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“O saber é saber que nada se sabe.
Esta é a definicdo do verdadeiro conhecimento .
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CAPITULO |



RESUMO

A prostaglandina E; (PGE;) é quantitativamente a principal prostaglandina
produzida no cérebro de mamiferos, e existem evidéncias que ela facilita as convulsdes
induzidas por pentilenetetrazol (PTZ). Contudo, o papel dos receptores para PGE; (EPS)
no desenvolvimento de convulsdes ainda ndo € conhecido, tampouco 0s mecanismos
moleculares envolvidos na facilitagdo das convulsGes por estes agentes. No presente
trabalho investigamos se ligantes seletivos de receptores EP alteram as convulsbes
comportamentais e eletrograficas induzidas por PTZ em ratos Wistar adultos.
Antagonistas seletivos dos receptores EP1 (SC-19220, 10 nmol, i.c.v.), EP3 (L-826266,
1 nmol, i.c.v.) e EP4 (L-161982, 750 pmol, i.c.v.), e 0 agonista seletivo de receptores
EP2 (butaprost 100 pmol, i.c.v.) aumentaram a laténcia para as convulsdes clonicas e
tonico-clonicas generalizadas induzidas por PTZ. Em conjunto, estes dados constituem
evidéncia farmacologica do envolvimento dos receptores EP na indugdo e/ou
manutencdo das convulsdes induzidas por PTZ. Considerando que niveis aumentados de
PGE; e diminuicdo da atividade da Na*,K*-ATPase sdo achados comuns em diversas
condicOes excitotoxicas, incluindo convulsdes, também investigamos se estes eventos
estdo relacionados. A hipotese testada foide que a PGE; diminui a atividade da Na*,K™-
ATPase no hipocampo de ratos. Os resultados obtidos mostraram que a incubagéo de
fatias de hipocampo de ratos com PGE; (0.1-10 puM) por 30 minutos diminui a
atividade da Na*,K*-ATPase de maneira dependente de concentragdo. O efeito inibitorio
da PGE; ndo ocorreu em homogeneizados de hipocampo, sugerindo que a integridade
celular é necessaria para que tal efeito ocorra. O efeito inibitério da PGE; sobre a
Na*,K*-ATPasendo se mostrou relacionado com alteragGes no contetido da subunidade
o na membrana plasmatica, ou total.. O efeito inibitério da PGE, (1 pM) sobre a
atividade da Na*,K*-ATPase foi prevenido pela incubagdo com antagonistas seletivos
dos receptores EP1 (SC-19220, 10 uM), EP3 (L-826266, 1 uM) e EP4 (L-161982, 1
pMM). Por outro lado, a incubacdo com um agonista seletivo de receptores EP2
(butaprost 0.1-10 pM) aumentou a atividade da enzima de maneira dependente de
concentragdo, mas ndo preveniu o efeito inibitorio da PGE;. A incubagdo das fatias de
hipocampo com inibidores da proteina cinase A (PKA; H-89, 1 uM) e proteina cinase C
(PKC; GF-109203X, 300 nM) preveniram a diminuigdo da atividade da Na*,K*-ATPase
induzida por PGE,, sugerindo o envolvimento destas proteinas cinases na diminuicéo da
atividade ATPésica. Além disso, a incubacdo com PGE, aumentou a fosforilacdo do
residuo de serina 943 da subunidade o, um residuo crucial para a regulacdo da atividade
desta enzima. A diminuicdo da atividade da Na*,K*-ATPase por PGE, também foi
observada in vivo, implicando este evento como um possivel mecanismo pelo qual
aumenta a excitabilidade cerebral em condicGes inflamatorias. Mais do que isso, ele
pode se constituir no mecanismo molecular pelo qual os receptores EP facilitam as
convulsbes induzidas por PTZ e, provavelmente, por outros agentes convulsivantes.
Embora mais estudos sejam necessarios para determinar o potencial anticonvulsivante
dos ligantes de receptores EP, estes receptores podem se constituir em um novo alvo
para o desenvolvimento de agentes anticonvulsivantes.



ABSTRACT

Prostaglandin E, (PGE;) is quantitatively one of the major prostaglandins
synthesized in mammalian brain, and there is evidence that it facilitates
pentylenetetrazol (PTZ)-induced seizures. However, the role of PGE; receptors (EPs) in
the development of seizures has not been evaluated to date. In the current study we
investigated whether selective EP ligands alter PTZ-induced seizures in adult male
Wistar rats by electrographic methods. Selective antagonists for EP1 (SC-19220, 10
nmol, i.c.v.), EP3 (L-826266, 1 nmol, i.c.v.) and EP4 (L-161982, 750 pmol, i.c.v.)
receptors, and the selective EP2 agonist butaprost (100 pmol, i.c.v.) increased the
latency for clonic and generalized tonic—clonic seizures induced by PTZ. These data
constitute pharmacological evidence supporting a role for EPs in the seizures induced
by PTZ. Considering that both increased brain PGE, levels and decreased Na* K*-
ATPase activity are common findings in excitotoxic conditions, we decided to
investigate whether these biological events are related. It was hypothesized that PGE;
decreases Na*,K*-ATPase activity in rat hippocampus. It was found that incubation of
adult rat hippocampal slices with PGE, (0.1-10 pM, for 30 min) decreased Na*,K™-
ATPase activity in a concentration-dependent manner. However, PGE; did not alter
Na',K*-ATPase activity if added to hippocampal homogenates. The inhibitory effect of
PGE, on Na',K*-ATPase activity was not related to a decrease in the total or plasma
membrane immunocontent of the catalytic a subunit of Na*,K*-ATPase. We found that
the inhibitory effect of PGE, (1 uM) on Na*,K*-ATPase activity was receptor- mediated,
as incubation with selective antagonists for EP1 (SC-19220, 10 IM), EP3 (L-826266, 1
IM) or EP4 (L-161982, 1 uM) receptors prevented the PGE-induced decrease of
Na’,K*-ATPase activity. On the other hand, incubation with the selective EP2 agonist
(butaprost, 0.1-10 uM) increased enzyme activity per se in a concentration-dependent
manner, but did not prevent the inhibitory effect of PGE,. Incubation with a protein
kinase A (PKA) inhibitor (H-89, 1 pM) and a protein kinase C (PKC) inhibitor (GF-
109203X, 300 nM) also prevented PGE;-induced decrease of Na*,K*-ATPase activity.
Accordingly, PGE; increased phosphorylation of Ser943 at the o subunit, a critical
residue for regulation of enzyme activity. Importantly, we also found that PGE,
decreases Na*,K*-ATPase activity in vivo. Our results imply Na*,K*-ATPase as a target
for PGE;-mediated signaling, which may underlie PGE;-induced increase of brain
excitability and modulation of PTZ-induced seizures. Although more studies are
necessary to fully evaluate the anticonvulsant role these compounds and their use in the
clinics, EP receptors may represent new targets for drug development for convulsive
disorders.



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
EP3 - receptor para prostaglandina E, tipo 3
EP, - receptor para prostaglandina E, tipo 4
I.C.V.- intracerebroventricular

I.p. - intraperitoneal

MN - membrana nuclear

MP - membrana plasméatica

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

NSAIDS - antiinflamat6rios ndo-esteroidais
PBS - Solugéo salina (NaCl0,9 %) tamponada com fosfato
PGD, - prostaglandina D,

PGE; - prostaglandina E;

PGF,, - prostaglandina Fy,

PGG; - prostaglandina G,



PGH; - prostaglandina H,
PGlI; - prostaglandina I,
PKA — proteina quinase A
PKC - proteina quinase C
PLA; - fosfolipase A,
PLC - fosfolipase C

PTZ - pentilenotetrazol

TXA, - tromboxano A,



1 INTRODUCAO



1. Introducéo

1.1. Prostaglandinas e ciclooxigenases

A historia da descoberta das prostaglandinas e da ciclooxigenase comeca 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 sémen também possuia atividade
contracturante da musculatura lisa de outros drgdos e também possuia a¢do hipotensora
(Goldblatt, 1935; von Euler, 1936). Von Euler identificou o composto ativo como uma
substancia lipidica acida soluvel, a qual ele chamou de prostaglandina (von Euler,
1936). Por volta de 1960 descobriu-se que a “prostaglandina” descrita por von Euler
era, na verdade, uma familia de substdncias com estrutura quimica semelhante, os
eicosanoides. Mais tarde as primeiras estruturas quimicas dos membros desta familia
comecaram a ser elucidadas, sendo descritas as estruturas quimicas da prostaglandina E;
e da prostaglandina F;, (Bergstromand 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 substancias sdo derivadas de acidos graxos essenciais poliinsaturados
com 20 carbonos (do grego eikos = vinte), como por exemplo, o acido araquid6nico
[20:4(5,8,11,14)]. O &cido araquiddnico € 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,

0 4&cido araquidénico é liberado das membranas e serve como substrato para



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

A ciclooxigenase (COX) (E.C. 1.14.99.1), também chamada de prostaglandina
H, sintase (PGHS), foi identificada como a principal enzima responsavel pela conversdo
do &cido araquidénico em PGH, em 1972 (Smith and Lands, 1972), sendo 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 acido araquiddnico livre, a ciclooxigenase é considerada a enzima
limitante da velocidade na rota de biossintese de prostaglandinas e tromboxanos a partir
do &cido araquid6nico. A ciclooxigenase € uma enzima bifuncional que possui duas
atividades enziméaticas 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
araquiddnico até o hidroper6xido prostaglandina G, (PGGy).

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

A PGH; é quimicamente instdvel e é rapidamente convertida por sintases
especificas em uma série de prostaglandinas e tromboxanos, como a prostaglandina E;
(PGEy), prostaglandina F,, (PGF,,), prostaglandina D, (PGDy), prostaglandina I, (PGlI,)

e o tromboxano A; (TXA?) (Figura 1).



LL24666666000000000000666668648454:

Membrana celular
Fosfolipidios

Acido araquidénico

1

COX-1
| coxis | COX-2 NSAIDS
cox2

7 TP,
IS [Faracetamol]
@ @ iy
[+]
HO~R *
00 3H,

PGH,
| Sintases ||
f l 1 - l 1
HO HO 0
— oo \
~ ~ N N 07

r o HO & ) 3 OH

PGE PGL PGFoa PGI XA

Nature Reviews | Cancer

Figura 1: Biossintese de prostaglandinas e tromboxano A,. O &cido araquid6nico €
liberado dos fosfolipidios de membrana pela acdo da fosfolipase Az (PLA2). No passo
seguinte, a ciclooxigenase catalisa a formacdo PGG; e, em seguida, a reducdo desta a
PGH,. A PGH; é subsequentemente convertida em uma série de prostaglandinas,
incluindo 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. A inibicdo ndo-seletiva das isoformas é o principal
mecanismo de acdo das drogas antiinflamatorias ndo-esteroidais (NSAIDs), ao passo
que a inibicdo 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)
que seria umalvo preferencial para drogas analgésicas/antipiréticas como o paracetamol
e dipirona foi proposta.

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 em mamiferos, denominadas COX-1 e COX-2. Ambas sdo alvos para
acdo dos farmacos anti-inflamatdrios ndo-esteroidais (Simmons et al., 2004). Neste
sentido, cabe destacar o trabalho seminal do inglés John Vane que descobriu, ainda na
década de setenta, que a inibicdo da ciclooxigenase é o principal mecanismo de acéo
dos farmacos anti-inflamatorios ndo-esteroidais. A importancia e ineditismo desta
descoberta lhe rendeu o prémio Nobel de Medicina e Fisiologia, em 1982.

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 0
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 seqliéncia primaria, e que catalisam essencialmente a
mesma reacdo de formacdo da PGH,. Embora a COX-1 e COX-2 sejam similares em

alguns aspectos, existem diferengas importantes que estdo sumarizadas na Tabela 1.

Tabela 1:
Parametro COX-1 COX-2
Peso molecular (kDa) 71 71
Numero de aminoacidos 576 587
Localizacao MP MP, MN, MRE
Aminoacido no bolso catalitico . 593/11e 434/His 513 Val 523/Val 434/Arg 513
Substratos Acido araquiddnico Acido araquiddnico

Dihomo-v- linoleato Dihomo-v- linoleato
Acido eicosapentandico
Acido linolénico
Anandamida
2-araquidonil-glicerol

Tabela 1: Principais diferencas entre as isoformas de ciclooxigenase. MP, membrana
plasmatica; MR, membrana de reticulo endoplasmatico; MN, membrana nuclear.
Fonte: compilado de Vane et al. (1998); Smith et al. (2000) e Simmons et al. (2004).

10



A COX-1 é expressa constitutivamente em quase todos os tecidos, e acredita-se
que seja responsavel por fungbes de manutencdo da homeostase do organismo,
incluindo manutencdo do tdnus da musculatura lisa, agregacdo plaquetéria, e protecdo
da mucosa gastrica (Vane et al, 1998). Uma variante derivada de modificacdo pos-
transcricional (“splicing”) da COX-1 foi descoberta hd aproximadamente sete anos, e
chamada COX-3 (Chandrasekharan et al., 2002). Esta enzima é expressa principalmente
no sistema nervoso central, e parece ser seletivamente inibida por alguns farmacos
analgésicos/antipiréticos, como paracetamol e dipirona. Assim, a inibicdo da COX-3 no
cérebro poderia representar um mecanismo central primario pelo qual estes farmacos
que possuem atividade antiinflamatdria quase nula causariam analgesia e diminuiriam a
febre (Chandrasekharan et al., 2002). Contudo, ainda ha controvérsia a respeito da real
existéncia de uma terceira isoforma de COX cataliticamente ativa, e sobre quais seriam
suas fungdes no organismo (Davies et al., 2004; Simmons et al., 2004; Kis et al., 2005).

A COX-2 é a isoforma cuja expressdo € induzida na maioria dos tecidos,
principalmente durante uma resposta inflamatoria, com contribuicdo importante ndo s6
para o reparo da lesdo, mas também para o desenvolvimento de lesdo crénica (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 funcdes desses neuromoduladores (Kim and Alger, 2004; Slanina and
Schweitzer, 2005).

Com relacdo a estrutura protéica, ha uma diferenca crucial no sitio ativo que
catalisa a reacdo de ciclooxigenase, que é o principal sitio para ligagdo dos
antiinflamatérios ndo esteroidais (Rome and Lands, 1975; Simmons et al., 2004). Na

COX-1 existe uma isoleucina na posicdo 523 que € substituida por uma valina na COX-
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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 é 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 alcancar o sitio catalitico na COX-2 mas ndo na
COX-1 e assim inibir preferencialmente a COX-2.

Assim, outro avango importante na biologia dos eicosanoides foi o surgimento
de inibidores seletivos da COX-2 que, em principio, poderiam ser Uteis na supressao de
processos inflamatorios, sem desencadear os efeitos adversos relacionados com a
inibicdo ndo-seletiva das Vvérias isoformas da ciclooxigenase (Patrignani et al., 2005).
Contudo, este tema ainda constitui um motivo de significante debate na literatura
(Warner and Mitchell, 2004). Vérios 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 é o celecoxib (Celebra™,
Pfizer), que estd aprovado pela Food and Drug Administration para o tratamento de
varias condicBes inflamatorias, incluindo osteoartrite, artrite reumatdide e dor aguda.
Entretanto, duas tentativas clinicas envolvendo um grande numero de pacientes
levantaram muitas preocupacdes com respeito ao perfil de seguranca dos inibidores
seletivos de COX-2 (Topol and Falk, 2004). Em particular, a administracdo de
rofecoxib foi associada com um aumento de 5 vezes no risco de infarto do miocérdio
em comparacdo com o inibidor ndo seletivo da COX naproxeno (Topol and Falk, 2004).
Este fato resultou na retirada voluntaria pela Merck do Vioxx® do Mercado em
setembro de 2004. Assim, o perfil de seguranca dos inibidores seletivos de COX-2

permanece motivo de debate na literatura.
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Apesar da grande importancia do aumento da expressao da COX-2 em situagdes
de resposta inflamatoria, € muito importante mencionar que a COX-2 também ¢é
expressa de maneira constitutiva em alguns poucos tecidos, como o rim e cérebro
(Yamagata et al., 1993; Sang and Chen, 2006), onde desempenham papéis importantes

na regulacdo funcional destes 6rgaos.

1.2. COX-2 e prostaglandinas no cérebro

A presenca de prostaglandinas no cérebro foi demonstrada pela primeira vez em
1964 por Samuelsson, outro laureado com o prémio Nobel de Medicina e Fisiologia
1982 por suas descobertas sobre o papel biologico das prostaglandinas (Samuelsson,
1964). Em 1993 foi demonstrada, pela primeira vez, a presenca da COX-2 neste tecido
(Yamagata et al., 1993). Além disso, Yamagata e colaboradores mostraram que 0s
niveis basais de COX-2 no cérebro sdo regulados por atividade neuronal, e que estes sdo
aumentados pela estimulacdo de alta frequéncia que induz a potencializagdo de longa
duracdo (Yamagata et al., 1993).

