed that celecoxib, at the dose of 2 mg/kg, increased the latency for the first clonic
[H(3)=12.18; P < 0.01, Figure 1A] and first generalized [H(3)= 11.76; P < 0.01, Figure
1B] convulsion. The duration of generalized convulsions induced by PTZ was also
reduced [H(3)= 12.58; P < 0.01, Figure 1C] in animals injected with celecoxib (2
mg/kg, i.p.). The other doses of celecoxib tested (0.2 or 20 mg/kg) had not effect on

behavioral seizures elicited by PTZ.
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EEG recordings confirmed the behavioral seizures elicited by PTZ (Figure 2A-
B) and their attenuation by orally administered celecoxib at the dose of 2 mg/kg (Figure
3A-B). Simultaneous electrographic recording of the hippocampus and cerebral cortex
revealed that systemic administration of PTZ caused the appearance of seizure activity
in the hippocampus, which spread to the cerebral cortex (Figure 2B). In the
hippocampus, PTZ-induced seizure activity was characterized by the occurrence of
multispikes plus slow waves (Figure 2A, event 1) and major seizure activity (Figure 2A,
event 2). In the cerebral cortex, PTZ caused the appearance of seizure activity
consisting of multiple sharp waves in brief spindle episodes (Figure 2A. event 3).
Celecoxib (2 mg/kg, p.o.) administration did not prevent PTZ-induced seizure activity
in cerebral cortex (Figure 3B), but fully prevented seizures activity in the hippocampus
(Figure 3B), confirming the initial experiments that showed the protective effect of
celecoxib against the behavioral convulsions induced by the GABAergic antagonist
(Figure 1).

The effect of PTZ and increasing doses of celecoxib on Na*,K*-ATPase activity
of the hippocampus and cerebral cortex was also evaluated (Table 1). Statistical analysis
revealed that celecoxib at 2 mg/kg prevented PTZ-induced Na',K*-ATPase activity
inhibition either in hippocampus and cerebral cortex [significant pretreatment (vehicle
or celecoxib) by treatment (NaCl or PTZ) interaction: F(3,63)=4.55; P < 0.05]. The
other doses of celecoxib tested (0.2 or 20 mg/kg) had not effect on Na",K'-ATPase
activity inhibition elicited by PTZ. In addition, the effect of PTZ and increasing doses
of celecoxib on protein carbonyl content of the hippocampus and cerebral cortex was
also evaluated (Table 1). Neither PTZ nor celecoxib at all doses tested modified the

protein carbonyl content of the hippocampus and cerebral cortex.
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Since PGE, is quantitatively the major prostaglandin synthesized through the
COX-2 pathway in mammalian brain (Vidensky et al., 2003, Sang et al., 2005), and
there is a bulk of evidence showing that PGE; is a key mediator in COX-2 signaling
(Chen et al., 2002, Carlson, 2003, Manabe et al., 2004, Chen and Bazan, 2005, Sang et
al., 2005), we decided to investigate the effect of the intracerebroventricular
administration of anti-PGE,; monoclonal antibodies, which bind and specifically
neutralize endogenous PGE,, on the convulsive episodes elicited by PTZ (Figure 4).
Statistical analysis revealed that the administration of anti-PGE; monoclonal antibodies
increased the latency for the first clonic convulsion [H(1)=5.73; P < 0.05] and reduced
the number of clonic convulsions [H(1)=4.37; P < 0.05] elicited by PTZ. In addition,
Anti-PGE, antibodies increased the latency for the first generalized convulsion
[H(1)=4.60; P < 0.05], but did not reduce the duration of the generalized convulsions
elicited by PTZ.

EEG recordings confirmed the protective effect of anti-PGE, monoclonal
antibodies against PTZ-elicited behavioral seizures (Figure 5). Simultaneous
electrographic recording of the hippocampus and cerebral cortex revealed that anti-
PGE, antibodies prevented ictal activity induced by PTZ in the hippocampus (Figure 5).
Intracerebroventricular administration of anti-PGE, monoclonal antibodies also
prevented PTZ-induced Na",K'-ATPase activity inhibition in the hippocampus and
cerebral cortex [significant pretreatment (vehicle or anti-PGE;) by treatment (NaCl or
PTZ) interaction: F(1,39)=5.48; P < 0.05, Table 2]. PTZ and anti-PGE, did not modify
the protein carbonyl content of the hippocampus and cerebral cortex (Table 2).