A COX-2 ¢ encontrada principalmente no cortex, hipocampo e hipotalamo,
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 é mais abundante em neurbnios glutamatérgicos do
hipocampo e cortex cerebral, e nestas células esta enzima estd localizada nos espinhos
dendriticos, onde ocorre a transmissdo sindptica (Kaufmann et al., 1996). E de especial
interesse mencionar que, no cérebro, a COX-2 é considerada metabolicamente acoplada
a PGE; sintase, j& que esta enzima esta co-localizada com a COX-2 (Bosetti et al.,

2004). Como conseqliéncia, a maior parte do PGH, produzido na reacdo da COX-2 é
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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). Tal acoplamento implica a PGE, como um efetor chave na via de sinalizagéo da
COX-2 no sistema nervoso central, tornando dificil uma dissociacdo entre as funcoes

mediadas pela COX-2 e por esta prostaglandina (Sang and Chen, 2006).

1.3. Receptores para PGE;

Acredita-se que a maioria das acdes mediadas pela PGE, sejam exercidas apos
ativacdo de um de seus receptores cognatos, que foram denominados receptores EP1,
EP,, EP; e EP, (Narumiya et al., 1999; Sugimoto and Narumiya, 2007). Estudos de
clonagem de cDNA mostraram que todos os receptores EP possuem a arquitetura de
sete dominios transmembrana caracteristica de receptores acoplados a proteina G,
embora cada um deles seja codificado por um gene distinto (Ptgerl, Ptger2, Ptger3 e

Ptger4), e promovam respostas celulares pela ativacdo de diferentes tipos de proteina G.

1.3.1. Estrutura molecular dos receptores EP

Os receptores EP de ratos foram clonados em 1997 por Boie e colaboradores
(1997). Os receptores EP1, EP2, EP3 e EP4 de ratos possuem 405, 357, 366 e 488
aminoacidos, respectivamente. O receptor EP4 tem o dominio carboxiterminal mais
longo entre todos os receptores EP, e a terceira alga intracelular também é relativamente
longa. O receptor EP1 também possui uma terceira alca intracelular grande, enquanto
que os receptores EP2 e EP3 possuem uma estrutura mais compacta. Um ponto a ser

destacado, considerando a estrutura dos receptores EP, € a existéncia de multiplas
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variantes do receptor EP3, que foram denominadas EP3A, EP3B, EP3C e EP3D. Essas
variantes sao geradas por processamento alternativo do RNA (“splicing” alternativo) da
porcdo carboxiterminal, e resultam em diferengas cruciais nas vias de sinalizagio
ativadas por cada uma dessas isoformas do receptor EP3, embora apresentem afinidade
semelhante pela PGE,.

Embora todos os receptores EP sejam ativados por PGE,, a semelhanca entre as
sequéncias primarias de aminoacidos dos receptores EP é limitada (Narumiya et al.,
1999; Sugimoto and Narumiya, 2007). A semelhanca encontrada entre o receptor EP1 e
0s receptores EP2, EP3 e EP4 ¢ apenas de 30, 33 e 28 %, respectivamente. Mesmo 0s
receptores EP2 e EP4, que estdo acoplados a um mesmo tipo de proteina G, possuem
somente 31% de identidade na sequéncia primaria. De fato, o receptor EP2 é mais
parecido com os receptores para prostaciclina (IP) e PGD, do subtipo 1 (DP1) do que
com os outros receptores EP, considerando-se a sequéncia primaria de aminoacidos. A
baixa identidade encontrada entre os receptores EP é provavelmente reflexo da relacéo

filogenética dos receptores EP (Katoh et al., 1995).

1.3.2. Vias de sinalizacéo ativadas por receptores EP

Estudos de caracterizacdo farmacologica mostraram que 0s receptores EP
promovem respostas celulares através da ativacdo de diferentes tipos de proteina G. O
receptor EP1 promove o aumento da concentragdo intracelular de calcio ([Ca?*]i)
(Katoh et al., 1995). Interessantemente, este aumento ocorre sem mudancas detectaveis
no metabolismo de fosfatidil-inositis, sugerindo que o receptor EP1 regula a [Ca*]i
via ativagdo de uma proteina G ainda ndo identificada (Katoh et al,, 1995). Neste

sentido, um estudo recente mostrou que receptores EP1 expressos em ovocitos de
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Xenopus laevis estdo funcionalmente acoplados ao receptor de potencial transitorio
TRPS5, um canal i6nico permedvel ao Ca®*, e que este acoplamento é inibido pelo
oligonucleotideo complementar (“antisense”) do RNA que codifica a proteina Gq/G11,
mas ndo a proteina Gi (Tabata et al., 2002).

Os receptores EP2 e EP4 estdo acoplados a proteina Gs, e promovem aumento
na concentracdo intracelular de AMPc, embora o receptor EP4 também esteja acoplado
a ativacdo da enzima fosfatidil-inositol-3-quinase (P13-K) via proteina Gi (Narumiya et
al., 1999; Fujino and Regan, 2003; Sugimoto and Narumiya, 2007). No caso do receptor
EP3, a variante EP3A esta acoplada a proteina Gi, enquanto as outras variantes acoplam
a varias proteinas G (Narumiya et al, 1999; Sugimoto and Narumiya, 2007). As

cascatas de sinalizacéo ativadas pelos receptores EP sdo mostradas na Tabela 2.

Tabela 2:

Tipo Subtipo Proteina G Cascata de sinalizacdo

EP; - Gg/G11?  PLC; 1 [Ca*'Jie 1 PKC
EP, - Gs AC; 1 AMPc
EP3 EP3A Gi AC; lAMPC
EP3g Gs AC; TAMPC
EP3c Gs AC; 1 AMPc
EPsp Gs AC; T AMPc
Gi AC; | AMPc
Gq PLC; 1 [Ca®*]ie 1 PKC
EPs - Gs AC; 1 AMPc
- Gi AC; | AMPc e 1 PI3-K

Tabela 2: Tipos e subtipos de receptores EP e respectivas cascatas de sinalizagcdo. O
simbolo 1 significa aumento/ativacdo enquanto que o simbolo | significa
diminuicao/inibicdo. PLC, fosfolipase C; [Ca®']i, concentracdo intracelular de fons
calcio; PKC, proteina quinase C; AC, adenilato ciclase; AMPc, monofosfato de
adenosina ciclico; PI3-K, fosfatidil-inositol-3-quinase.

Fonte: adaptado de Narumiya et al. (1999) e Sugimoto e Narumiya (2007).
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1.3.3. Distribuicdo e localizacdo celular dos receptores EP no cérebro

Os receptores EP s&o encontrados em diversos tecidos do organismo de
mamiferos, incluindo o cérebro. De especial interesse é o fato que todos os receptores
EP sdo expressos no hipocampo, uma area cerebral importante para varios processos
fisiolégicos e patoldgicos. O padréo de expressdo dos receptores EP no hipocampo foi
analisado sistematicamente em um estudo de Zhu et al. (2005), que utilizaram uma
combinacdo de técnicas de RT-PCR, western blotting e immunohistoquimica para
examiner o padrdo de expressdo dos receptores EP no hipocampo, e como esse padrao
era modulado por alteragdes na atividade neuronal. Foi mostrado que todos os subtipos
de receptores EP séo expressos no hipocampo, tanto em neurdnios quanto em células da
glia, visto que a imunoreatividade para os diferentes receptores EP esta co-localizada
coma imunoreatividade do marcador neuronal NeuN e do marcador astrocitario GFAP.
Quantitativamente, os receptores EP2 e EP3 sdo 0s subtipos mais abundantes no
hipocampo, seguido pelos receptores EP1 e EP4. Apesar destas diferencas quantitativas,
tem sido sugerido que todos os receptores EP estdo presentes em quantidades
suficientes para modular a transmissao sinaptica, desde que foi mostrado que os niveis
de todos os subtipos de receptores EP sdo modulados por inducdo de atividade sinaptica

nesta area cerebral (Zhu et al., 2005).

1.4. Papel fisiologico dos receptores EP no cérebro

Durante os Gltimos vinte anos varios estudos tém mostrado que a COX-2 e seu

principal metabdlito, a PGE;, participem de um grande ndmero de funcdes fisiologicas

no cérebro. De fato, evidéncias sugerem que a COX-2 e a PGE; participam da regulacao
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de processos cerebrais importantes, incluindo o ciclo sono/vigilia e termorregulacao
(Yamagata et al., 1993; Gerozissis et al., 1995; Hayaishiand Matsumura, 1995; Boulant

etal, 1997; Ivanovand Romanovsky, 2004).

1.4.1. Ciclo sono/vigilia

A regulacdo do ciclo sono/vigilia ocorre principalmente por interacdes entre
mecanismos intrinsecos do reldogio circadiano, o nosso “reldégio bioldogico” que esta
sittado no ndcleo supraquiasmatico do hipotalamo anterior, € um processo
homeostatico controlado por substancias endégenas reguladoras do sono (Reppert and
Weaver, 2002). Evidéncias experimentais apontam a PGD, e a PGE, como reguladoras
do ciclo sono/vigilia. De fato, a injecdo intracerebral de PGD; induz sono fisioldgico
ortodoxo (tipo REM) e paradoxal (tipo ndo-REM) em varias espécies de mamiferos, ao
passo que a injecdo de PGE; induz estado de vigilia (Hayaishi and Matsumura, 1995).
Além disso, usando técnicas de microdialise e eletroencefalografia, Gerozissis e
colaboradores (1995) mostraram que os niveis de PGE; no hipotadlamo 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 hipotaldmicos de PGE;,
fortalecendo a idéia de um papel importante para a PGE; na regulacdo do ciclo
sono/vigilia. Aléem disso, a injecdo intracerebroventricular desta prostaglandina induz
estado de vigilia em ratos, a0 passo que induz sono quando injetada no espaco
subaracnoide da porcéo rostral/ventral do encéfalo, sugerindo diferencas regionais no
que diz respeito ao papel da PGE, na regulacdo do ciclo sono/vigilia (Yoshida et al.,
2000). Desde que o padréo de expressdo de receptores EP e vias de sinalizagcdo

associadas pode variar de uma regido cerebral para outra, foi sugerido que diferentes
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subtipos de receptores EP contribuem para os efeitos indutores de vigilia e sono
mediados pela PGE,. De fato, usando agonistas e antagonistas seletivos de receptores
EP, Yoshida et al. (2000) mostraram que a injecdo intracerebroventricular de PGE;
induz estado de vigilia via ativacdo de receptores EP1 e EP2, enquanto que a inducéo do
sono por PGE; quando injetada no espaco subaracndide da porcdo rostra/ventral do

encéfalo é mediada por receptores EP4.

1.4.2. Termoregulacéo e febre

O centro termorregulatorio localiza-se na area pré-éptica do hipotalamo anterior
e 0s neurdnios termossensiveis dessa regido integram sinais aferentes sobre a
temperatura corporal central e periférica e provocam varias respostas comportamentais e
fisiolégicas, controlando a producéo ou dissipagdo 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 neur6nios pré-dpticos, através da ativacao de receptores EP3
na area pré-optica do hipotalamo anterior (Ivanov and Romanovsky, 2004; Blatteis et
al., 2005). A ativacdo destes receptores provoca diminuicdo dos niveis intracelulares de
AMPc, e consequentemente diminuicdo da atividade neuronal (Steiner et al., 2002;
Ivanov and Romanovsky, 2004). Como resultado, ocorre a inibicdo de neurdnios
sensiveis ao calor (promovendo a conservacdo de calor) e a excitacdo de neurdnios
termoinsensiveis (estimulando a produgéo de calor), culminando assim com o aumento
da temperatura central. Mais evidéncias do papel crucial dos receptores EP3 no controle
da temperatura corporal vém do fato que camundongos nocaute para o receptor EP3
apresentam diminuicdo na resposta febril induzida por lipolisacarideo bacteriano

(Ushikubi et al., 1998).
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1.5. Papel patologico da COX-2 e da PGE; no cérebro

Estudos recentes t¢ém mostrado uma participagdo importante da COX-2 e PGE;
em doencas neurodegenerativas agudas e cronicas associadas com alto grau de

morbidade e comalta incidéncia na populacdo em geral, como isquemia e convulsdes.

1.5.1. Isquemia

Estudos tém mostrado que a expressdo da COX-2 no cerebro aumenta apos
isquemia cerebral tanto em modelos animais (Collaco-Moraes et al., 1996; Miettinen et
al., 1997) quanto cérebros de humanos ap6s episodio isquémico letal (Sairanen et al.,
1998; ladecola et al.,, 1999). A extensdo da lesdo 24 h apds oclusdo permanente da
artéria cerebral média é 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
neurodegeneracdo induzida pela isquemia. Mais evidéncias de que a COX-2 é
importante para a neurodegeneracdo induzida pela isquemia vém dos estudos que
mostraram que a inibicdo seletiva da COX-2 diminui o tamanho de lesdo cerebral apos
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 suscetiveis ao dano causado pela isquemia
cerebral (Dore et al., 2003), enquanto os camundongos nocaute que sdo deficientes
nesta enzima sdo mais resistentes (ladecola et al., 2001).

A participacdo dos diversos receptores EP na lesdo causada por isquemia
cerebral comecou a ser investigada recentemente. Estudos publicados quase

simultaneamente por Kawano e colaboradores (2006) e Ahmad e colaboradores (2006)
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mostraram que a ativacdo de receptores EP1 aumenta o tamanho da lesdo cerebral
induzida por isquemia, causada por injecdo intraestriatal de NMDA e privacdo de
glicose e oxigénio in vitro, fornecendo as primeiras evidéncias do envolvimento de um
receptor para PGE, neste tipo de situacdo neurodegenerativa. Além disso, também foi
mostrado que a ativacdo de receptores EP3 contribui para morte celular induzida por
isquemia e injecdo intraestriatal de NMDA (Ahmad et al., 2007). Enquanto a ativacéo
de receptores EP1 e EP3 é aumenta a morte celular em situagcBes de isquemia, que a
ativacdo de receptores EP2 e EP4 atenua a morte celular induzida por isquemia e
injecdo intraestriatal de NMDA (Ahmad et al., 2005; Ahmad et al., 2006), sugerindo

diferencas na participagdo dos subtipos de receptores EP em situacOes de isquemia.

1.5.2. Convulstes e epilepsia

Epilepsia é uma doenca neurologica cronica com incidéncia de 1 % na
populacdo em geral (Dichter et al., 2007). O principal sintoma da epilepsia sdo crises,
denominadas de modo geral de convulsdes. Essas convulsdes s&o alteragdes
comportamentais e/ou motoras resultantes de descargas episddicas anormais de um
grupo de neurbnios no cérebro e acarretam enorme prejuizo a qualidade de vida dos
pacientes afetados e suas familias. Enquanto a monoterapia com anticonvulsivantes
promove o controle das convulsdes em aproximadamente 70-80 % dos pacientes, as
convulsbes permanecem ndo-controlaveis em um numero significante de pacientes,
mesmo com 0 uso de varias drogas (Ben-Menachem et al, 2007). Assim, torna-se
importante a busca por novas drogas anticonvulsivantes, e o entendimento dos
mecanismos de inducdo e manutencdo de convulsdes torna-se de fundamental

importancia para este fim. Nesse sentido, um ponto que merece atencdo € a associacao
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entre inflamacdo no sistema nervoso central e ocorréncia de convulsdes. Estudos
epidemiologicos mostraram que até 80 % dos pacientes com malaria apresentam
convulsdes durante a inflamacdo aguda (Singh and Prabhakar, 2008). Além disso,
pacientes com encefalite causadas por diversos agentes apresentam convulsdes, que
podem persistir mesmo apods eliminacdo do agente infeccioso e sdo atenuadas com o
tratamento com antiinflamatérios (Singh and Prabhakar, 2008). Estes dados indicam
uma associagdo estreita entre inflamagdo no sistema nervoso central e ocorréncia de
convulsbes, e mediadores da inflamacdo como agentes provaveis deste mecanismo de
excitabilidade aumentada.

O papel da COX-2 e da PGE; em diversos modelos experimentais de convulsées
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 expressdo da COX-2 no cérebro, fortalecendo a idéia de que esta
enzima e seu principal metabdlito podem ter um papel importante em convulsdes. Nesse
contexto, tem sido mostrado que a inibicdo seletiva da COX-2 com celecoxib reduz a
porcentagem de animais que exibem extensdo tonica dos membros traseiros induzida
por eletrochoque (Shafiqg et al., 2003), e aumenta a laténcia para as convulsdes induzidas
por inalacdo de fluorotil em ratos neonatos (Jung et al, 2006). Além disso, a
administracdo 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 convulsbes induzidas por estes agentes. Mais evidéncias que a PGE;
tem um papel proeminente em convulsdes vem dos estudos que mostraram que a

administracdo intracerebroventricular (i.c.v.) de anticorpos monoclonais anti-PGE;
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atenua as convulsdes induzidas por pentilenotetrazol (PTZ) (Oliveira et al., 2008b).
Além disso, a injecdo i.c.v. de PGE; facilita o aparecimento das convulsdes induzidas
por este agente convulsivante (Oliveira et al., 2008b). Entretanto, o papel dos diferentes
receptores EP em convulsdes ainda ndo foi estudado, e assim o entendimento do papel
destes receptores nas convulsdes induzidas por PTZ é de especial interesse pelo fato de
que este agente convulsivante temsido largamente utilizado para indu¢do de um modelo
animal de epilepsia e epileptogénese que tem fornecido importantes informagdes a
respeito dos mecanismos basicos da fisiopatologia desta doenca e também como uma
droga bastante (til na busca de novas drogas com acdo anticonvulsivante (Velisek,

2006).

1.6. Na", K™-ATPase

A Na' K*-ATPase (EC 3.6.3.9) é uma protein de membrana plasméatica que esta
presente em virtualmente todas as células eucarioticas e possui um papel crucial na
manutencdo da homeostase idnica celular (Skou and Esmann, 1992). Em 1997, o
prémio Nobel de quimica foi compartilhnado com o pesquisador dinamarqués Jens C.
Skou, pela descoberta da Na*,K*-ATPase. Embora a hipdtese da existéncia de uma
bomba de sodio tenha sido proposta anteriormente, Jens C. Skou foi o primeiro a
sugerir, em 1957, uma ligagdo entre o transporte de Na* e K* através da membrana
plasméatica e uma atividade ATPasica que era ativada por estes ions e esta presente na
membrana plasmatica (Skou, 1957). A reacéo bésica catalisada pela Na*,K*-ATPase é 0
transporte de 3 ions Na* para o meio extracelular e de 2 ions K* para 0 meio
intracelular, usando energia proveniente da hidrolise do ATP (Skou and Esmann, 1992).

Ao regular o gradiente de Na* e K™ através da membrana plasmatica a Na*,K*-ATPase
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regula também, de maneira indireta a concentracdo intracelular de outros ions, como

Ca®*, CI' e H*, e diversas substancias como agua e glicose (Skouand Esmann, 1992). O

mecanismo postulado para o transporte de Na* e K™ pela Na",K*-ATPase é apresentado

na figura 2.
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Figura 2: Mecanismo postulado para o transporte de
Na" e K* pela Na*,K*-ATPase. O processo inicia-se
com a ligacdo de 3 Na+ a sitios de alta afinidade
presentes na por¢do interna da subunidade o, na
superficie interna da membrana no interior da
célula (1). A fosforilacdo da enzima altera sua
conformacéo (2) e diminui sua atividade por Na+,
levando a liberagdo deste no meio extracelular (3) e
a ligacdo de 2 K+ em sitios de alta afinidade
presentes na porcdo extracelular (4). Apds a ligagéo
do K+ a enzima é desfosforilada e retorna a sua
configuragdo anterior (5), e assim o K+ é liberado
no meio intracelular (6). A proteina agora eesta

pronta para um novo ciclo de bombeamento.

Fonte: adaptado de Nelson e Cox (2002).

1.6.1. Aspectos estruturais da Na*,K*-ATPase

A Na" K*-ATPase pertence a familia de bombas de céations do tipo P. A unidade

funcional minima da enzima é um heterodimero composto por uma subunidade o e uma

subunidade B, e este dimero pode ainda estar co-localizado com uma proteina da familia

FXYD (denominada por alguns autores de subunidade y) (Kaplan, 2002; Jorgensen et

al., 2003). Até o momento foram clonados a partir de mamiferos 4 genes que codificam
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subunidades a, € 3 genes que codificam subunidades 3. As diferentes combinagdes entre
subunidades o e P formam uma variedade de isoformas de Na',K'-ATPase que sdo
expressas em células e tecidos especificos (Kaplan, 2002; Jorgensen et al., 2003).

A subunidade o da Na* K'-ATPase ¢ composta por aproximadamente 1000
aminoacios, tem um peso molecular aproximado de 110 kDa e sua estrutura
tridimensional tem 10 dominios transmembrana (Kaplan, 2002; Jorgensen et al., 2003).
A subunidade a contém os sitios de ligacdo para Na* e K*, ATP e também para o
inibidor especifico ouabaina (Kaplan, 2002; Jorgensen et al., 2003). As diferencas na
sequéncia primaria de aminoacidos entre as 4 subunidades o encontradas até o momento
em mamiferos sdo minimas, mas resultam em diferencas cruciais, principalmente no
que diz respeito a sensibilidade a inibidores, como a ouabaina. De fato, enquanto as
isoformas contendo subunidades a2 ou a3 possuem um ICsq para ouabaina de 28,4 nM,
as isoformas contendo subunidades al possuem um ICsg de 89,4 uM para este mesmo
inibidor (Nishi et al., 1999). Além disso, é importante mencionar que a subunidade a
contém os sitios para fosforilacdo por PKA (serina 943 em al-03) e PKC (serina 23 em
al), importantes para regulagdo da atividade e expressdo na membrana plasmatica da
Na" K*-ATPase (Fisone et al., 1994; Logvinenko et al., 1996).

A subunidade P da Na®,K'-ATPase é composta de aproximadamente 370
aminoacidos e um peso molecular aproximado de 55 kDa (Kaplan, 2002; Jorgensen et
al., 2003). Esta proteina possui apenas um dominio transmembrana e a porgdo
aminoterminal estd exposta ao citosol. A fun¢do exata da subunidade B ainda ndo esta
completamente entendida, mas foi demonstrado que a subunidades o ndo exibe
atividade ATPéasica quando dissociada da subunidade B. Nesse contexto, tem sido
sugerido que as principais funcdes da subunidade B da Na',K*-ATPase estdo

relacionadas a estabilizagdo da conformagdao 6tima da subunidade o na membrana
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plasmatica, além de uma participacdo direta no ciclo reacional acoplado ao transporte

ibnico (Kaplan, 2002; Jorgensen et al., 2003).

1.6.2. Regulagdo da atividade da Na*,K*-ATPase

Entre os varios mecanismos envolvidos na regulagdo da atividade da Na* K-
ATPase, a variacdo na concentragcdo dos substratos Na*, K" e ATP é um dos mais
simples e determinantes (Therien and Blostein, 2000). A Na*,K*-ATPase é ativada por
Na" e ATP em sitios intracelulares e por K™ em um sitio extracelular. Entretanto, as
mudancas mais criticas estdo relacionadas a variagdes na concentracdo intracellular de
Na". O Ky, da Na",K*-ATPase para Na* esta na faixa de 10-40 mM, que na maioria dos
tecidos é um valor mais alto que a concentragdo intracelular de Na* no equilibrio
(Soltoff and Mandel, 1984a). Assim, pequenas variagdes na concentracdo intracelular de
Na" afetam profundamente a atividade da Na*,K*-ATPase na maioria dos tecidos. No
caso do K*, a concentragdo extracelular de K™ tem menos efeito sobre a atividade da
Na',K*-ATPase do que variagdes na concentragdo intracellular de Na®, provavelmente
devido & alta afinidade deste ion por seus sitios de ligacdo na enzima e porque a
concentragdo extracelular de fons K™ é saturante para os sitios de ligagio deste ion na
Na",K*-ATPase. Por outro lado, tem sido mostrado que o K™ pode agir como um
antagonista competitivo da ligacio do Na* em seus sitios de ligagdo na Na*,K*-ATPase
(Garay and Garrahan, 1973). Assim, variagdes na concentragdo intracelular de K*
poderiam alterar a atividade da enzima através de uma modificacdo na afinidade da
mesma por fons Na* (Therien et al., 1996). No que diz respeito ao ATP, a Na",K*-
ATPase apresenta uma cinética linear e um Ky de 300-800 uM para este substrato

(Soltoff and Mandel, 1984b).
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Outro mecanismo importante para regulacio da Na*,K*-ATPase é a fosforilagdo
de residuos especificos, principalmente na subunidade a. Uma série de hormonios,
neurotransmissores e outras substancias modulam a atividade da Na*,K*-ATPase por
alterar o estado de fosforilagdo dos residuos de serina 943 (al, a2 e a3) e serina 23 em
al (os sitios de fosforilagdo para PKC em 02 e a3 ainda sdo motivo de controvérsia na
literatura) (Fisone et al., 1994; Cheng et al., 1997b; Cheng et al., 1997a; Cheng et al.,
1999; Nishietal., 1999; Teixeira et al., 2003). A fosforilacdo dos residuos de serina 943
e/ou serina 23 na subunidade al afetam a atividade da Na',K*-ATPase de varias
maneiras, inibindo ou ativando a enzima, dependendo do tecido e tipo celular estudado.
Os mecanismos pelos quais a fosforilacdo destes residuos afeta a atividade da Na*,K™-
ATPase sdo variados, e incluem mudancas na afinidade pelos substratos Na*, K* e ATP
e/ou aumento ou diminuicdo da quantidades de moléculas de enzima na membrana

plasmética.

1.6.3. Aspectos fisioldgicos e patoldgicos da Na*,K*-ATPase no cérebro

No cérebro, a atividade da Na*,K'-ATPase contrioui de maneira crucial para a
manutencdo do gradiente eletroquimico responsavel pelos potencias de repouso e acéo e
captacdo e liberacdo de neurotransmissores (Stahl and Harris, 1986).
Consequentemente, mudancas na atividade da Na*,K'-ATPase afetam diretamente a
sinalizacdo celular via neurotransmissores e a atividade neuronal, assim como o
comportamento do animal (Moseley et al., 2007). Neste contexto, um prejuizo ao
funcionamento da Na*,K*-ATPase ocasiona aumento ou diminuicdo da excitabilidade
neuronal, dependendo do grau de inibigdo induzido e do tipo neuronal afetado (Grisar et

al., 1992). De acordo, o inibidor da Na*,K*-ATPase, ouabaina, aumenta o influxo de
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calcio em slices de cérebro de ratos (Fujisawa et al., 1965), causa convulsdes em
camundongos (Jamme et al, 1995), liberagdo de glutamato por reversdo do
transportador dependente de Na* (Li and Stys, 2001) e morte celular no hipocampo de
ratos (Lees et al., 1990). Além disso, a supressdo genética da Na*,K'-ATPase causa
prejuizo ao aprendizado espacial e aumento no comportamento tipico de ansiedade em
camundongos (Moseley et al., 2007). Também é importante mencionar que a atividade
da Na*,K*-ATPase esta diminuida no cérebro post-mortem de pacientes com epilepsia
(Grisar et al., 1992) e que mutagdes nos genes que codificam a subunidade o estdo
associadas com epilepsia em humanos (Jurkat-Rott et al., 2004). Além disso, 0 grau de
inibicdo da atividade da Na*,K*-ATPase induzido pela administragdo intracerebral de
acido metilmalénico ou de acido glutarico se correlaciona positivamente com a duracéo
das convulsdes induzidas por estes agentes (Fighera et al., 2006; Furian et al., 2007),
reforcando o papel importante da inibicdo da atividade Na*,K*-ATPase nas convulsdes
induzidas por diversos agentes. Especialmente no que diz respeito ao é&cido
metilmalénico, tal correlacdo atinge valores impressionantes, préximos a 1 (0,994)

(Furianetal., 2007).
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2. Objetivo

Dado o elevado nimero de pacientes com epilepsia que apresentam convulsdes
refratrias as drogas disponiveis atualmente, torna-se importante a busca por novas
drogas anticonvulsivantes, e o entendimento dos mecanismos de inducdo e manutencéo
de convulsbes torna-se de fundamental importancia para este fim. Considerando que
mediadores da inflamagdo como COX-2 e a PGE, podem contribuir de forma
importante para o aumento da excitabilidade cerebral observada durante convulsdes,
nosso objetivo foi determinar o papel dos diferentes subtipos de receptores para PGE;
nas convulsdes induzidas por PTZ, um modelo com alto valor preditivo para o
desenvolvimento de novos agentes anticonvulsivantes. Aléem disso, considerando niveis
aumentados de PGE; e diminuicdo da atividade da Na',K*-ATPase sdo fendmenos
comuns encontrados durante convulsdes e que a atividade da Na*,K*-ATPase é
determinante da excitabilidade celular, investigamos se a PGE; poderia diminuir a
atividade da Na',K*-ATPase no hipocampo de ratos, no intuito de determinar os
mecanismos moleculares envolvidos na modulagdo das convulsdes induzidas por PTZ

por receptores EP.

2.1. Hipdteses

As hipoOteses testadas neste trabalho foram:

1. O antagonista de receptores EP1, SC-19220, atenua as convulsdes induzidas por PTZ;

2. O agonista de receptores EP2, butaprost, atenua as convulsdes induzidas por PTZ;

3. O antagonista de receptores EP3, L-826266, atenua as convulsées induzidas por PTZ;
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4. O antagonista de receptores EP4, L-161982, facilita as convulsbes induzidas por
PTZ,

5. A incubagdo com PGE; diminui a atividade da Na',K'-ATPase em fatias de
hipocampo de ratos;

6. A incubacdo com PGE; diminui a quantidade de moléculas de Na*,K*-ATPase em
fatias de hipocampo de ratos;

7. A incubacdo com PGE, diminui a expressdo da Na*,K'-ATPase na membrana
plasméatica em fatias de hipocampo de ratos;

8. A incubacdo com PGE; aumenta a fosforilacao da Na',K*-ATPase no residuo de
serina 943 em fatias de hipocampo de ratos;

9. O antagonista de receptores EP1, SC-19220, previne a diminuicdo da atividade da
Na",K*-ATPase induzida por PGE;;

10. O agonista de receptores EP2, butaprost, previne a diminui¢cdo da atividade da
Na" K*-ATPase induzida por PGE;;

11. O antagonista de receptores EP3, L-826266, previne a diminui¢do da atividade da
Na',K*-ATPase induzida por PGE;;

12. O antagonista de receptores EP4, L-161982, facilita a diminui¢do da atividade da
Na" K*-ATPase induzida por PGE,as convulsdes induzidas por PTZ;

13. O inibidor de PKA, H-89, previne a diminuicdo da atividade da Na*,K*-ATPase
induzida por PGE;y;

14. O inibidor de PKC, GF-109203X, previne a diminuicio da atividade da Na*,K*-

ATPase induzida por PGE;.
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Abstract—There is evidence that prostaglandin E; (PGE;) facili-
tates the seizures induced by pentylenetetrazol (PTZ), but the role
of PGE; receptors (EPs) in the development of selzures has not
been evaluated to date. In the cument study we investigated
whether selective EP ligands alter PTZ-induced seizures in adult
male Wistar rats by electrographic methods. Selective antagonists
for EP1 (SC-19220, 10 nmol, i.c.v.), EP3 (L-826266, 1 nmol, i.c.v.)
and EP4 (L-161982, 750 pmol, i.c.v.) receptors, and the selective
EP2 agonist butaprost (100 pmol, i.c.v.) increased the latency for
clonic and generalized tonic—clonic seizures induced by PTZ
These data constitute pharmacological evidence supporting a role
for EPs in the seizures induced by PTZ. Although more studies are
necessary to fully evaluate the anticonvulsant role these com-
pounds and their use in the clinics, EP ligands may represent new
targets for drug development for convulsive disorders. © 2008
IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: PGE,, epilepsy, EEG, PTZ, rat.

Cyclooxygenases (COXs) are rate-limiting enzymes in the
metabolic pathway that converts arachidonic acid to pros-
taglandins (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

*Comesponding author. Tel: +55-55-3220-0378; fax: +565-55-3220.8241.
E-mail address: cf mello@smail. ufsm.br (C. F. Mello).

Abbreviations. butaprost, (=)-15-deoxy-165-hydroxy-17-cyclobutyl
prostaglandin E,; COX, cyclooxygenase; DMSO, dimethyl sulfoxide;
EEG, electroenc:ephalogam EP, PGE, receptor; L-161982, N-[4'-
[[3-butyl-1, 5-d|hydro-5-oxo-1-[2-{Inﬂunruneﬂ1:.1]phenyl]—4H 1,2 4-riazol
A-yllmethyl][1,1°-biphenyl]-2-yl|sulfonyl]-3-methyl-2-thiophenecarboxa
mide; L-B26266, [(2E)-N-I{5-bromo-2-methoxyphenyl)-sulfonyl]-3-[5-
chlorg-2- 2-naphthyimethyl) phenyll acrylamide; NMDA, N-methyl-o-as-
partate; PBS, sterile phosphate-buffered saline; PGE,, prostaglandin E;
PTZ, pentylenetetrazol; SC-19220, 8-chloro-dibenzo[b,f[1,4]oxazepine-
10(11H)-carboxylic acid-2-acetylhydrazide.

which is induced at injury/inflammation sites and ex-
pressed constitutively in a few organs, such as the CNS
(Yamagata et al., 1993; Vane et al., 1998). In the CNS, it
has been suggested that COX-2 modulates important ce-
rebral physiclogical processes, such as body temperature
control, appetite, sleep and leamning and memory pro-
cesses (Sang and Chen, 2008).