To further examine the role of the COX-2/PGE, pathway in the convulsive
episodes elicited by PTZ, we decided to investigate whether the intracerebroventricular

administration of increasing doses of PGE, would elicit behavioral or eletrographic
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seizures in animals treated with a subconvulsant dose of PTZ (20 mg/kg). PTZ, at this
dose, did not cause behavioral or electrographic alterations (data not shown). PGE, (1-
100 ng) alone, or in combination with a subconvulsivant dose of PTZ did not cause
behavioral seizures. However, electrographic recording of the hippocampus and
cerebral cortex revealed that the combination of a subconvulsant dose of PTZ (20
mg/kg) with PGE, (100 ng) caused the appearance of multiple sharp waves in brief
spindle episodes in cerebral cortex (Figure 6). These episodes persisted up to
approximately 10 minutes after the administration of PTZ, and disappeared
progressively in such way that at the end of the observation period (20 minutes) no
electrographic alterations were detected. In this set of experiments not alterations in
Na®,K*-ATPase activity or protein carbonyl content of the hippocampus and cerebral

cortex were identified (Table 3).

Discussion

In the current study we showed that both the systemic injection of the selective
COX-2 inhibitor, celecoxib, and the intracerebroventricular administration of anti-PGE,
monoclonal antibodies decrease PTZ-induced behavioral and electroencephalographic
seizures and Na*,K*-ATPase activity inhibition in the hippocampus and cerebral cortex
of rats. In addition, we showed that intracerebroventricular administration of PGE,, at a
dose that does not cause electrographic alterations per se, elicits
electroencephalographic convulsions if given in combination with a subconvulsant dose
of PTZ.

Accumulating evidence suggests that COX-2 plays a role in several neurological
disorders, including epilepsy (Vezzani and Granata, 2005). For instance, patients with

temporal lobe epilepsy and the genetically seizure-susceptible El mice have increased
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COX-2 expression in brain (Okada et al., 2001, Desjardins et al., 2003). Moreover, it
has been demonstrated that COX-2 expression increases in brain during electrical
kindling development (Tu and Bazan, 2003) and that transgenic mice overexpressing
neuronal COX-2 are more susceptible to kainate-elicited convulsions (Kelley et al.,
1999), suggesting that its products may facilitate the development of convulsive states.
In fact, the protective effect of COX-2 inhibition against NMDA-mediated
neurotoxicity in vitro and in vivo was reverted by a PGE, synthetic analog (Carlson,
2003, Manabe et al., 2004). Specifically regarding PTZ, it is remarkable that PLA, and
PLC activities are increased in the early stages of PTZ-induced seizures and that PGE,
levels increase in the brain after systemic administration of PTZ (Lysz et al., 1987,
Visioli et al., 1994). However, conflicting results have emerged about the effect of
selective inhibitors of COX-2 on the convulsions elicited by PTZ, since both lack of
effect and anticonvulsant actions for these compounds have been reported. While
Akarsu et al. (2006) have shown that SC-58236 (20 or 40 mg/kg, s.c.) has no effect on
the convulsions elicited by PTZ, Dhir et al. (2006) have shown that rofecoxib and
nimesulide increase the latency for convulsions and decrease the duration of clonic
convulsions elicited by PTZ, suggesting a modulatory role for COX-2 in the convulsive
action of PTZ.

The results of the present study are in agreement with those reported by Dhir et
al. (2006), since we found that celecoxib (2 mg/kg, p.o.) attenuated behavioral and
electrographic convulsions elicited by PTZ. Importantly, here we show strong evidence
suggesting a role for COX-2 and its product PGE,, in PTZ-induced convulsions. Three
lines of evidence support a role for the COX-2/PGE, pathway in the seizures induced by
this GABAergic antagonist. First, COX-2 inhibition with celecoxib (2 mg/kg, p.o.)

significantly attenuated PTZ-induced seizures, measured by behavioral (Figure 1) and
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electrographic methods (Figure 3). Second, the administration of anti-PGE, monoclonal
antibodies decreased PTZ-induced seizures, also measured by behavioral (Figure 4) and
electrographic methods (Figure 5). Third, intracerebroventricular administration of
PGE,, at a dose that does not cause electrographic alterations per se, elicits
electroencephalographic convulsions if given in combination with a subconvulsant dose
of PTZ (Figure 6).

Experimental evidence suggests that PGE; is a key mediator in COX-2 signaling
(for a review, see Sang and Chen, 2006). Accordingly, it has been demonstrated that the
selective COX-2 inhibitor NS-398 reduces somatic and dendritic membrane excitability
in hippocampal slices (Chen and Bazan, 2005). Moreover, exogenous application of
PGE,, but not of PGD; or PGF,,, increases frequency of firing, excitatory postsynaptic
potentials amplitude and temporal summation in slices treated with NS-398 (Chen and
Bazan, 2005). It has also been demonstrated that PGE, increased glutamate release from
astrocytes (Bezzi et al., 1998), further suggesting an important role for PGE, in control
excitatory transmission in brain. Therefore, a decrease in PGE, levels induced by
celecoxib or anti-PGE, antibodies could result in decreased brain excitability and/or less
sensitivity to PTZ.