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-sus-
ceptible EI mice present increased COX-2 expression in
brain (Okada et al., 2001; Desjardins et al., 2003) and
transgenic mice overexpressing neuronal COX-2 are more
susceptible to kainate-elicited convulsions (Kelley et al.,
1999). It is also remarkable that pharmacological treat-
ments that increase COX-2 expression in the brain, such
as interleukin-12 and lipopolysaccharide exposure, facili-
tate PTZ- and bicuculline-induced seizures (Vezzani et al.,
2000; Akarsu et al., 2006), respectively. Consequently, if
COX-2 played a facilitatory role in seizure development, its
inhibition should protect animals from developing seizures
in different epilepsy experimental models. In line with this
view, it has been shown that selective COX-2 inhibitors,
such as celecoxib, attenuate the seizures elicited by elec-
troconvulsive shock (Shafig et al., 2003) and pentylenetet-
razol (PTZ) (Dhir et al., 2006) (Oliveira et al., 2008). For
these reasons, COX-2 has been postulated as an interest-
ing target for drug development in epilepsy.

Recent studies have indicated that prostaglandin E,
(PGE,) is responsible for the neurotoxicity of COX-2. In
fact, the protection afforded by selective COX-2 inhibitors
against N-methyl-D-aspartate (NMDA) -induced cell death
in vitro and in wivo are reversed by a PGE, analog (Carl-
son, 2003; Manabe et al., 2004). Interestingly, and in line
with the view that excitotoxicity and seizure development
may share common mechanisms (Bazan et al., 2002), the
anticonvulsant effect of celecoxib against PTZ-induced
seizures is also blunted by PGE, administration (Oliveira
et al., 2008).

The biological actions of PGE; have been atiributed to
its ability to interact with plasma membrane receptors, the
PGE, receptors (EPs) (Narumiya et al., 1999; Sugimoto
and Narumiya, 2007). Molecular cloning has confirmed the
existence of four subtypes of EPs (EP1, EP2, EP3 and
EP4) (Boie et al., 1997), which are coupled to G-proteins
and evoke cellular responses via distinct signaling cas-
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cades (Narumiya et al., 1999; Sugimoto and Narumiya,
2007), though G-protein-independent effects have also
been reported (Kawano et al., 2006).

There are only a few studies about the effects of ex-
ogenous EP ligands on brain function and pathological
processes. It has been shown that EP1 receptor antago-
nists, as well as EP2 and EP4 agonists, reduce neuronal
damage induced by ischemia and NMDA injection (Ahmad
et al., 2005, 2006a,b; Kawano et al., 2006). However, the
role of EPs in seizures has not been evaluated to date.
Therefore, in the current study we investigated the effect of
selective EP1, EP3 and EP4 receptor antagonists on the
behavioral and electrographic seizures induced by PTZ, a
convulsant agent that has been widely used in the study of
seizure development and screening of new compounds
with anticonvulsant activity. Since, to our knowledge, se-
lective EP2 receptor antagonists are not available, the role
of EPZ2 receptors in the seizure acfivity induced by PTZ
was investigated by using butaprost ((=)-15-deoxy-16S-
hydroxy-17-cyclobutyl prostaglandin E,), a selective EP2
agonist.

EXPERIMENTAL PROCEDURES
Animals

Adult male Wistar rats (2560—300 g) maintained under controlled
light and environment (12-h light'dark cycle, 241 °C, 55% rela-
tive humidity) with free access to food (Guabi, Santa Maria, Brazil)
and water were used. Animal utilization reportad in this study was
conducted in accordance with the policies of the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals
(NIH Publications No. 80-23) revised in 1996 and with the Institu-
tional and Matiomal regulations for animal research (process
0206). All efforts were made to reduce the number of animals
used, as well as minimize their suffering.

Drugs

PTZ was purchased from Sigma (St. Louis, MO, USA). 8-Chloro-
dibenzo[b f[1.4]Joxazepine-10{11H)-carboxylic acid-2-acetylhydra-
zide (SC-19220) (an EP, antagonist) and butaprost (an EP, antag-
onist) were purchased from Cayman Chemical (Ann Arbor, MI, USA).
[[2E)-N-[{5-bromo-2-methoxyphenyll-sulfonyl]-3-[5-chloro-2-{ 2-naph-
thylmethyl) phenyl] acrylamide (L-826266) (an EP; antagonist) and
N-[[4"-[[3-butyl-1,5-dihydro-5-oxo-1-[2-(triflucromethyl) phenyl]-
4H-1,2 4-triazol-4-ylmethyl][1,1"-biphenyl]-2-yl]sulfonyl]- 3-methyl-
2-thiophenecarboxamide (L-161982) (an EP, antagonist) were
generously donated by Merck Froost (Kirkland, Quebec, Canada).
SC-19220 was dissolved in 100% dimethyl sulfoxide (DMS0) and
then diluted with sterile phosphate-buffered saline (PBS), in such
away that DMSO conceniration did not exceed 1%. L-826266 and
butaprost were prepared in absolute ethanol and then diluted with
PBS, in such a way that ethanol concentration did not exceed
0.5%. L-161982 and PGE, were solubilized in PBS. All other
reagents were of analytical grade and were purchased from local
suppliers.

Surgical procedures

All animals were anesthetized with Equithesin (1% phencbarbital,
2% magnesium sulfate, 4% chloral hydrate, 42% propylene glycol,
11% ethanol; 3 mlkg, i.p.) and placed in a rodent stereotaxic
apparatus. Under stereotaxic guidance, two cannula were in-
serted bilaterally info the lateral veniricles (coordinates relative to
bregma: AP 0 mm, ML 1.5 mm, V 2.5 mm from the dura) (Paxinos

and Watson, 1986). For eleciroencephalogram (EEG) recordings,
two screw electrodes were placed bilaterally over the parietal
cortex, along with a ground lead positioned over the nasal sinus.
The elecirodes were connected to a multipin socket and, together
with the injection cannula, were fixed to the skull with dental acrylic
cement. Chloramphenicol (200 mg'kg, iLp.) was administrated
immediately before the surgical procedure. The experiments were
performed 7-9 days after surgery.

Drug administration protocol

The efiect of the i.c.v. administration of EP ligands on seizure
activity induced by PTZ (60 mg/kg, i.p.) was investigated by in-
jecting the animals with SC-19220 (0.1, 1 or 10 nmol/site), butap-
rost (0.01; 0.1 or 1 nmolfsite), L-826266 (0.01. 0.1 or 1 nmol/site),
L-161882 (7.5, 75 or 750 pmaolfsite) or with their respective vehi-
cles (1% DMSO in PBS; 0.5% ethanol in PBS or PBS) 15 min
before the administration of PTZ. Since all the antagonists tested
are competitive, their anticonvulsant effects should be reveried by
the injection of the endogenous ligand, PGE,. We investigated
this possibility by injecting the animals with PGE; (100 ng/site,
i.env.) or its vehicle at the same fime of the injection of the EP
antagonists or its respective vehicles (15 min before PTZ). All
i.c.v. injections were performed by using a needle (30 gauge)
protruding 1 mm below a guide cannula. All drugs were injected
aver 1-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. Doses and time elapsed
between drug injection and PTZ injection were selected based on
pilot experiments. After each experiment, the animals were in-
jected with a dye (5 pl of Methylene Blue), deeply anesthetized
with thiopental and killed 15 min thereafter. The positioning of the
cannula was considered correct if the ventricular sysiem was
pigmented at the stereoscopic analysis of coronal cerebral slices.
Only those animals which had a correct cannula positioning were
analyzed, and animals with incorrect cannula placement ac-
counted for less than 5% of the animals.

Seizure evaluation

Seizures were monitored in all animals by elecirocorticographic
recording. The groups were as follows:

Experiment 1: vehicle (n=4 animals per group). SC-19220 0.1 nmol/site
(n=4), SC-19220 1 nmol'site (n=5), SC-19220 10 nmol'site (n=8),
PGE; (n=4) and PGE; plus SC-19220 10 nmolisite (n=7).

Experiment 2: wehicle (n=4), butaprost 0.01 nmolisite (n=6),
butaprost 0.1 nmol/site (n=7), butaprost 1 nmol/site (n=>5).

Experiment 3: wehicle (n=5), L-826266 0.01 nmolisite (n=5),
L-826266 0.1 nmol/site (n=19), L-826266 1 nmol/site (n=14),
PGE, (n=5) and PGE, plus L-826266 1 nmol/site (n=8).

Experiment 4: wvehicle (n=5), L-161982 7.5 pmolisite (n=5),
L-161982 75 pmol/site (n=5), L-161982 750 pmoal/site (n=10),
PGE; (n=4) and PGE, plus L-161982 1 nmol'site (n=8).

Al the day of the experiments, each animal was transfemred to
a Plexiglas cage (25x25x40 cm) and habituated 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,
Neurotec Ltd, Itajuba, MG, Brazil). EEG signals were amplified,
filtered (0.1-70.0 Hz, bandpass), digitalized (sampling rate
256 Hz) and stored in a PC for off-line analysis. Routinely, a 10
min baseline recording was obtained to establish an adequate
control period. After baseline recording, EP ligands or their re-
spective vehicles were administered and, 15 min thereafter, PTZ
(60 mg/kg, i.p.) was administered. The animals were observed for
the appearance of clonic and generalized tonic—clonic convulsive
episodes for 20 min according to Ferraro et al. (1999), who de-
scribes clonic convulsions as episodes characterized by typical
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partial clonic activity affecting the face, head, vibrissae, and fore-
limbs. Such clonic events typically last 1-2 s and can occur either
individually or in multiple discrete episodes before generalization.
Generalized convulsive episodes were considered as generalized
whole-body clonus involving all four limbs and tail, rearing, wild
running and jumping, followed by sudden loss of upright posture
and autonomic signs, such as hypersalivation and defecation,
respectively. PTZ-induced generalized convulsions typically
lasted between 30 and 60 s, and were followed by a quiescent
period. During the 20-min observation period, the latencies for the
first clonic and 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 (=1.5x<baseline); muliiple sharp waves (=2 xbase-
line) in brief spindle episodes (=1 s=5 s); multiple sharp waves
(=2xbaseline) in long spindle episodes (=5 s); spikes
(=2xDbaseline) plus slow waves, multispikes (=2xbaseline, =3
spikes/complex) plus slow waves, major seizure (repetitive spikes
plus slow waves obliterating background rhythm, =5 s). Rhythmic
scratching of the electrode headset by the animal rarely caused
artifacts. These recordings were easily identified and discarded.

Statistical analysis

Behavioral daia were analyzed by the Kruskal-Wallis test (non-
paramefric one-way analysis of variance), and are presented as
median and interquartile ranges. Post hoc analyses were camied
out by the Dunn's multiple comparison test. A probability of
P=0.05 was considered significant, and P and H values are
shown only if P=0.05.

RESULTS

Fig. 1A and 1B shows the effect of increasing doses of
SC-19220, a selective EP1 receptor antagonist, on the
latency for clonic and for generalized tonic—clonic convul-
sions induced by PTZ. Statistical analysis (Kruskal-Wallis
test followed by the nonparametric multiple comparisons
Dunn test) revealed that SC-19220 (10 nmol/site), in-
creased the latency for clonic [H(3)=12.102; P<0.05, Fig.
1A] and generalized [H(3)=12.359; P<0.05, Fig. 1B] sei-
zures. Representative EEGs showing the anticonvulsant
effect of SC-19220 are depicted in Fig. 1C—F. The injection
of PTZ caused the appearance of multispikes plus slow
waves and major seizure activity. Multispikes plus slow
waves correlated with characteristic myoclonic jerks, while
PTZ-induced generalized seizures were characterized by
the appearance of 2-3 Hz high-amplitude activity in the
recording leads and the behavioral repertoire described
above. After the ictal discharge, postictal EEG suppression
and slow waves, which correlated with behavioral cata-
lepsy, were recorded. SC-19220 (10 nmol/site, i.c.v.) in-
creased the latency for PTZ-induced seizures, character-
ized in the EEG as multiple sharp waves in brief spindle
episodes (Fig. 1C—F) and behaviorally as myoclonic jerks.

The administration of the selective EP2 agonist, butap-
rost, increased the latency for PTZ-induced clonic [H(3)=
0.644; P<0.05 Fig. 2A] and generalized tonic—clonic
[H(3)=9.788; P<0.05, Fig. 2B] seizures in a dose-dependent
manner, up to 0.1 nmol/site. As the dose of butaprost was
increased to 1 nmol/animal, latency scores returned to
control values, yielding an inverted U-shaped dose—effect
curve. The representative EEGs depicted in Fig. 2C—F

show that butaprost delays seizures, but does not alter
PTZ-induced wave patterns.

Fig. 3A and 3B shows the effect of increasing doses of
L-826268, a selective EP3 receptor antagonist, on the
latency for clonic and generalized tonic—clonic seizures
induced by PTZ. Statistical analysis (Kruskal-Wallis test
followed by nonparamefric multiple comparisons Dunn
test) revealed that L-826266 (1 nmol/site) increased the
latency for clonic [H(3)=22.429; P<0.05, Fig. 3A] and
generalized tonic—clonic [H(3)=19.302; P<0.05, Fig. 3B]
seizures. Representative EEGs depicted in Fig. 3C-F
show that L-826266 (1 nmol/site) delays seizures.

The effect of the selective EP4 receptor antagonist
L-161982 on PTZ-induced seizures is shown in Fig. 4A
and 4B. Statistical analysis (Kruskal-Wallis test followed by
nonparametric multiple comparisons Dunn test) revealed
that L-161982 (750 pmolisite) increased the latency for
clonic [H(3)=19.860; P<0.05, Fig. 4A] and the generalized
tonic—clonic [H(3)=19.853; P<0.05, Fig. 4B] seizures.
Representative EEGs depicted in Fig. 4C—F show that
L-161982 (750 pmolisite) delays PTZ-induced seizures.
Analysis of EEG recordings from animals treated with SC-
19220 (3 of 5), butaprost (2 of 7), L-826266 (3 of 13) and
L-161982 (1 of 9), which did not present generalized sei-
zures, revealed the occurrence of multiple sharp waves in
brief spindle episodes, which correlated with hypoactivity
and tremor. The fact that subeffective doses of PTZ (20—
35 mg/kg) induce this EEG pattern (Andre et al., 1998)
further support the view that EP1, EP3 and EP4 antago-
nists and an EP2 agonist attenuate seizure activity.

Since all the antagonists tested are competitive, their
anticonvulsant effects should be reverted by the injection
of the endogenous ligand, PGE,. We found that the ad-
ministration of PGE, (100 ng/site, i.c.v.) blunted the anti-
convulsant effect of all antagonists tested, measured by
both the latencies for clonic and generalized tonic—clonic
seizures (Figs. 1, 3 and 4; A and B). The electrographic
pattern of the seizures presented by animals injected with
PGE, plus EP antagonist plus PTZ in these sets of exper-
iments (Figs. 1, 3 and 4; G and H) was very similar to that
presented by animals treated only with vehicle plus PTZ
(Figs. 1-4; C and D).

DISCUSSION

In the current study we showed that EPs modulate PTZ-
induced seizures. Specifically, we showed that the i.c.v.
administration of EP1, EP3 and EP4 antagonists, and of an
EP2 agonist, increases the latency for clonic and general-
ized seizures induced by PTZ. Moreover, we showed that
the i.c.v. administration of PGE; blunted the anticonvulsant
effects of all the antagonists tested.

There are lines of evidence suggesting that inflamma-
tion plays a role in seizure activity and that prostaglandins
mediate seizure- and NMDA-induced excitotoxicity (for a
review see Vezzani and Granata, 2005). For instance,
patients with temporal lobe epilepsy and the genetically
seizure-susceptible E1 mice have increased COX-2 ex-
pression in brain (Okada et al., 2001; Desjardins et al.,
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Fig. 1. EP1 receptor antagonist SC-19220 (0.1; 1 or 10 nmol'site, i.c.v.) increases the latency for clonic (A) and generalized tonic—clonic (B) seizures
induced by PTZ (60 mg/kg, i.p.). The i.c.v. administration of PGE, (100 ng/site) blunted the anticonvuisant action of SC-19220 (10 nmol/site),
measured by both the latencies for clonic (A) and generalized (B) seizures induced by PTZ. * P<0.05 compared with vehicle-PTZ group (Dunn’s
nonparametric multiple comparison test). Data are median+interquartile ranges for n=4—-8 in each group. Also shown are typical seizure sequences
observed after administration of PTZ (60 mg/kg, i.p.) in an animal freated with (C) vehicle (1% DMSO in PBS, i.c.v.), (E) SC-19220 (10 nmol/site, i.c.v.)
or (G) PGE; (100 ng/site, i.c.v.) plus SC-19220 (10 nmol/site, i.c.v.). The expanded waveforms from the EEG recording outlined by the boxes in C,
E and G are shown in D, F and H, respectively. In all traces the arrow indicates PTZ administration; the arrowhead indicates the EEG pattern
associated with clonic seizures and the top black bar indicates the EEG pattern associated with generalized tonic—clonic seizures.

2003). Moreover, transgenic mice overexpressing neuro-
nal COX-2 are more susceptible to kainate-elicited convul-
sions (Kelley et al., 1999) and selective COX-2 inhibitors,
such as rofecoxib, nimesulide and celecoxib decrease
PTZ-induced seizures in rats (Dhir et al., 2008) (Oliveira et
al., 2008). Moreover, the anticonvulsant effect of celecoxib
against PTZ-induced seizures is blunted by PGE, admin-
istration (Oliveira et al., 2008), further supporting the in-
volvement of COX-2 and PGE, in seizure development.
However, because of severe adverse effects that may
arise from long-term treatment with COX-2 inhibitors, in-

cluding an increased risk of stroke and myocardial infarc-
tion (Topol and Falk, 2004), reducing PGE2 levels with
COX-2 inhibitors may not be a safe measure. In line with
this view, blocking EPs could be a reasonable therapeutic
alternative to decrease COX-2/PGE, pathway overactiva-
tion (FitzGerald, 2003; Dore, 2006).

In this study we showed that blocking EP1 or EP3
receptors decreases PTZ-induced seizures. To our knowl-
edge, this is the first study about the effects of exogenous
EP ligands on seizures. Therefore, since there are lines of
evidence suggesting that excitotoxicity and seizure devel-
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Fig. 2. EPZ receptor agonist butaprost (0.01; 0.1 or 1 nmolfsite, i.c.v.) increases the latency for clonic (A) and generalized tonic—clonic (B) seizures
induced by PTZ (60 mgkg, Lp.). © P<0.05 compared with vehicle-PTZ group (Dunn's nonparametric multiple comparison test). Data are
median +interquartile ranges for n=4—7 in each group. Also shown are fypical seizure sequences observed after administration of PTZ (60 mg/kg, i.p.)
in an animal treated with (C) vehicle (0.5% ethanol in PBS, i.c.v.) or (E) butaprost (0.01 nmol'site, i.c.v.). The expanded waveforms from the EEG
recording outlined by the boxes in C and E are shown in D and H, respectively. In all traces the arrow indicates PTZ administration; the arrowhead
indicates the EEG pattern associated with myoclonic jerks and the top black bar indicates the EEG pattern associated with generalized tonic—clonic

seizures.

opment may share common mechanisms (Bazan et al.,
2002}, our results will be discussed in light of the previous
reports on the anti-excitotoxic action of EP ligands. Ac-
cordingly, pharmacological or genetic suppression of EP1
receptor activity limits acute brain damage. In fact, the i.c.v.
administration of EP1 receptor antagonists ONO8713 or
SC51089 reduces neuronal death induced by injection of
NMDA, oxygen-glucose deprivation and transient middie
cerebral artery occlusion (Ahmad et al., 2006a; Kawano
et al., 2006). In addition, EP1 receptor knockout mice
present less neuronal damage due to acute exposition to
NMDA and transient middle cerebral artery occlusion (Ah-
mad et al., 2006a; Kawano et al., 2006) than wild-type
mice, further suggesting a facilitatory role for EP1 recep-
fors in acute excitotoxicity. Interestingly, it has also been
proposed that EP3 receptor activation facilitates acute ex-
citotoxicity (Ahmad et al., 2007). In line with this view, while
the genetic deletion of EP3 receptor protects mice from
neuronal cell death induced by intrastriatal injection of

NMDA or transient middle cerebral artery occlusion, the
i.c.v. administration of ONO-AE-248 (an EP3 selective
agonist) exacerbates neuronal cell death in both models
of acute excitotoxicity (Ahmad et al., 2007). Therefore,
the finding that EP1 or EP3 receptor blockade has an-
ticonvulsant properties (Figs. 1 and 3) reported in this
study would be in agreement with the current knowledge
about the role of these receptors in acute models of
excitotoxicity.

We also showed that an EP2 selective agonist, butap-
rost, increased the onset latency for PTZ-induced sei-
zures. This finding is in agreement with the study from
(McCullough et al., 2004), who have shown a protective
effect of butaprost against neuronal cell death induced by
NMDA and oxygen glucose deprivation, and that EP2
knockout mice have increased cerebral infarction in cere-
bral cortex and subcortical structures compared with their
wild counterparts. Moreover, the i.c.v. injection of butap-
rost reduces the neuronal cell death induced by NMDA in
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Fig. 3. EP3 receptor antagonist L-826266 (0.01; 0.1 or 1 nmol/site, i.c.v.) increases the latency for clonic (A) and generalized tonic—clonic (B) seizures
induced by PTZ (60 mg/kg, i.p.). The i.c.v. administration of PGE,, (100 ng/site) blunted the anticonvulsant action of L-826266 (1 nmol/site), measured
by both the latencies for clonic (A) and generalized (B) seizures induced by PTZ. * P<0.05 compared with vehicle-PTZ group (Dunn’s nonparametric
multiple comparison test). Data are median+interquartile ranges for n=5-14 in each group. Also shown are typical seizure sequences observed after
administration of PTZ (60 ma/kg, i.p.) in an animal treated with (C) vehicle (0.56% ethanol in PBS, i.c.v.), (E) L-826266 (1 nmol/site, i.c.v.) or (G) PGE,
(100 ngfsite, i.c.v.) plus L-826266 (1 nmol/site, i.c.v.). The expanded waveforms from the EEG recording outlined by the boxes in C, E and G are shown
in D, F and H, respectively. In all traces the amrow indicates PTZ administration; the arrowhead indicates the EEG pattern associated with clonic
seizures and the top black bar indicates the EEG pattern associated with generalized tonic—clonic seizures.

the striatum (Ahmad et al., 2006b), further suggesting that
EP2 receptor activation causes neuroprotection. Interest-
ingly, Ahmad et al. (2006b) have found that butaprost
caused maximal protection at intermediate, but not at high
doses. In a similar fashion, in the present study we also
found that butaprost delayed the onset of PTZ-induced
seizures at an intermediate (0.1 nmol/site), but not at a
high dose (1 nmol/site) (Fig. 2). Although the exact mech-
anisms underlying such bell-shaped effects are not de-
fined, it is important to point out that EP2 receptor activa-

tion can be deleterious in some situations (Liang et al.,
2005).

Regarding the presently reported anticonvuisant effect
of EP4 receptor blockade, a review of currently available
literature about the neurotoxic effect of EP4 ligands may
reveal an apparent contradictory finding, since it has been
shown that EP4 receptor activation offers neuroprotection.
In fact, the i.c.v. injection of the selective EP4 receptor
agonist ONO-AE1-329 significantly reduced the neuronal
cell death induced by the intrastriatal administration of
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Fig. 4. EP4 receptor antagonist (7.5; 75 or 750 pmol/site, i.c.v.) increases the latency for clonic (A) and generalized tonic—clonic (B) seizures induced
by PTZ (60 mg/kg, i.p.). The i.c.v. adminisiration of PGE. (100 ng/site) blunted the anticonvulsant action of L-161982 (750 pmolfsite), measured by
both the latencies for clonic (A) and generalized (B) seizures induced by PTZ. * P=<0.05 compared with vehicle-PTZ group (Dunn's nonparametric
multiple comparison test). Data are median+interquartile ranges for n=5-10 in each group. Also shown are typical seizure sequences observed after
administration of PTZ (60 mg/kg, i.p.) in an animal freated with (C) vehicle (PBS, L.c.v.), (E) L-161982 (750 pmolisite, i.c.v.) or (G) PGE, (100 ng/site,
i.c.v.) plus L-161982 (750 pmol'site, i.c.v.). The expanded waveforms from the EEG recording outlined by the boxes in C, E and G are shown in D,
F and H, respectively. In all traces the arrow indicates PTZ administration; the arrowhead indicates the EEG pattern associated with clonic seizures
and the top black bar indicaies the EEG pattern associated with generalized tonic—clonic seizures.

NMDA (Ahmad et al.,, 2005). In addition, the incubation
with 1-hydroxy-PGE,. an EP3/EP4 agonist with slight pref-
erence toward EP4 receptors, prevents the amyloid g-pep-
tide-induced neurotoxicity, an in vitro model of Alzheimer's
disease (Echeverria et al., 2005). Therefore, one might
expect that EP4 receptor blockade would facilitate PTZ-
induced seizures. Instead, we found that the EP4 receptor
selective antagonist L-161982 increased the latency for
PTZ-induced seizures (Fig. 4). Although both EP2 and
EP4 receptors are coupled to Gs proteins and increase
cyclic AMP levels, current evidence indicates that other
signal transduction pathways may be recruited by the ac-

tivation of these receptors (Sugimoto and Narumiya, 2007)
and, thus, different outcomes can be found upon activation
of EP2 and EP4 receptors. For instance, the protective
effect of butaprost against Ag exposure is blunted by the
protein kinase A inhibitor RpcAMPS, whereas the protec-
tive effect of 1-hydroxy-PGE1 is not, implying differences
between EP2 and EP4 receptor protective mechanisms
(Echeverria et al., 2005), which may contribute to different
outcomes following EP4 receptor modulation.

Another point to be addressed is the specificity of the
EP ligands. Since in the current study the administration of
PGE, (100 ng/2 ul, i.c.v.) blunted the anticonvulsant ef-
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fects of all the antagonists tested, and these compounds
were discovered in assays covering a broad range of
possible targets (Boie et al., 1997; Machwate et al., 2001;
Michel Gallant, unpublished observations) it seems unlike
that the currently reported anticonvulsant effect of selec-
tive EP antagonists is due to non-specific effects.

In the present study we used a solution of 0.5% ethanol
in PBS as the vehicle for the EP2 agonist and the EP3
antagonist. At this concentration we did not find any effect
of ethanol on PTZ-induced seizures. Accordingly, the la-
tency for clonic and generalized seizures in the animals
injected with 0.5% ethanol in PES (the vehicle for the EP2
agonist and EP3 antagonist, Figs. 2 and 3) and PTZ was
identical to the latency for clonic and generalized seizures
observed in animals injected with PBS only, and PTZ (Fig.
4C-D). Moreover, the injection of solutions containing 0.5%
ethanol did not alter the paftern of the EEG recordings, when
compared with the pattern of basal recordings. Therefore, in
our experimental conditions, it appears that ethanol did not
contribute to the currently reported anticonvulsant effect of
the EP2 agonist and of the EP3 antagonist.

CONCLUSION

In summary, in this study we show pharmacological evi-
dence that PTZ-induced seizures can be modulated by EP
ligands. Although more studies are necessary to fully eval-
uate the anticonvulsant role of these compounds and their
use in clinics, EP ligands may represent new targets for
drug development for convulsive disorders.
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Abstract

Prostaglandin E, (PGE;) is quantitatively one of the major
prostaglandins synthesized in mammalian brain, and there is
evidence that it facilitates seizures and neuronal death. How-
ever, little is known about the molecular mechanisms involved
in such excitatory effects. Na’,K™-ATPase is a membrane
protein which plays a key role in electrolyte homeostasis
maintenance and, therefore, regulates neuronal excitability. In
this study, we tested the hypothesis that PGE, decreases
MNa“ K*™-ATPase activity, in order to shed some light on the
mechanisms underlying the excitatory action of PGE;. Na* K™
ATPase acfivity was determined by assessing ouabain-sensi-
tive ATP hydrolysis. We found that incubation of adult rat
hippocampal slices with PGEz (0.1-10 pM) for 30 min de-
creased Na®,K™-ATPase activity in a concenfration-dependent
manner. However, PGE; did not alter Na® K"-ATPase activity
if added to hippocampal homogenates. The inhibitory effect of
PGEzonNa" K*-ATPase activity was not related to a decrease
in the total or plasma membrane immunccontent of the cata-
lytic = subunit of Na® K*-ATPase. We found that the inhibitory
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effect of PGE; (1 pM) on Na* K*-ATPase activity was recep-
tor-mediated, as incubation with selective antagonists for EP1
(SC-19220, 10 uM), EP3 (L-B26266, 1 uM) or EP4 (L-161982,
1 uM) receptors prevented the PGEz-induced decrease of
MNa* K*-ATPase activity. Onthe other hand, incubation with the
selective EP2 agonist (butaprost, 0.1-10 pM) increased en-
zyme activity per se in a concentration-dependent manner, but
did not prevent the inhibitory effect of PGEz. Incubation with a
protein kinase A (PKA) inhibitor (H-89, 1 pM) and a protein
kinase C (PKC) inhibitor (GF-109203X, 300 nM) also pre-
vented PGEz-induced decrease of Ma® K™-ATPase activity.
Accordingly, PGE: increased phosphorylation of Serd43 at the
« subunit, a critical residue for regulation of enzyme activity.
Importantly, we also found that PGE; decreases Na® K™-AT-
Pase activity in vivo. The results presented here imply Na™ K*-
ATPase as a target for PGEz-mediated signaling, which may
underlie PGE-induced increase of brain excitability.
Keywords: cyclooxygenase-2, neurcinflammation,
protection, prostanoid, sodium pump.

J. Neurochem. (2009) 109, 416—426.
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Abbreviations used: aCSF, artificial cerebrospinal fluid; BSA, bovine
serum albumin; COX-2, cvclooxygenase-2; PBS, phosphate-buffered
saling, PGE:, prostaglandin Ex SDS, sodum dodecyl sulfate; PEA,
protein kinase A; PKC, protein kinase C; TBS-T, Trs-buffered saline
with Tween 20,
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Prostaglandin E» (PGE:) is quantitatively the major prosta-
glandin synthesized through the cyclooxygenase-2 (COX-2)
pathway in mammalian brain, and plays a central role in the
modulation of synaptic signaling and excitability, both in
physiological and pathological situations (Chen & Bazan
2005b). For instance, clinical and experimental studies have
shown that PGE, levels increase during seizures (Loscher &
Siemes 1988, Navamro ef al 1989), ischemia (Aktan er al.
1991, Kempski ef ol 1987) and traumatic brain injury (Ellis
et al. 1981a, Ellis ef al. 1981b), and that decreasing PGE-
levels with COX-2 selective inhibitors decreases seizures and
neuronal death associated with these pathological conditions.
In fact, COX-2 inhibition increases the latency for pentyl-
enetetrazol-induced seizures (Oliveira er al. 2008b), inhibits
the altered hippocampal neurogenesis and attenuates spon-
tangous recurrent seizures following pilocarpine-induced
status epilepticus (Jung ef al. 2006), improves learning and
memory deficits in a transgenic mouse model of Alzheimer’s
disease (Kotilinek et al. 2008), attenuates neuronal death in
experimental models of cerebral ischemia (Nakayama ef al.
1998) and traumatic brain injury (Cemak ef al. 2001). These
findings support the notion that PGE, may play a role in the
pathophysiology of different neurodegenerative diseases in
which excitotoxicity has been implicated. However, little is
known about the molecular mechanisms by which PGE»
facilitates excitatory activity.

Na',K'-ATPase (EC 3.639) is an ubiquitous plasma
membrane protein, which plays a key role in the maintenance
of intracellular electrolyte homeostasis in virtually all tissues
(Skou & Esmann 1992). In the central nervous system,
Na' K -ATPase activity significantly accounts for the main-
tenance of the electrochemical gradient across the plasma
membrane underlying resting and action potentials and
modulation of neurotransmitter release and uptake (Stahl &
Harris 1986). As a consequence, a decrease of Na,K-ATPase
activity directly affects neurotransmitter signaling, neural
activity, as well as animal behavior. Accordingly, the
Na' K '-ATPase inhibitor ouabain increases Ca® entry into
brain slices (Fujisawa ef al. 1965), causes electrographically
recorded seizures in mice (Jamme ef al. 1995), glutamate
release by reversal of Na'-dependent transporter in the rat
spinal cord (Li & Stys 2001) and cell death in rat
hippocampus (Lees et al. 1990). Moreover, genetic suppres-
sion of Na™,K'-ATPase activity impairs spatial learning and
increases anxiety-related behavior (Moseley er al 2007). It is
also remarkable that decreased Na 'K '-ATPase activity has
been found in the post-mortem epileptic human brain (Grisar
et al. 1992), and a mutation in the Na',K'-ATPase o subunit
gene has been associated with epilepsy in humans (Jurkat-
Rott ef al 2004).

Considering that both increased brain PGE- levels and
decreased Na',K'-ATPase activity are common findings in
exciotoxic conditions, we decided o investigate whether
these biological events are related. We hypothesized that PGE-

© 2009 The Authors
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decreases Na' K "-ATPase activity in rat hippocampus. As the
plasma membrane EP receptors (EP1, EP2, EP3 and EP4) have
been implicated in the biological actions of PGE, (Narumiya
et al. 1999, Sugimoto & Narumiya 2007), we investigated
whether these receptors mediate the inhibitory effect of PGE»
on Na',K'-ATPase activity in rat hippocampus. In addition,
aiven that protein kinase A (PKA) and protein kinase C (PKC)
are major downstream kinases involved in EP recepior
signaling (Sugimoto & Narumiya 2007), and these kinases
regulate Na',K'-ATPase activity (Nishi et al. 1999, Cheng et
al. 1999, Cheng etal. 1997b), we investigated whether they are
involved in the cumrenty described inhibitory effect of PGE»
on Na" K -ATPase activity.