Another interesting possibility is that not only a decrease in PGE,, but an
increased PGD,/PGE, ratio may contribute for the anticonvulsant effects of celecoxib
and anti-PGE, antibodies, since it has been demonstrated that administration of PGD,
attenuates PTZ-induced convulsions (Bhattacharya and Parmar, 1987, Akarsu et al.,
1998). Regarding this point, it has been suggested that the two COX isozymes are
differently coupled with specific prostaglandin synthases (Ueno et al., 2001, Ueno et al.,
2005), being PGE; produced preferentially by COX-2 and PGD, by COX-1. In line with

this view, selective COX-2 inhibiton with NS-398 decreases brain levels of PGE,, but
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not of PGD, (Sang et al., 2005). Therefore, inhibition of COX-2 by celecoxib or
neutralization of PGE, by specific antibodies could result in decreased levels of PGE,,
but not of PGD,, and ultimately decrease PTZ susceptibility. In agreement with
hypothesis, PTZ-induced convulsions are increased by selective COX-1 inhibitors
(Akarsu et al., 2006), which decrease PGD, levels but not PGE; levels.

It is also possible that a decrease in brain excitability following COX-2
inhibition may be related to endocannabinoid transmission. In this context, it has been
showed that selective COX-2 inhibitors meloxicam or NS-398 decreased field
excitatory postsynaptic potentials in hippocampal slices through a mechanism involving
the CB1 endocannabinoid receptor, and not related to GABAergic mechanisms (Slanina
and Schweitzer, 2005). Whether the currently reported protective effect of celecoxib
against PTZ-elicited convulsions involves potentiation of endocannabinoid-mediated
decrease of excitatory transmission still to be determined, but it is interesting to point
out that an anticonvulsant effect of N-palmitoyl-ethanolamide, a putative
endocannabinoid, against PTZ-elicited convulsions has been reported (Sheerin et al.,
2004).

In this study we show that the systemic administration of PTZ does not alter
protein carbonyl levels in hippocampus and cerebral cortex twenty minutes after its
administration. Although in previous studies from our group we have found a
significant increase in total protein carbonylation following intracerebral injection of
PTZ (Oliveira et al., 2004, Ribeiro et al., 2005, Fighera et al., 2006), other groups have
not found an increase in total protein carbonylation in hippocampus and cerebral cortex
fifty minutes following systemic administration of PTZ (Patsoukis et al., 2004a,
Patsoukis et al., 2004b). Therefore, it seems that the time after systemic administration

is critical for the demonstration of the oxidative damage induced by PTZ, but one shall
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also consider the possibility that total protein carbonylation may not reveal oxidative
damage of selective vulnerable targets which would predispose to the development of
convulsions and might correspond to a small fraction of total carbonyl content, such as
the Na", K*-ATPase.

Although any cellular constituent may be a target for reactive species-elicited
damage, some selected target failure may increase cellular excitability and facilitate the
appearance of convulsions (Patel, 2004). Na*,K"™-ATPase is one of these targets because
it is responsible for maintaining ion gradients across plasma membranes, and its
inhibition causes seizures in mice (Jamme et al., 1995). Accordingly, Na*,K*-ATPase
activity is particularly sensitive to reactive species, which alter plasma membrane lipid
composition (Jamme et al., 1995) and the redox state of regulatory sulthydryl groups as
well as other amino acid residues (Morel et al., 1998). Further regarding inhibition of
Na®,K*-ATPase activity by PTZ, it has been shown that this convulsant may directly
inhibit Na*,K"-ATPase activity through a direct interaction with the enzyme (Dubberke
et al., 1998). Therefore, considering the sensitivity of to reactive species-induced
damage and/or direct inhibition by PTZ, it is plausible that Na",K*-ATPase activity
inhibition reported here may contribute to PTZ-related hyperexcitability. Furthermore,
the protection against enzyme inhibition afforded by celecoxib and anti-PGE,
antibodies could result in an animal less sensitive to PTZ administration.

In summary, the present study reports an important role for COX-2 and PGE; in
behavioral and electrographic convulsions and Na',K*-ATPase activity inhibition

elicited by PTZ.
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Figure legends

Figure 1: (A) Effect of oral administration of increasing doses of celecoxib (0.2, 2 or 20
mg/kg) on the latency for onset of clonic convulsions elicited by systemic
administration of PTZ (60 mg/kg). It is also shown the latency for onset (B) and (C)
duration of generalized tonic-clonic convulsions elicited by systemic administration of

PTZ (60 mg/kg). Data are median * interquartile ranges for n=10 in each group.

Figure 2: (A) Typical electroencephalographic recording after oral administration of
vehicle and (B) typical seizure sequences observed after systemic administration of PTZ
(60 mg/kg). RHIP, right hippocampus; RCTX, right cortex; LCTX, left cortex. 1:
multispikes (> 2X baseline, > 3 spikes/complex) + slow waves; 2: major seizure (> 5 s,
repetitive spikes); 3: multiple sharp waves (> 2X baseline), brief spindle episodes (> 1 s

> 5 s). Calibration bars, 100 uV and 1s.