Experimental procedures

Animals

Adult male Wistar rats (250-300 g) mamtained under controlled
light and environment (12-h light/dark cycle, 24 £ 1°C, 55%
relative humidity) with free access to food and water were used.
Animal uvtilization reported in this smdy was conducted in
accordance with the policies of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 80-23) revised in 1996 and with the Institutional
and National regulations for animal research. All efforts were made
to reduce the mumber of animals used, as well as minimize their
suffering.

Drugs and reagents

Prostaglandin E,, the selective EP1 antagonist SC-19220 and the
selective EP2 agonist butaprost (free acid) were purchased from
Cayman Chemical (Amn Arbor, MI, USA). The selective EP3 and
EP4 antagonists (L-826266 and L-161982, respectively) were
generously donated by Merck Froost (Kirkland, Quebec, Canada).
PGE;, EP receptor ligands and protein kinase inhibitors were
dissolved in 100% dimethy] sulfoxide and then diluted with artificial
cerebrospinal fluid (aC5F), in such a way that dimethyl sulfoxide
concentration did not exceed 0.005%. Primary antibodies for
immunodetection of Na', K- ATPase o subunit and phosphorylated
Ser®43 at Na' K -ATPase a subunit were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA, catalog numbers sc-
28800 and sc-16710 respectively). Reagents for westem blotting
were purchased from Bio-Rad (Hercules, CA, USA) and reagents
for biotinylation were purchased from Pierce (Rockford, IL, USA).
All other reagents were purchased from Sigma (St. Louis, MO,
USA).

In situ experiments

Animals were killed by decapitation and the hippocampus was
immediately disected and uwsed for the preparation of slices
(400 mm thick) with a Mcllwain tissue chopper. Slices were
suspended in a pre-gassed (carbogen) aCSF containing (in mM):
1.25 NaH,POy; 22 NaH,C05; 1.8 MgS0y4:; 129.0 NaCl; 1.8 CaCly;
3.5 KCI; 10 p-glucose, and pH was adjusted to 7.4 with carbogen.
The viability of hippocampal slices was assessed at 0, 30, 60 and
90 min after preparation by measuring lactate dehydrogenase
activity with a standard commercial kit (Labtest, Porto Alegre,
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RS, Brasil). Hippocampal slices were viable for more than 60 min
after preparation, and all experiments were performed within this
time window (data not shown).

The effect of PGE, on hippocampal Na* K" -ATPase activity was
investigated by incubating 10-12 slices for 30 min at 37°C with
increasing concentrations of PGE; (0, 0.1, 1 or 10 pM). The
concentrations of PGE; used in the current study were chosen hased
in previous studies that have demonstrated an excitatory action of
PGE; on hippocampal slices (Chen & Bazan 20035a, Chen ef al.
2002, Sang ef al. 2005), and are comparable to PGE; doses used in
previous in vive studies (Oliveira er al. 20084, Oliveira ef al. 2008b).
After the incubation period, the medium was discarded and slices
were gently homogenized (7-10 strokes) in ice-cold 30 mM Tris-
HCl buffer, pH 7.4, for determination of Na® K *-ATPase activity. In
a separate set of experiments, PGE; (0, 0.1, 1 or 10 pM) was added
directly to the reaction medium containing hippocampal homogen-
ates, in order to determine whether PGE, decreased Na*, K- ATPase
activity by directly interacting with the enzyme.

The role of EP receptors in PGE;-induced decrease in Na“ K-
ATPase activity was studied by incubating hippocampal slices with
PGE; (1 pM) and selective antagonists for EP1 (100 pM), EP3
(1 pM) or EP4 (1 pM) receptors. As, to our knowledge, selective
EP2 antagonists are not available, the role of EP2 receptors was
investigated by using the selective agonist butaprost (0.1-10 pM).
The concentrations of EP receptors ligands used in the present smdy
were selected considering their respective Ki for EP receptors and
the concentration of PGE: used.

In those experiments designed to investigate the role of protein
kinases in the PGE,-induced decrease of Na",K'-ATPase activity,
hippocampal slices were incubated for 15 min with a PKA inhibitor
(H-89, 1 uM) or a PKC inhibitor (GF-109203X, 300 nM), and then
PGE; (1 pM) was added to the incubation medium, as described
above.

Na® K'-ATPase activity measurements

Na" K'-ATPase activity was measured according by Wyse et al.
{2000). Briefly, the assay medium consisted of 30 mM Trs-HCI
buffer, pH 7.4; 0.1 mM EDTA, 50 mM NaCL 5 mM KCL 6 mM
MgCl, and 50 pg of protein in the presence or absence of ouabain
{1 mM), in a final volume of 350 pl. The reaction was started by
the addition of adenosine triphosphate to a final concentration of
5 mM. After 30 min at 37°C, the reaction was stopped by the
addition of 70 pL of 50% (w/v) mrichloroacetic acid. Saturating
substrate concentrations were used, and reaction was linear with
protein and time. Appropriate controls were included in the assays
for non-enzymatic hydrolysis of ATP. The amount of morganic
phosphate (Pi) released was quantified by the colorimetric method
described by Fiske and Subbarow (19235), using KH,PO, as
reference standard. Specific Na* K*-ATPase activity was calculated
by subtracting the ouabain-insensitive activity from the overall
activity (in the absence of ouabain) and expressed in nmol Pi/fmg
protein/min.

In a separate set of experiments we investigated whether some
Na" K'-ATPase a isoform is selectively inhibited by PGE,. For this
purpose, we used a classical pharmacological approach, based on
the isoform-specific sensitivity to ouabain (Nishi er al., 1999). We
determined whether PGE; mhibited ouabain-sensiive ATPase
activity using 3 pM (that inhibits Na',K'-ATPase isoforms con-

@ 2009 The Authors

taining =, and 2; subunits) or 4 mM ouabain (that inhibits all
isoforms).

Immunodetection of Na® K*-ATPase a subunit

In order to investigate whether the PGE;-induced decrease in
Na" K'-ATPase activity was because of a decrease in enzyme
content, we measured the total immunoreactivity for the Na" K-
ATPase o subunit in hippocampal slices by slot blot, according to
Charlemagne er al. (1994), with minor modifications. Briefly,
hippocampal slices were homogenized in 30 mM Tris-HCI buffer,
pH 7.4, and centrifuged at 3000 g at 4°C for 3 min. The supematant
was centrifuged at 16 000 g at 4°C for 20 min. The pellet was re-
suspended in 5 mM phosphate-buffered saline (PBS, pH 7.4) and
protein content was nomalized to 1 mg/mL. Samples (10 pg of
protein) were loaded on a nitrocellulose membrane under vacuum
using a slot blot apparams (Bio-Rad Laboratories). The membrane
was blocked with 4% (w/v) fat-free dry milk in PBS, containing
0.04% (vwwv) Tween 20 for 2 h and incubated with a 1 : 4000
dilution of anti-Na",K'-ATPase « subunit polyclonal antibody in
PBS, containing 0.01% (w/v) sodium azide and 0.04% (v/v) Tween
20 (PBS) for 2 h. The membrane was washed three times in PBS
and incubated for | h with anti-alkaline phosphatase secondary
antibody diluted in PBS (1 : 8000). The membrane was washed
three times in PBS for 5 min and developed using the 5-Bromo-4-
chloro-3-indolyl phosphate/nitro-blue tetrazolium chloride (BCIP/
NBT) method. Blots were dried, scanned, and quantified with Scion
Image (PC version of Macintosh compatible NTH image).

Surface biotinylation assay

Plasma membrane levels of MNa' K -ATPase =« subunit were
measured by surface biotinylation assay, according to Yu ef al.
(2008), with slight modifications. Briefly, after 30 min incubation
with PGE, (1 pM), hippocampal slices were transferred to a well in
a 24-well plate and were incubated on ice for 1h in aCSF
containing | mM sulfosuccinimidyl 2-(biotinamido)-ethyl-1, 3-
dithiopropionate (sulfo-NHS-5S-biotin). Slices were then washed
three times for 5 min with ice-cold aCSF containing 10 mM
glycine, and were immediately homogenized in 500 pL ice-cold
radioimmunoprecipitation assay buffer [25 mM Tris-HCI pH 7.6,
150 mM NaCl, 1% NP-40 (Pierce, Rockford, IL, USA), 1% sodum
deoxycholate and 0.1% sodiom dodecyl sulfate (SDS), plus a
cocktail of protease inhibitors]. Homogenates were centrifuged at
13200 g at 4°C for 20 min and supematants were collected.
Biotinylated proteins from 600 pg of total protein were precipitated
with 120 pL. of ultra-link immobilized streptavidin beads, diluted
with the addiion of 100 pL. aCSF, and incubated on a rotator
ovemight at 4°C. Precipitates were collected after centrifuging at
3500 g for 1 min, washed with aCSF three times, and then boiled
for 5 min in 30 pl. SDS loading buffer. Westem blots using 50 pg
tissue lysates were used as controls for the total protein. Proteins
eluted from the beads and total bysates were subjected to a 6% SDS-
polyacrylamide gel electrophoresis and were transferred o a
polyvinylidene difluoride membrane. Membranes were blocked
with 5% (w/) bovine serum albumin (BSA) in Tris-buffered saline,
containing 0.04% (v/) Tween 20 (TBS-T) for 1 h and incubated
overnight at 4°C witha 1 : 20 000 dilution of anti-Na", K"~ ATPase
o subunit polyclonal antibody in 2.5% BSA in TBS-T. Membranes
were washed three imes in TBS-T and incubated for 1 h with anti-
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horseradish peroxidase secondary antibody (1 : 500) in 2.5% BSA Protein determination

in TBS-T. Blots were developed using enhanced chemiluminescence Protein content was colorimetrically determined by the method of
detection (Bio-Rad Laboratories) and imaged with the Bio-Rad gel Bradford (1976) using bovine serum albumin (1 mg/mL) as
imaging system. Protein band densities were quantified with Scion standard.

Image.

Statistical analyses
Immunodetection of Na™-K"-ATPase o subunit phosphorylation Data were analyzed by a one- or two-way anova. Post hoc analyses
at Ser943 were camied out by the Student-—Newman-Keuls test when

The state of phosphorylation of Na'-K -ATPase o« subunit at Ser943 appropriate. Concentration-effect relationships were assessed by
was evaluated by westem blotting. We used an antibody that partitioning total sum of squares into trend (linear, quadratic or
selectively detects the phosphorylated, but not dephosphorylated, cubic) components. A probability of p < 005 was considered
form Ser943 at Na'-K'-ATPase « subunit (Fisone er al 1994). significant. All data are expressed as mean + SEM.

Briefly, after the 30 min incubation with PGE; (1 pM), hippocampal
slices were homogenized in 500 pL icecold radioimmunoprecipi-
tation assay buffer, supplemented with a cocktail of phosphatase

inhibitors. Homogenates were centrifuged at 13 200 g at 4°C for  Figyre 1(a) shows a concentration-response experiment for
) min T:d idmm“:amzmu:‘? colleoted ﬂmd mzjeq?,:e;a iDS'_ PGE: on Na' K -ATPase activity in rat hippocampal slices.
F::";";h;‘ n‘: m*f‘;;ﬁ: “é’mc"::;;j‘t _“’; ‘:E ;T;pm_;;f; Statistical analysis revealed that incubation with PGE, (0,

0.1, 1 or 10 pM) decreased Na',K'-ATPase activity in rat

antibody (1 : 1000). Blots were developed using enhanced chemi- . . L.
luminescence detection (Bio-Rad Laboratories) and imaged with he ~ Mippocampal slices [£13,12) = 4.34; p < 0.05]. Partitioning

Bio-Rad gel imaging system. Protein band densities were quantified sum of squares into trend components revealed that PGE;

Results

with Scion Image. decreased Na' K -ATPase activity in rat hippocampal slices
linearly with PGE, concentration [significant linear trend:
In vivo experiments Fi1,12) = 12.68; p < 0.005)]. Figure 1(b) shows the results

To determine whether the PGE-induced decrease of Na'K'- of the experiment designed to investigate whether PGE; (0,
ATPase activity also occurs in vive, animals were mesthetized with 0.1, 1 or 10pM) alered Na' K'-ATPase activity by
Equithesin (1% phenobarbital, 2% magmesium sulfate, 4% chloral directly interacting with the enzyme in hip mpal
bydrake, 42% propylene glycol, 11% cthanol, 3 mLikg, ip) and 2 homogenates. In this experimental condition PGE, did not
cannula was mserted unilaterally into the right lateral ventricle decrease Na' K'-ATPase sctivity [FG ]2—) — 0.0

rdinates relative to bregma: ante sterior () ediolateral e " i e
\coordinates reladve ghvs SEpoREion ” mm et e p = 0.05], suggesting that PGE:-induced decrease of

1.5 mm, ventral 2.5 mm from the dura) under stereotaxic guidance P LT .
{Paxinos and Watson 1986). Chloramphenicol (200 mgkeg, ip.) Na" K '-ATPase activity is not because of a direct effect

was administrated immediately before the surgical procedure. Three on the enzyme and requires intact cells. We also investi-
days after the surgical procedure, mimals were injected with PGE; gated whether some o isoform is selectively inhibited by
(0, 1, 10 or 100 ng?2 pL, icv), and 30 min thereafter Na’K'- PGE-. For this purpose, we used a classical phamacolog-
ATPase activity was determined in hippocampal homogenates. ical approach, based on the isoform-specific sensitivity to
Doses of PGE, used in this set experiments were chosen based on  guabain (Nishi et al. 1999). We determined whether PGE;
previous studies (Oliveira er al 2008a, Oliveira ef al 2008b) and  jphibited ouabain-sensitive ATPase activity using 3 pM

are comparable to the concentrations of PGE; used in the in situ (that inhibits Na'K'-ATPase isoforms containing 22 and
experiments. ’
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Fig. 1 Effect of PGEz (0, 0.1, 1 or 10 pM) on Na* K*'-ATPase activity forms (c). Data are mean + SEM for n = 4 in each group, from four
of rat hippocampal slices (a) and homogenates (b). It is also shown the different experiments. “Indicates a significant difference compared
effect of PGE= (1 pM) on the activity of different Na' K'-ATPase iso- with control group.
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o3 subunits) or 4 mM ouabain (that inhibits all isoforms).
We found that the inhibitory effect of PGE; on Na' K'-
ATPase activity is not isoform-specific, as it occurred in the
presence of 3 pM or 4 mM ouabain [F(2,28) = 3.94;
p < 0.05] (Fig. lc).

In order to investigate whether the PGEs-induced decrease
of Na" K'-ATPase activity was because of a decrease in the
levels of available enzyme molecules, we measured the total
Na' K'-ATPase o subunit immunoreactivity after incubation
with PGE> in hippocampal slices. Statistical analysis
revealed that incubation with PGE, decreased Na' ,K'-
ATPase activity [F1,10) = 6.29; p < 0.05] (Fig. 2a), but
did not alter o subunit immunoreactivity in these samples
[F(1,10) = 0.03; p=0.05] (Fig. 2b), suggesting that the
currently reported decrease of Na® K'-ATPase activity is not
because of a reduction in enzyme content. In addition, we
investigated whether incubation of hippocampal slices with
PGE, would result in a decrease in plasma membrane levels
of the Na ' K -ATPase o subunit, as decreased enzyme
activity may arise from decreased protein targeting to the
plasma membrane and/or increased protein endocytosis
(Fisone ef al 1994, Bertorello et al 2003). In our
experimental conditions, PGE, did not modify the plasma
membrane levels of the Na',K'-ATPase o subunit, as
measured by surface biotinylation analysis [F{1,6) = 0.02;

p = 0.05] (Fig. 2d). Therefore the presently reported PGEs-
induced decrease in Na' K'-ATPase activity seems not to be
mediated by increased pump endocytosis.

Asthe biological actions of PGE, have been attributed to its
ability to interact with plasma membrane EP receptors (EP1,
EP2, EP3 and EP4) (Narumiva e ol 1999, Sugimoto &
Narumiya 2007), we investigated the role of the different
subtypes of PGE, receptors in the PGEs-induced (1 pM)
decrease of Na' K -ATPase activity (Fig. 3). We found that
incubation with a selective antagonist of EP1 receptors
(SC-19220, 100 pM) blunted PGEs-induced decrease of
Na' K '-ATPase activity [F(1,40) = 4.07; p < 0.05] (Fig. 3a).
We also found that the selective antagonists for EP3 and EP4
receptors L-826266 (1 pM) and L-161982 (1 pM) prevented
PGE;-induced decrease of Na' K'-ATPase activity
[Fi(1,16) = 9.94; p < 0.05] (Fig. 3c) and [F(1,16) = 453;
p < 0.05] (Fig. 3d), respectively. Conversely, incubating
slices with increasing concentrations (0, 0.1, 1 or 10 pM) of
the EP2 receptor agonist butaprost induced a concentration-
dependent increase of Na' K -ATPase activity [F3,24) =
4.29; p < 0.05] (Fig. 3d). However, butaprost (1 pM) did not
blunt the PGE,-induced decrease in Na™ K -ATPase activity
[F(1,24) = 0.63; p = 0.05] (Fig. 3e), suggesting that activa-
tion of EP2 receptors does not counteract PGE; actions on the
other EP receptors.
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each group, from four different experiments.
“Indicates a significant difference compared
with contral group.
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As PKA and PK.C are major downstream kinases involved
in EP1, EP3 or EP4 receptor signaling (Sugimoto & Narumiya
2007), and these kinases regulate Na' K '-ATPase activity in
the brain (Nishi ef al. 1999, Cheng et al. 1999, Cheng ef al.
1997b), we investigated whether they are involved in PGE;-
induced decrease of Na',K'-ATPase activity. Statistical
analysis revealed that incubation with the PKA inhibitor
H-89 (1 uM) prevented PGE:-induced decrease of Na K-
ATPase activity [F(1,36) = 4.60; p < 0.05] (Fig. 4). In addi-
tion, incubation with the PKC inhibitor GF-109203X
(300 nM) also prevented PGE:-induced decrease in Na' K-
ATPase activity [F1,20) = 9.62; p < 0.05] (Fig. 4). We also
investigated whether incubation of hippocampal slices with
PGE, would result in phosphorylation of the o subunit at the

© 2009 The Authors

Ser943. Interestingly, we found that incubation of hippocam-
pal slices with PGE, significantly increased phosphorylation
of the Na' K -ATPase o subunit at the Ser943 [F(1,8) =
5.581; p < 0.05] (Fig. 5).

To determine whether the PGEs-induced decrease in
Na' K'-ATPase activity occurred in wvive, animals were
injected with PGE- (1, 10 or 100 ng/2 pL, icwv.) and
Na' K '-ATPase activity was determined in the hippocampus.
In the present study we did not detect any effect of PGE, on
the behavior of the animals. However, statisucal analysis
revealed that the icov. injection of PGE: (100 ng/site)
decreased Na® ,K'-ATPase activity by 25% in the hippocam-
pus [F(3,18)=4.21; p < 0.05] (Fig. 6), confirming the
results obtained in situ.

Journal Compilation @ 2009 International Society for Neurochemistry, J Newrochem (2009) 109, 416-426

48



422 | M.S. Oliveira et al.
@ 00 (®) 550
= 160 = 160
£E £§
‘g% " 'g% Fig. 4 Effect of the PKA inhibitor H-89
E‘g 120 " ge 'r y (1 uM, a) or the PKC inhibitor GF-108203X
Ee gg y (300 nM, b) on PGEy-induced (1 uM) de-
ga 8of ga 80F crease in Na'K'-ATPase activity of rat
32 2-:2 hippocampal slices. Data are mean + SEM
S 40 = 40 | for n=6~10 in each group, from 6 to 10
ditferent experiments. ‘Indicates a signifi-
0 cant difference compared with control
aCSF H-88  aCSF H-89 aCSsF GF aCsF GF group. *Indicates a significant difference
aCsF PGE, aCsF PGE. compared with PGE; group.
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_;Lz 18 . Fig. 5 Effect of PGEz (1 uM) on the im-
3 Actin munocontent of the phosphorylated
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] hippocampal slices (a). A typical polyviny-
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< 6f — [e— Data are mean + SEM for n=5 in each
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200~ —
effect of PGE, was not observed in hippocampal homogen-
ates, indicating that it requires intact cells. Regarding this
>E 160 po.i!n, itis also po&ible t!mt t'issue homogenizing may disrupt
sg critical anchoring protein linkages between EP receptors,
3 2 420 - kinases and Na'K'-ATPase, resulting in uncoupling of
gg M x enzyme modulatory components. The inhibitory effect of
- g - PGE; is not related to a decrease in the immunocontent of the
Q_ a i catalytic o subunit of Na’ K*-ATPase or to a decreased cell
3 g surface expression of the enzyme. In addition, EP1, EP3 and
= 40f EP4 receptors, and PKA/PKC activation are involved in
PGE,-induced decrease of Na' K'-ATPase activity in rat
0 hippocampal slices. Interestingly, we found that incubation
aCSF 1 10 100 of hippocampal slices with PGE, significantly increased
PGE, (ng/site) phosphorylation of the Na',K'-ATPase o subunit at the

Fig. 6 Effect of the intracerebroventricular injection of PGE; (1, 10 or
100 ng/site) onNa',K'-ATPase activity in rat hippocampus in vivo. Data
are mean + SEM for n = 5-6 in each group, from four different exper-
iments. *Indicates a significant difference compared with control group.

Discussion

In the present study we showed that incubation with PGE,
decreases Na',K'-ATPase activity in rat hippocampal slices,
and that this effect is not o isoform-specific. The inhibitory

© 2009 The Authors

Ser943, a phosphorylation site which is critical for regulation
of enzyme activity. On the other hand, incubation with the
selective EP2 agonist butaprost increased Na',K'-ATPase
activity, but did not blunt the inhibitory effect of PGE,.
Importantly, we also showed that PGE, decreases Na' K'-
ATPase activity in vivo.

In the last decade a significant number of studies have
proposed a role for COX-2 and PGE; in brain diseases.
Increased COX-2 activity and PGE, levels have been
associated with deleterious increases in cerebral excitability
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which occurs in hypoxia/ischemia, seizures, Alzheimer’s and
Parkinson’s diseases (Chen & Bazan 2005b). Interestingly, the
protection afforded by selective COX-2 inhibitors against
NMDA--induced cell death in vitro and in vivo arereversed by a
PGE> analog (Carlson 2003, Manabe et al. 2004), and the
anti-convulsant effect of COX-2 inhibitor celecoxib against
pentylenetetrazol-induced seizures is blunted by PGE, admin-
istration (Oliveira ef al. 2008b), suggesting that PGE, may be
largely responsible for the harmful effects of COX-2 over-
activation. However, the mechanisms underlying the excit-
atory effects of this prostaglandin are not clear. [t has been
shown that PGEs, but not PGDs or PGF»,, increases firing
frequency, excitatory post-synaptic potentials amplitude and
temporal summation in slices treated with a COX-2 selective
inhibitor (Chen et al. 2002). In addition, PGE, increases
dendritic Ca™" influx and decreases K currents in hippocam-
pal neurons (Chen & Bazan 2005a). Moreover, it has also been
demonstrated that PGE, increases excitatory post-synaptic
potentials by increasing the probability of glutamate release
(Sang er al 2005), further suggesting that PGE» controls
excitatory transmission in the brain. From the biochemical
point of view, the currently reported PGE,-induced decreaseof
Na" K'-ATPase activity provides a possible mechanism by
which facilitates excitatory neurofransmission, and is in full
agreement with the previous reports that have proposed an
excitatory role for this prostaglandin in various physiological
and pathological conditions, such as learning impairment, cell
death and seizures (Jamme ei al. 1995, Lees ef al 1990,
Moseley et al. 2007).

It is particularly interesting that two EP receptors impli-
cated in PGE;-induced decrease in Na' K -ATPase activity
(EP1 and EP3) have also been implicated in neuronal cell
death and seizures in other studies. In fact, pharmacological
or genetic suppression of EP1 or EP3 receptor activity
reduces neuronal death induced by NMDA, oxygen-glucose
deprivation, transient middle cerebral artery occlusion and 6-
hydroxydopamine and increases the latency for pentylenete-
trazol-induced seizures (Ahmad et al. 2006a, Ahmad et al
2007, Kawano et al. 2006, Oliveira ef al. 2008a, Carrasco et
al. 2007). Regarding the cumrently reported protective effect
of EP4 receptor blockade on PGE2-induced decrease in
Na' K '-ATPase activity, a review of cumently available
lilerature reveals an apparent contradictory finding, as it has
been shown that EP4 receptor activaion causes neuropro-
tection. In fact, the intracerebroventricular injection of the
selective EP4 receptor agonist ONO-AE1-329 significantly
reduces the neuronal cell death induced by the intrastriatal
administration of NMDA (Ahmad et al. 2005). In addition,
the incubation with 1-hydroxy-PGEl, an EP3/EP4 agonist
with slight preference towards EP4 receptors, prevents the
amyloid [-peptide-induced neurotoxicity, an in vitro model
of Alzheimer’s disease (Echeverna et al. 2005). However,
current evidence also indicates that other signal transduction
pathways may be recruited by the activation of these
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receptors (Sugimoto & Narumiya 2007) and, thus, different
outcomes can be found upon activation of EP4 receptors. For
instance, although both EP2 and EP4 receptors are coupled
to Gs proteins and increase cAMP levels, the protective
effect of butaprost against AP exposure is blunted by the
protein kinase A inhibitor RpcAMPS, whereas the protective
effect of 1-hydroxy-PGE1 is not, implying differences
between EP2 and EP4 receptor protective mechanisms
(Echeverria et al. 2005), which may contribute to different
outcomes following EP4 receptor modulation. In fact, we
have shown that EP4 blockade has anti-convulsant effects,
which is in agreement with our present results. However,
more studies are necessary to evaluate the mechanisms
underying discrepancies found in studies with EP4 recepior
ligands. Though a direct cause-effect relationship between
PGE; accumulation, decrease of Na™ K '-ATPase activity and
seizure and neurotoxicity susceptibility cannot be definitely
established at this moment, given the reported high corre-
lation between decrease of Na” K -ATPase activity and
seizure duration (Fighera et al. 2006; Funan e al. 2007) and
the determinant role of this enzyme for neuronal excitability,
it is tempting to propose Na',K'-ATPase as the link between
inflammation and excitatory and excitotoxic conditions.

We also showed that the selective EP2 agonist butaprost
increases Na” K '-ATPase activity in rat hippocampal slices.
This result is in agreement with previous reports that
activation of EP2 receptors reduces NMDA- and 6-hydroxy-
dopamine-induced neurotoxicity and increases the latency for
penty lenetetrazol-induced seizures (Ahmad et al 2006b,
Oliveira e al. 2008a, Carrasco et al. 2008). Accordingly, EP2
knockout mice subjected to ischemia present increased
cerebral infarction compared with their wild counterparts
(McCullough et al. 2004), corroborating the neuroprotective
mle of EP2 receptors. On the other hand, we found that
butaprost did not blunt PGEs-induced decrease in Na” K-
ATPase activity. These data suggest that activation of EP2
receptors does not counteract the action of PGE, on other EP
receptors, which is in agreement with the view that PGE,
increases brain excitability.

Studies on the functional effects of PKA/PKC-mediated
phosphorylation of Na’ K'-ATPase have demonstrated that
activation of PKA and PKC decreases Na' K '-ATPase
activity, as the PKA activators, such as forskolin and Sp-
5,6-DCL-cBIMPS, as well as the PKC activator phorbol
12,13-dibutyrate significantly reduce Na' K -ATPase activity
in neurons or COS cells (Cheng et al. 1999, Nishi ef al. 1999,
Cheng et al. 1997b). Our data indicate that PGE:-induced
decrease of Na' K'-ATPase activity depends on PKA and
PE.C activation, as incubation with H-89 or with GF-109203X
abrogated the effect of PGE.. Moreover, we found that
incubation of hippocampal slices with PGEs significantly
increased phosphorylation of the o subunit at the Ser943, a
phosphorylation site for PKA that is critical for regulation of
Na' K -ATPase activity (Cheng et al. 1997a, Cheng ei al.

Journal Compilation @ 2009 International Society for Neurochemistry, J Newrochem (2009) 109, 416-426

50



424 | M.5. Oliveira et al

1997b, Fisone ef al. 1994). For instance, phosphorylation of o
subunit at this residue is associated with a decrease in enzyme
activity which lineardy comelates with the magnitude of
phosphorylation (Cheng e al. 1997a). In addition, regulation
of rat Na',K'-ATPase activity by PKC is modulated by the
state of phosphorylation of Ser943 by PKA (Cheng et al.
1997b). As phosphorylation of Na” K" -ATPase at this residue
is associated with a decrease in enzyme activity, it is
reasonable to propose that PKA-mediated phosphorylaton
of the o subunit at the Ser943 is a critical mechanism
underlying the PGE.-induced decrease in Na' K -ATPase in
rat hippocampus. These results, to some extent, agree with
those from Chen and Bazan (2005a), who have shown that the
PK A inhibitor H-89 and the PK.C inhibitor chelerythrine fully
prevent the PGE,-induced increase of excitatory post-synaptic
potentials in hippocampal slices.

As phosphorylation of the o subunit at Ser943 may result
in decreased enzyme activity by decreasing cell surface
availability of the enzyme (Bertorello er al. 2003), we
investigated whether incubation of hippocampal slices with
PGE; decreased the plasma membrane levels of the o subunit
of Na" K'-ATPase. In our experimental conditions, PGE, did
not modify the plasma membrane levels of the Na, K-ATPase
o subunit, as measured by surface biotinylation. This finding,
together with the finding that PGE» did not alter the total
immunocontent of the catalytic o subunit of Na” K -ATPase,
suggests that the currently reportied PGEs-induced decrease
in Na',K'-ATPase activity is not to mediated by changes in
the number of enzyme molecules. Instead, these findings may
indicate that the PGEs-induced decrease of Na’" K'-ATPase
activity is related to a phosphorylation/dephosphorylation-
mediated regulation of enzyme catalytic efficiency, as
phosphorylation of the o subunit at Ser943 is associated
with decreased substrate affinity (Fisone et al 1994,
Logvinenko ef al. 1996).

While the cumently reported PGEs-induced decrease of
Na" K'-ATPase activity may be important in pathological
conditions, we cannot rule out a physiological role for it. For
instance, PGE: regulates renal mubular sodium transport in
the kidney, decreasing pump activity in proximal convoluted
tubule and cortical collecting duct and increasing it in the
distal convoluted wbule (Scherzer et al 1992). Moreover,
kidney and bmin constitutively express COX-2, which
preferentially produces PGE: (Ueno e al. 2005). Therefore,
one might suggest that PGE, may also a be physiological
regulator of Na',K -ATPase activity in the hippocampus.
Howewver, this discussion is speculative in nature, and further
studies are necessary to elucidate this point

In summary, in this study we showed that incubation with
PGE, decreases Na' ,K'-ATPase activity in mat hippocampal
slices and that the ic.v. injection of this prostglandin
decreases Na” K'-ATPase activity in vivo. The mechanisms
involve EP1, EP3 and EP4 receptors, and PKA/PKC
activation. We also found that PGE; increased phosphory-

@ 2009 The Authors

lation of Ser®43 at the o subunit, a crtical residue for
regulation of enzyme activity. The cumrently reported mod-
ulation of Na' K -ATPase activity by PGE, support a
mechanism by which inflammation may increase bmin
excitability and may represent a new target for dmg
development for neurological disorders in which inflamma-
tion plays a role.
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4. Discussao

Conforme descrito no item 1.5 Convulséo e epilepsia, da Introducéo, epilepsia é
uma condicdo neuroldgica crénica com incidéncia de 1 % na populagdo em geral
(Dichter et al., 2007), e que tem consequéncias importantes em termos de mortalidade e
qualidade de vida da populacdo afetada. O tratamento farmacoldgico das epilepsias é
ineficaz para o controle das convulsdes em aproximadamente 25% dos pacientes (Ben-
Menachem et al., 2007), o que impacta em um alto custo social e financeiro para a
sociedade. Assim, é importante a busca por novas drogas anticonvulsivantes, € 0
entendimento dos mecanismos de inducdo e manutencdo de convulsbes para o
tratamento destas condicdes e melhoria da qualidade de vida dos pacientes afetados.