Figure 3: (A) Typical electroencephalographic recording after oral administration of
celecoxib (2 mg/kg) and (B) decrease of seizure sequences observed after systemic
administration of PTZ (60 mg/kg). RCTX, right cortex; LCTX, left cortex. 1: multiple
sharp waves (> 2X baseline), brief spindle episodes (> 1 s > 5 s). Calibration bars, 100

uV and Is.

Figure 4: (A) Effect of intracerebroventricular administration of PGE, antibodies

(4ug/2ul) on the latency for onset of clonic convulsions elicited by systemic

administration of PTZ (60 mg/kg). It is also shown the latency for onset (B) and (C)
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duration of generalized tonic-clonic convulsions elicited by systemic administration of

PTZ (60 mg/kg). Data are median * interquartile ranges for n=12-13 in each group.

Figure 5: (A) Typical electroencephalographic recording after intracerebroventricular
administration of PGE, antibodies (4ug/2ul) and (B) decrease of seizure sequences
observed after systemic administration of PTZ (60 mg/kg) (C). RCTX, right cortex;
LCTX, left cortex. 1: multiple sharp waves (= 2X baseline), brief spindle episodes (> 1 s

> 5 s). Calibration bars, 100 uV and 1s.

Figure 6: (A) Typical electroencephalographic recording after intracerebroventricular
administration of PGE, (100ug/2ul) and (B) typical seizure sequences observed after
systemic administration of PTZ (20 mg/kg). RCTX, right cortex; LCTX, left cortex. 1:
multiple sharp waves (> 2X baseline), longer spindle episodes (> 5 s); 2: multiple sharp
waves (= 2X baseline), brief spindle episodes (=1 s > 5 s). Calibration bars, 100 pV and

1s.
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Figure 3
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Table 1: Effect of systemic administration of increasing doses of celecoxib on the PTZ-elicited protein

carbonyl content and Na*,K"™-ATPase activity in hippocampus and cortex from rats.

Protein carbonyl content

Treatment 1 Treatment 2

(nmol carbonyl/mg protein)

Na*,K*-ATPase activity

(nmol Pi/mg protein/min)

Hippocampus Cortex Hippocampus Cortex
CMC +
Saline 6.87+0.77 825%1.19 116.98 £7.07 120.23 £5.20
Tween
Celecoxib 0.2 Saline 6.81+0.57 8.00+1.19 117.41 £8.19 124.89 £7.95
Celecoxib 2 Saline 7.21+£0.54 7.9510.89 119.72£5.25 115.66 £5.85
Celecoxib 20 Saline 7.09 +0.64 8.13+0.82 123.34 £6.96 121.09 £ 4.45
CMC +
PTZ 8.38+1.43 9.76 £ 1.55 82.16 £5.82 * 81.64 £ 6.89 *
Tween
Celecoxib 0.2 PTZ 6.68 +1.07 6.15+0.69 109.31 £5.37 * 99.90 £7.28 *
Celecoxib 2 PTZ 6.47+0.61 6.61 +0.60 118.26 £8.52 12233 £4.93
Celecoxib 20 PTZ 6.61+0.87 6.71£0.71 96.01 £11.79 * 100.91 £ 8.68 *

Data mean £ S.E.M. for n=9-11 in each group. *p<0.05 compared with CMC + Tween /saline treated

group (Student-Newman-Keuls test).
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Figure 4
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Figure 5
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Table 2: Effect of intracerebroventricular administration of PGE, monoclonal antibodies on the PTZ-

elicited protein carbonyl content and Na*,K*-ATPase activity in hippocampus and cortex from rats.

Treatment 1

Treatment 2

Protein carbonyl content

(nmol carbonyl/mg protein)

Na*,K*-ATPase activity

(nmol Pi/mg protein/min)

Hippocampus Cortex Hippocampus Cortex
PBS 8.80+1.41 144.64 £ 7.89 151.87 £10.23
Anti-PGE, 9.03£0.86 139.55 +11.40 151.68 +13.53
PBS 9.09 +0.56 107.14£9.65 * 99.41+£8.03 *
Anti-PGE, 9.04 £047 149.80 + 16.60 144.75 £ 14.02

Data mean £ S.E.M. for n=9-13 in each group. *p<0.05 compared with PBS/saline treated group

(Student-Newman-Keuls test).



Figure 6
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Table 3: Effect of intracerebroventricular administration of increasing doses of PGE, on the PTZ-elicited

protein carbonyl content and Na*,K*™-ATPase activity in hippocampus and cortex from rats.

Treatment 1

Treatment 2

Protein carbonyl content

(nmol carbonyl/mg protein)

Na*,K*-ATPase activity

(nmol Pi/mg protein/min)

Hippocampus Cortex Hippocampus Cortex

PBS Saline 6.57 +0.34 6.74+1.29 141.29 +10.15 144.05 +£7.62
PGE, 1 Saline 7.63 +1.03 8.60£1.50 135.35+9.79 138.11 £9.97
PGE, 10 Saline 7.36 £0.35 7.70 £ 0.63 144.64 +14.47 158.73 £9.63
PGE, 100 Saline 6.79 £ 0.26 7.83£0.20 124.56 +10.91 141.81 £9.61
PBS PTZ 8.22 +0.67 8.47+1.07 123.57+11.43 156.35 +20.25
PGE, 1 PTZ 6.75+0.31 7.71 £0.23 137.66 + 15.39 154.50 £27.45
PGE, 10 PTZ 7.71 £0.80 7.54%0.85 143.72 £ 14.92 127.95 £20.92
PGE, 100 PTZ 8.03+0.29 9.07 £ 1.09 123.67 £4.10 158.03 £ 18.31

Data mean £ S.E.M. for n=4-7 in each group.
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4 DISCUSSAO
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4. Discussao

No presente trabalho nés mostramos que a administracdo oral de um inibidor
seletivo para COX-2, celecoxib, e a administracdo intracerebroventricular de anticorpos
anti-PGE, diminuem as convulsdes comportamentais e eletroencefalograficas e a
inibicdo atividade da Na',K'-ATPase induzidas por PTZ no hipocampo e cértex
cerebral de ratos. Além disso, n6s mostramos que a administragdo de PGE,;, em uma
dose que ndo causa alteragdes comportamentais e eletroencefalograficas per se, induz
convulsdes eletroencefalogrificas quando dada em combinacdo com uma dose
subconvulsivante de PTZ.

Um crescente nimero de evidéncias sugere que a COX-2 estd envolvida em uma
série de doencas neurodegenerativas, incluindo epilepsia (Vezzani and Granata, 2005).
De fato, pacientes com epilepsia do lobo temporal e camundongos geneticamente
susceptiveis a convulsdes mostram aumento na expressao da COX-2 no cérebro (Okada
et al., 2001; Desjardins et al., 2003). Além disso, foi demonstrado que a expressdo da
COX-2 aumenta no cérebro durante o desenvolvimento de kindling induzido por
estimulacdo elétrica do hipocampo (Tu and Bazan, 2003) e que camundongos
trangénicos que superexpressam a COX-2 sdo mais susceptiveis as convulsdes
induzidas por cainato (Kelley et al., 1999), o que pode sugerir que os produtos de sua
reacdo podem facilitar o desenvolvimento de convulsdes. De acordo com esta hipétese,
o efeito protetor da inibicdo da COX-2 contra a excitotoxicidade induzida por NMDA in
vitro e in vivo € revertido por um andlogo da PGE, (Carlson, 2003; Manabe et al.,
2004). Especialmente no caso das convulsdes induzidas por PTZ € interessante
mencionar que a atividade da fosfolipase A, estd aumentada nos estdgios iniciais das

convulsdes induzidas por PTZ e que os niveis de PGE2 no cérebro aumentam apds a
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administracao sistémica de PTZ (Lysz et al., 1987; Visioli et al., 1994). Entretanto,
resultados conflitantes tém surgido na literatura considerando o efeito de inibidores
seletivos da COX-2 nas convulsdes induzidas por PTZ, ja que foi mostrado que estes
compostos podem ser anticonvulsivantes ou ndo ter efeito sobre as convulsdes induzidas
por este antagonista GABAérgico. Enquanto Akarsu et al. (2006) mostrou que o
inibidor seletivo da COX-2 SC-58236 (20 ou 40 mg/kg, s.c.) ndo tem efeito sobre as
convulsdes induzidas por PTZ, Dhir et al. (2006) mostrou que a administracdo de
inibidores seletivos da COX-2, rofecoxib e nimesulida, aumenta a laténcia para o
aparecimento e diminui a duracio das convulsdes induzida por PTZ.

Os resultados do presente trabalho estdo de acordo com os resultados mostrados
por Dhir et al. (2006), j4 que nés mostramos que o celecoxib (2 mg/kg, p.o.) atenuou as
convulsdes comportamentais e eletroencefalogrificas induzidas por PTZ. Nos
encontramos evidéncias que sugerem um papel importante para COX-2 e seu produto
PGE, nas convulsdes e inibi¢do da atividade da Na",K'-ATPase induzidas por PTZ.
Trés linhas de evidéncias suportam este achado. A primeira evidéncia é que a inibicao
da COX-2 com celecoxib atenua as convulsdes comportamentais e
eletroencefalograficas e inibi¢do da atividade da Na',K'-ATPase induzidas por PTZ.
Em segundo lugar, a administracdo de anticorpos anti-PGE, também atenua as
convulsdes comportamentais e eletroencefalograficas e inibicdo da atividade da Na*, K-
ATPase induzidas por PTZ. Por tltimo, a injecdo de PGE,, em uma dose que ndo causa
alteracOes comportamentais e eletroencefalograficas per se, induz convulsdes
eletroencefalograficas quando dada em combina¢d@o com uma dose subconvulsivante de
PTZ.

Estudos recentes t€ém sugerido que a PGE2 ¢ um efetor chave na via de

sinalizagdo da COX-2 (para uma revisdo, ver (Sang and Chen, 2006). De fato, tem sido
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demonstrado que o inibidor seletivo da COX-2, NS-398, reduz a excitabilidade das
membranas somdtica e dendritica em fatias de hipocampo de ratos (Chen and Bazan,
2005). Além disso, a aplicagdo de PGE,, mas ndao de PGD, ou PGF,, aumenta a
frequéncia de disparos, amplitude dos potenciais excitatérios pds-sindpticos em fatias de
hipocampo de ratos incubadas com NS-398 (Chen and Bazan, 2005). Mais evidéncias
para um papel importante para PGE, no controle da neurotransmissdo excitatoria no
cérebro vem do estudo de Bezzi et al. (1998), que mostrou que a PGE, induz liberacao
de glutamato por astrocitos. Assim, uma diminuicdo nos niveis de PGE, pela
administracdo de celecoxib ou anticorpo anti-PGE, poderia diminuir a excitabilidade
cerebral e/ou a susceptibilidade ao PTZ.

Outra possibilidade interessante € que ndo somente uma diminui¢do nos niveis
de PGE,, mas também uma razdo aumentada PGD,/PGE, pode contribuir para os
efeitos anticonvulsivantes do celecoxib e dos anticorpos anti-PGE,, ja que tem sido
demonstrado que a administracdo de PGD, atenua as convulsdes induzidas por PTZ
(Bhattacharya and Parmar, 1987; Akarsu et al., 1998). Considerando este ponto de vista,
tem sido sugerido que as isoformas da ciclooxigenase estdo diferentemente acopladas
com prostaglandinas sintases especificas (Ueno et al., 2001; Ueno et al., 2005), sendo
que a PGE; € produzida preferencialmente apds ativacdo da COX-2 e a PGD, apds
ativacdo da COX-1. De acordo, a inibicdo seletiva da COX-2 com NS-398 diminui os
niveis cerebrais de PGE,, mas ndo de PGD; (Sang et al., 2005). Assim, a inibi¢do da
COX-2 com celecoxib ou neutralizagdo da PGE, com anticorpos especificos poderia
resultar em niveis diminuidos de PGE,, mas ndao de PGD,, e diminuir a susceptibilidade
ao PTZ. De acordo com esta hipétese, as convulsdes induzidas por PTZ sao aumentadas
por um inibidor seletivo da COX-1 (Akarsu et al., 2006), que diminuem os niveis de

PGD> mas nao de PGE,.
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Uma outra possibilidade para uma diminuicdo da excitabilidade cerebral e/ou
susceptibilidade as convulsdes induzidas por PTZ apés inibicdo da COX-2 pode estar
relacionada com transmissdo endocanabindide. Neste contexto, tem sido mostrado que
inibidores seletivos da COX-2, meloxicam e NS-398, diminuem os portenciais
excitatorios poés-sindpticos em fatias de hipocampo de ratos por mecanismos
relacionados as receptor canabindide CBIl, e ndo relacionados a transmissdao
GABA¢érgica (Slanina and Schweitzer, 2005). Se os efeitos protetores do celecoxib
contra as convulsdes induzidas por PTZ vistos neste trabalho envolvem uma
potencializacdo da inibicdo mediada por canabindides ainda estd por ser determinado,
mas € interessante mencionar que as convulsdes induzidas por PTZ sdo diminuidas por
N-palmitoil-etanolamida, um potencial endocanabindide (Sheerin et al., 2004).

Neste estudo nés mostramos que a administracao sist€émica de PTZ ndo altera os
niveis de proteinas carboniladas no hipocampo e cortex cerebral de ratos vinte minutos
ap6s sua administracdo. Embora em estudos prévios do nosso grupo tenha sido
demonstrado um aumento significativo neste marcador de dano oxidativo em proteinas
15 minutos apds a inje¢do intracerebral de PTZ (Oliveira et al., 2004; Ribeiro et al.,
2005; Fighera et al., 2006), outros grupos também ndo encontraram um aumento na
carbonilacdo de proteinas no hipocampo e cortex cerebral de camundongos 15 minutos
apo6s a administragdo sistémica de PTZ (Patsoukis et al., 2004a; Patsoukis et al., 2004b).
Assim, parece que a rota de administracdo € critica para demonstracdo de aumento nos
niveis de carbonilacdo de proteinas induzido por PTZ, embora seja possivel que a
determina¢do da carbonilacdo total de proteinas ndo revele o dano oxidativo em alvos
especificos, que poderiam predispor ao aparecimento de convulsdes e corresponder a
uma pequena fracdo do conteddo de proteinas carboniladas, como por exemplo a

Na*,K*-ATPase.
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Embora qualquer constituinte celular possa ser alvo para o dano oxidativo
provocado por espécies reativas, o dano a alguns alvos especificos poderia aumentar a
excitabilidade cerebral e facilitar o aparecimento de convulsdes (Patel, 2004). A
Na®",K*-ATPase ¢ um desses alvos porque é responsdvel por manter os gradientes
i0nicos através da membrana plasmética, e, de fato, sua inibicdo causa o aparecimento
de convulsdes em camundongos (Jamme et al., 1995). De acordo, a atividade da
Na®,K*-ATPase € particularmente sensivel ao dano causado por espécies reativas, que
alteram a composi¢dao da membrana plasmatica (Jamme et al., 1995) e o estado de oxi-
reducdo de grupos sulfidrilicos regulatdrios (Morel et al., 1998). Além disso, também ¢é
possivel que o PTZ possa diminuir a atividade da Na®,K'-ATPase através de uma
interacdo direta com a enzima (Dubberke et al., 1998). Assim, considerando a
sensibilidade da atividade da Na',K*-ATPase ao dano oxidativo e/ou inibi¢do direta
pelo PTZ, é plausivel que a diminui¢do na atividade da Na®,K'-ATPase vista neste
estudo possa contribuir para hiperexcitabilidade induzida por PTZ. Dessa maneira a
protecdo contra inibi¢do da atividade da Na",K'-ATPase induzida por celecoxib ou
anticorpos anti-PGE, poderia resultar em animal menos sensivel ao PTZ.

Em resumo, o presente trabalho mostrou que a via da COX-2/PGE, facilita as
convulsdes comportamentais e eletroencefalograficas e inibicdo da atividade da Na*, K-

ATPase induzidas por PTZ.
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5 CONCLUSOES
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5. Conclusoes

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

1. O inibidor seletivo da COX-2, celecoxib (2 mg/kg, p.o.) atenua as convulsdes
comportamentais e eletroencefalogréficas e a inibi¢do da atividade da Na*,K*-ATPase

induzidas por PTZ (60 mg/kg, i.p.).

2. A administracdo de anticorpos anti-PGE, (4 pug/2 ul, i.c.v.) atenua as convulsdes
comportamentais e eletroencefalogrificas e a inibicdo da atividade da Na",K*-ATPase

induzidas por PTZ (60 mg/kg, i.p.).

3. A administra¢do de PGE, (100 ng/2ul, i.c.v.) ndo induz convulsdes per se mas induz
convulsdes eletroencefalograficas em combina¢do com uma dose subconvulsivante de

PTZ (20 mg/kg, i.p.).
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7.1 Lista de Figuras

7.1.1. Capitulo I

Figura 1: Biossintese de prostaglandinas e tromboxano A,.

Fonte: adaptado de Gupta and Dubois, 2001.

7.1.2. Capitulo II

Figure 1: (A) Effect of oral administration of increasing doses of celecoxib (0.2, 2 or 20
mg/kg) on the latency for onset of clonic convulsions elicited by systemic
administration of PTZ (60 mg/kg). It is also shown the latency for onset (B) and (C)
duration of generalized tonic-clonic convulsions elicited by systemic administration of

PTZ (60 mg/kg). Data are median * interquartile ranges for n=10 in each group.

Figure 2: (A) Typical electroencephalographic recording after oral administration of
vehicle and (B) typical seizure sequences observed after systemic administration of PTZ
(60 mg/kg). RHIP, right hippocampus; RCTX, right cortex; LCTX, left cortex. 1:
multispikes (> 2X baseline, > 3 spikes/complex) + slow waves; 2: major seizure (> 5 s,
repetitive spikes); 3: multiple sharp waves (> 2X baseline), brief spindle episodes (> 1 s

> 5 s). Calibration bars, 100 uV and 1s.

Figure 3: (A) Typical electroencephalographic recording after oral administration of

celecoxib (2 mg/kg) and (B) decrease of seizure sequences observed after systemic

administration of PTZ (60 mg/kg). RCTX, right cortex; LCTX, left cortex. 1: multiple

88



sharp waves (> 2X baseline), brief spindle episodes (> 1 s > 5 s). Calibration bars, 100

uV and Is.

Figure 4: (A) Effect of intracerebroventricular administration of PGE, antibodies
(4ug/2ul) on the latency for onset of clonic convulsions elicited by systemic
administration of PTZ (60 mg/kg). It is also shown the latency for onset (B) and (C)
duration of generalized tonic-clonic convulsions elicited by systemic administration of

PTZ (60 mg/kg). Data are median * interquartile ranges for n=12-13 in each group.

Figure 5: (A) Typical electroencephalographic recording after intracerebroventricular
administration of PGE, antibodies (4ug/2ul) and (B) decrease of seizure sequences
observed after systemic administration of PTZ (60 mg/kg) (C). RCTX, right cortex;
LCTX, left cortex. 1: multiple sharp waves (= 2X baseline), brief spindle episodes (> 1 s

> 5 s). Calibration bars, 100 uV and 1s.

Figure 6: (A) Typical electroencephalographic recording after intracerebroventricular
administration of PGE, (100ug/2ul) and (B) typical seizure sequences observed after
systemic administration of PTZ (20 mg/kg). RCTX, right cortex; LCTX, left cortex. 1:
multiple sharp waves (> 2X baseline), longer spindle episodes (> 5 s); 2: multiple sharp
waves (= 2X baseline), brief spindle episodes (=1 s > 5 s). Calibration bars, 100 pV and

1s.
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7.2. Lista de Tabelas

7.2.1. Capitulo I

Tabela 1: Principais diferengas entre as isoformas de ciclooxigenase.

Fonte: compilado de Simmons et al., 2004; Smith et al., 2000; Vane et al., 1998.

Tabela 2: Tipos e subtipos de receptores EP e respectivas cascatas de sinalizagao.

Fonte: adaptado de Narumiya, et al., 1999.

7.2.2. Capitulo III

Table 1: Effect of systemic administration of increasing doses of celecoxib on the PTZ-
elicited protein carbonyl content and Na',K*-ATPase activity in hippocampus and
cortex from rats. Data mean + S.E.M. for n=9-11 in each group. *p<0.05 compared with

CMC + Tween/saline treated group (Student-Newman-Keuls test).

Table 2: Effect of intracerebroventricular administration of PGE, monoclonal antibodies
on the PTZ-elicited protein carbonyl content and Na',K'-ATPase activity in
hippocampus and cortex from rats. Data mean * S.E.M. for n=9-13 in each group.

*p<0.05 compared with PBS/saline treated group (Student-Newman-Keuls test).

Table 3: Effect of intracerebroventricular administration of increasing doses of PGE; on

the PTZ-elicited protein carbonyl content and Na*,K*-ATPase activity in hippocampus

and cortex from rats. Data mean = S.E.M. for n=4-7 in each group.
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7.3. Trabalhos desenvolvidos no periodo ndo relacionados a presente dissertacdo de

mestrado

- Alpha-tocopherol protects against pentylenotetrazol- and methylmalonate-induced
convulsions. RIBEIRO, Marinei Cristina Pereira; AVILA, Daiana Silva de;
SCHNEIDER, Carmen Matiauda, HERMES, Fernando Sthal; FURIAN, Ana Flavia;
OLIVEIRA, Mauro Schneider; RUBIN, Maribel Antonello, LEHMANN,Martina;
KRIEGLSTEIN, Josef; MELLO, Carlos Fernando de. Epilepsy Resarch (ISSN/ISBN:
0920-1211), v. 66, n. 1-3, p. 185-194, 2005.

- GM1 ganglioside prevents seizures, Na+,K+ -ATPase activity inibition and
oxidative stress induced by glutaric acid and pentilenotetrazol. FIGHERA, Michele
Rechia; ROYES, Luiz Fernando Freire; FURIAN, Ana Flavia, OLIVEIRA, Mauro
Schneider; FIORENZA, Natalia Gindri; FRUSSA FILHO, Roberto; PETRY, Jodo
Carlos; COELHO, Rafael = Correa; MELLO, Carlos Fernando de. Neurobiology of
Disease (ISSN/ISBN: 09699961), v. 22, p. 611-623, 2006.

- Effectiveness of creatine monohydrate on seizures and  oxidative damage induced by
methylmalonate. ROYES, Luiz Fernando Freire; FIGHERA, Michele Rechia; FURIAN,
Ana Flavia; OLIVEIRA, Mauro Schneider; FIORENZA, Natdlia Gindri; MYSKIW,
Jociane de Carvalho; PETRY, Jodo Carlos; COELHO, Rafael Correa; MELLO, Carlos
Fernando de. Pharmacology Biochemistry and Behavior (ISSN/ISBN: 00913057), v. 83,
p. 136-144, 2006.

- Methylene blue prevents methylmalonate-induced seizures and oxidative damage in
rat striatum. FURIAN, Ana Flavia; FIGHERA, Michele Rechia; OLIVEIRA, Mauro
Schneider; FERREIRA, Ana Paula de Oliveira; FIORENZA, Natalia Gindri; MYSKIW,
Jociane de Carvalho; PETRY, Jodo Carlos; COELHO, Rafael Correa; MELLO, Carlos

Fernando de; ROYES, Luiz Fernando Freire. Neurochemistry International

(ISSN/ISBN: 0197-0186), v. p. in press, 2006.
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- The role of nitric oxide on the convulsive behavior and oxidative stress induced by
methylmalonate: an electroencephalographic and neurochemical study. ROYES, Luiz
Fernando Freire; FIGHERA, Michele Rechia; FURIAN, Ana Flavia; OLIVEIRA
Mauro Schneider; FIORENZA, Natalia Gindri; PETRY, Jodo Carlos; COELHO, Rafael
Correa; MELLO, Carlos Fernando de. Epilepsy Research (ISSN/ISBN: 0920-1211), v.,

n., p. in press, 2006.
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