A associacdo entre inflamacdo no sistema nervoso central e ocorréncia de
convulsdes é conhecida de longa data, mas pouco se sabe dos mecanismos pelos quais
mediadores inflamatorios facilitam as convulsdes. Estudos do inicio deste século ttém
sugerido que mediadores da inflamagdo tém um papel importante na inducdo e/ou
manutencdo de convulsdes (Vezzani and Granata, 2005). Neste contexto, foi mostrado
que pacientes com epilepsia do lobo temporal e camundongos geneticamente
susceptiveis a convulsdes da raca EL apresentam aumento da expressdao da COX-2 no
cérebro (Okada et al, 2001; Desjardins et al., 2003). Além disso, camundongos
transgénicos que superexpressam a COX-2 sdo mais susceptiveis as convulsdes
induzidas por cainato (Kelley et al., 1999), e inibidores seletivos da COX-2, como
rofecoxib, nimesulida e celecoxib atenuam as convulsées induzidas por PTZ em ratos
(Dhir et al., 2006b, a; Oliveira et al., 2008b). Neste contexto, estudos recentes tém
implicado a PGE; como um efetor importante da neurotoxicidade mediada pela ativagéo

da COX-2. De fato, a inibicdo da COX-2 protege contra a excitotoxicidade induzida por
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NMDA in vitro e in vivo, e este efeito é revertido pela administracdo de um andlogo da
PGE; (Carlson, 2003; Manabe et al., 2004). Além disso, a aplicacdo de PGE,, mas ndo
de PGD, ou PGF,, aumenta a frequéncia de disparos e amplitude dos potenciais
excitatorios pos-sinapticos em fatias de hipocampo de ratos incubadas com um inibidor
seletivo da COX-2 (Chen and Bazan, 2005). Mais evidéncias de que a PGE, pode ser
importante para o controle da excitabilidade no sistema nervoso central vém dos estudos
que mostraram que a administragdo intracerebroventricular (i.c.v.) de anticorpos
monoclonais anti-PGE, atenua as convulsGes induzidas por pentilenotetrazol (PTZ)
(Oliveira et al., 2008b). Além disso, a injecdo i.c.v. de PGE; facilita o aparecimento das
convulsbes induzidas por este agente convulsivante (Oliveira et al., 2008b). Entretanto,
uso por longo prazo de inibidores seletivos da COX-2 foi associado com varios efeitos
adversos graves em humanos, incluindo um aumento no risco de acidentes
cardiovasculares e infarto do miocardio (Topol and Falk, 2004), e assim o uso de
inibidores seletivos da COX-2 como adjuvantes na terapia anticonvulsivante poderia
ndo ser uma alternativa segura. Nesse contexto, ligantes de receptores EP podem
constituir uma alternativa mais segura ao uso de inibidores seletivos da COX-2 para
diminuir as consequéncias da superativacdo da via COX-2/PGE; (FitzGerald, 2003;
Dore, 2006).

Neste estudo, nés mostramos que o bloqueio de receptores EP1, EP3 ou EP4
atenua as convulsdes induzidas por PTZ, constituindo as primeiras evidéncias na
literatura sobre o efeito de ligantes exégenos de receptores EP em convulsdes (Oliveira
et al., 2008a). Assim, sera tracado um paralelo entre nossos resultados e alguns estudos
que mostraram efeitos neuroprotetores de ligantes de receptores EP, desde que algumas
linhas de evidéncias sugerem que excitoxicidade e convulsGes compartilham

mecanismos em comum (Bazan et al., 2002). Neste contexto, foi mostrado que a
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supressdo farmacoldgica ou genética do receptor tem efeitos neuroprotetores. De fato, a
injecdo i.c.v. dos antagonistas de receptores EP1 ONO8713 ou SC51089 reduz a morte
neuronal induzida por injecdo intraestriatal de NMDA, oclusdo temporaria da artéria
cerebral média ou privacdo de oxigénio e glicose (Ahmad et al., 2006; Kawano et al.,
2006). Além disso, camundongos nocaute para o receptor EP1 apresentam menos morte
neuronal apds injecdo intraestriatal de NMDA ou oclusdo temporéaria da artéria cerebral
média do que os controles do tipo selvagem (Ahmad et al., 2006; Kawano et al., 2006),
sugerindo que o blogueio de receptores EP1 tem efeitos neuroprotetores. Similar ao
caso do receptor EP1, também tem sido proposto que a ativacdo de receptores EP3
contribui para a excitotoxicidade (Ahmad et al., 2007). De fato, enquanto que a delecdo
genética do receptor EP3 atenua a morte cellular induzida pela injecdo intraestriatal de
NMDA ou oclusdo temporéaria da artéria cerebral média, a injecdo i.c.v. do agonista de
receptores EP3 ONO-AE-248 aumenta a morte celular nestes dois modelos de
excitotoxicidade aguda (Ahmad et al., 2007). Nesse contexto, nossos resultados que
mostram que o bloqueio de receptores EP1 ou EP3 possui efeito anticonvulsivante estdo
de acordo com a idéia atual sobre a participacdo destes receptores no fenbmeno de
excitotoxicidade.

Neste trabalho foi mostrado, também, que o agonista seletivo de receptores EP2
butaprost aumentou a laténcia para as convulsdes induzidas por PTZ (Oliveira et al.,
2008a). Este achado esta de acordo com os estudos de McCullough et al. (2004), que
mostrou um efeito neuroprotetor do butaprost contra morte cellular induzida por NMDA
e privacao de oxigénio e glicose, e que camundongos nocauteados para o receptor EP2
apresentam maior indice de morte celular no cortex cerebral e outras estruturas
subcorticais do que os camundongos controle do tipo selvagem. Além disso, a injegdo

I.C.v. de butaprost reduz a morte neuronal induzida pela injecdo intraestriatal de NMDA
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(Ahmad et al., 2006), reforcando a idéia de que o receptor EP2 tem papel neuroprotetor.
Interessantemente, Ahmad et al. (2006) mostraram que 0 butaprost teve seu efeito
protetor mdximo em uma dose intermedidria, mas ndo na dose mais alta. De modo
similar, neste trabalho ndés mostramos que a injecdo de butaprost aumentou a laténcia
para as convulsdes induzidas por PTZ de maneira bifasica, com efeito maximo na dose
intermediaria de 0,1 nmol/sitio. Embora os mecanismos responsaveis por esta resposta
bifasica da ativagdo do receptor EP2 sejam ainda desconhecidos, é importante notar que
a ativacao deste receptor pode se deletéria em alguns casos (Liang et al., 2005).
Contudo, os resultados obtidos do efeito anticonvulsivante do bloqueio dos
receptores EP4 (Oliveira et al., 2008a), contrastam com os resultados disponiveis na
literatura sobre a participagcdo deste receptor em situagdes de excitotoxicidade, visto que
tem sido mostrado que a ativacdo de receptores EP4 promove neuroprotecdo. De fato, a
injecdo i.c.v. do agonista seletivo destes receptores ONO-AE1-329 reduz a morte
celular induzida pela injecdo intraestriatal de NMDA (Ahmad et al., 2005). Alem disso,
a incubacdo com 1-hidroxi-PGE;, um agonista EP3/EP4 com leve preferéncia para
receptores EP4, previne a morte celular induzida por peptideo amildide Ap 1-42
(Echeverria et al., 2005). Assim, seria esperado que o blogueio de receptores EP4
facilitasse a ocorréncia das convulsdes induzidas por PTZ. Entretanto, n6s mostramos
que a injecdo i.c.v. do antagonista seletivo de receptores EP4 L-161982 aumentou a
laténcia para as convulsdes induzidas por este agente convulsivante. Embora ambos
receptores EP2 e EP4 estejam acoplados a proteinas Gs e aumentem os niveis de AMPCc,
tem sido sugerido que outras vias de transducdo de sinal podem ser ativadas por
receptores EP4 (Sugimoto and Narumiya, 2007) e, assim, diferentes resultados podem
ser encontrados apds a ativacdo de receptores EP2 e EP4. Por exemplo, o efeito protetor

do agonista EP2 butaprost contra toxicidade induzida por peptideo amildide Ap 1-42 ¢é
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revertido pelo inibidor de PKA RpcAMPS, ao passo que o efeito protetor do 1-hidroxi-
PGE; contra este mesmo agente neurotdxico ndo € revertido por RpcAMPS, sugerindo
diferencas entre os mecanismos protetores dos receptores EP2 e EP4 (Echeverria et al.,
2005).

Considerando os mecanismos moleculares envolvidos na modulacdo das
convulsdes induzidas por PTZ, no presente trabalho ndés mostramos que a PGE; e seus
receptores modulam a atividade da Na*,K*-ATPase no hipocampo (Oliveira et al,
2009), uma éarea cerebral envolvida na geracdo e manutencao das convulsdes induzidas
por PTZ (Brevard et al, 2006). A diminuicio da atividade da Na',K*-ATPase
encontrada no presente estudo atingiu as isoformas al, a2 e a3 de maneira similar e ndo
foi vista em homogenatos, sugerindo que o efeito da PGE; ¢ a isoforma- inespecifico e
requer um sistema celular intacto. Além disso, a diminuicdo da atividade da Na®*,K*-
ATPase induzida por PGE; ndo foi devida a uma diminuicdo do conteddo total ou
presente na membrana da subunidade catalitica a. No que diz respeito aos receptores EP
envolvidos, n6s mostramos que antagonistas dos receptores EP1, EP3 e EP4 preveniram
o efeito inibitorio da PGE,, ao passo que o agonista seletivo de receptores EP2 butaprost
causou um aumento concentracdo-dependente na atividade da Na*,K*-ATPase. Além
disso, a incubacdo com PGE, causou um aumento nos niveis de fosforilacdo do residuo
de serina 943 da subunidade o da Na*,K'-ATPase, e inibidores da PKA e PKC
preveniram a diminuicdo da atividade da Na*,K*-ATPase induzida por PGE,. Nesse
contexto, considerando que as convulsdes induzidas por PTZ aumentam os niveis de
PGE, (Berchtold-Kanz et al., 1981) e uma diminuicio da atividade da Na*,K*-ATPase é
encontrada no cérebro de ratos ap6s as convulsdes induzidas por este agente

convulsivante (Oliveira et al, 2004), a diminuicio da atividade da Na',K*-ATPase
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induzida por PGE, poderia constituir um mecanismo pelo qual os receptores EP
modulam as convulsdes induzidas por PTZ.

E particularmente interessante mencionar que os receptores EP1, EP3 e EP4,
implicados neste estudo na diminuicdo da atividade da Na*,K'-ATPase por PGE,
também participam de processos de morte neuronal e convulsées. Como mencionado
anteriormente, a diminuicdo da atividade dos receptores EP1 ou EP3 protege da morte
celular induzida por NMDA, isquemia e 6-hidroxi-dopamina, e atenua as convulsdes
induzidas por PTZ (Ahmad et al., 2006; Kawano et al., 2006; Ahmad et al., 2007;
Carrasco et al., 2007; Oliveira et al., 2008a). Alemdisso, o bloqueio dos receptores EP4
também previne a diminuicdo da atividade da Na*,K*-ATPase induzida por PGE; em
fatias de hipocampo, um resultado que também poderia ser utilizado para explicar 0s
efeitos anticonvulsivantes do antagonista EP4 L-161982 (Oliveira et al., 2008a). Nesse
contexto, dado o papel determinante da atividade da Na*,K*-ATPase para o controle da
excitabilidade neuronal em situacdes fisioldgicas e patoldgicas, € tentador propor que a
diminuicdo da atividade da Na*,K*-ATPase induzida por PGE; ¢ umdos pontos comuns
que ligam os fenémenos de inflamacéo e excitotoxicidade.

Estudos sobre o papel da fosforilacdo da Na*,K'-ATPase mediada por PKA e
PKC demonstraram que os ativadores da PKA forscolina and Sp-5,6-DCI-cBIMPS,
bem como o ativador da PKC forbol-12,13-dibutirato reduzem a atividade da Na*,K™-
ATPase em neurdnios (Cheng et al., 1997a; Cheng et al., 1999; Nishi et al., 1999).
Nosso resultados mostraram que a diminuigdo da atividade da Na*,K*-ATPase induzida
por PGE; depende da ativacdo dessas proteinas quinases, desde os inibidores da PKA
H-89 e PKC GF-109203X preveniram o efeito da PGE, (Oliveira et al., 2009). Além
disso, a incubagdo com PGE; causou um aumento nos niveis de fosforilagdo do residuo

de serina 943 da subunidade o da Na*,K*-ATPase, um sitio de fosforilagdo crucial para
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regulacdo da atividade e expressdo na membrana plasmatica desta enzima (Fisone et al.,
1994; Cheng et al., 1997a; Cheng et al., 1999). De fato, a fosforilagdo da Na*K*-
ATPase neste residuo se correlaciona de maneira linear com atividade da enzima
(Chengetal., 1997b). Alémdisso a regulagdo da atividade da Na*,K*-ATPase pela PKC
¢ modulada pelo estado de fosforilacdo da serina 943 pela PKA (Cheng et al., 1997a).
Assim, desde que a fosforilagdo da serina 943 esta associada com diminuicdo da
atividade da enzima, parece plausivel propor que a fosforilagio da Na*,K*-ATPase neste
residuo é um mecanismo pelo qual a PGE, diminui a atividade da Na*,K*-ATPase no
hipocampo de ratos. Em muitas tecidos, a a fosforilagcdo da Na*,K*-ATPase no residuo
de serina 943 resulta em endocitose da enzima, diminuindo seus niveis na membrana
plasmatica e consequentemente sua atividade (Teixeira et al., 2003). Contudo, neste
trabalho nés ndo encontramos mudancas significativas na expressao da subunidade o da
Na",K*-ATPase na membrana plasmatica apds incubacdo com PGE,. Este resultado,
juntamente com o fato que a PGE; ndo altera o conteudo total da subunidade o da
Na" K*-ATPase sugere que a diminui¢do da atividade da Na*,K*-ATPase induzida por
PGE, ndo se deve a mudancas no contetido de enzima total ou presente na membrana
plasmatica. Por outro lado, a fosforilagdo da Na*,K*-ATPase no residuo de serina 943
também pode alterar a atividade da enzima por alterar sua eficiéncia catalitica. De fato,
a fosforilagdo da Na*,K'-ATPase no residuo de serina 943 diminui a afinidade da
enzima por seus substratos, e isto esta associado a uma diminuicdo da atividade da
Na" K*-ATPase (Fisone et al., 1994; Logvinenko et al., 1996).

Enquanto que a diminuicdo da atividade da Na*,K*-ATPase induzida por PGE;
tem implicagdes em processos patologicos, € possivel hipotetizar que este efeito
também possa ter implicagdes em situacGes fisiologicas. Nesse contexto, sabe-se que a

PGE; regula o transporte tubular de Na* nos rins, por diminuir a atividade da Na*,K*-

62



ATPase no tubulo proximal e ducto coletor cortical e aumentar a atividade da enzima no
tibulo distal (Scherzer et al., 1992). Além disso, os rins e o cérebro sdo um dos poucos
orgdos onde ha expressdo constitutiva da COX-2, que leva a producdo preferencial de
PGE, (Ueno et al., 2005). Entretando, este ponto deve estudado mais a fundo, para
determinar se a PGE, também é um regulador em situacdes fisioldgicas da atividade da
Na*,K*-ATPase no hipocampo. Neste interim, é interessante citar que a administragéo
intrahipocampal de celecoxib prejudica o aprendizado espacial, sugerindo um papel
fisiologico para a PGE; no sistema nervoso (Sharifzadeh et al., 2005).

Em resumo, neste trabalho nés mostramos que as convulsdes induzidas por PTZ
sdo atenuadas por antagonistas de receptores EP1, EP3 ou EP4 ou um agonista de
receptores EP2. Dado o papel chave da atividade da Na*,K*-ATPase para regulacio da
excitabilidade neuronal, e considerando que o bloqueio dos mesmos receptores EP que
possuem acdo anticonvulsivante também previne a diminuicéo da atividade da Na*,K*-
ATPase induzida por PGE;, é possivel que este seja um dos mecanismos moleculares
pelos quais a PGE; e seus receptores modulam as convulsées induzidas por PTZ.

A seguir propomos um esquema para acao pro-convulsivante da PGE; via
receptores EP e Na",K'-ATPase. O esquema ¢ baseado nos resultados do presente
estudo e em evidéncias da literatura. A ativacdo de receptores glutamatérgicos do
subtipo NMDA é uma importante via de ativacdo da sintese de PGE, em neurdnios
(Bazan et al., 2002). O aumento nos niveis intracelulares de Ca** mediado por
receptores NMDA causa ativagdo da PLA,, que cataliza a hidrolise dos fosfolipideos de
membrana, liberando acido araquiddnico. O acido araquid6nico é entdo convertido pela
COX-2 em PGH,, que é rapidamente utilizado por uma prostaglandina E sintase
(PGES) para producdo de PGE,. ApOs atingir a fenda sinaptica, a PGE, ativa os

receptores EP (EP1, EP3 ou EP4) em neurbnios e células gliais. A ativacdo dos
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receptores EP promove ativacdo da proteina quinase A (PKA), que fosforila o residuo
de serina 943 (Ser®*®) da subunidade o da Na* K*-ATPase, reduzindo sua atividade. A
diminuicio da atividade da Na*,K'-ATPase causa desregulacio dos processos de
despolarizacdo e repolarizacdo aumentando a excitabilidade do sistema e facilitando o

aparecimento e/ou propagacao de convulsdes.

Convulsao

Pré-sinapse ‘ ‘

|
b sl | L‘,“‘{"

PGE, \
PGH,
. £/ . Ca2+
! NMDAR J/ COX-2
.: PLA, A
v
EPRs /A
. Pdés-sinapse
Astrocito ®'~_ pra <
® Na*
Receptor EP Excitabilidade
o K
) —
b —— >  ReceptorNMDA -
( Na* K'-ATPase A—— b ' Desregulagao
@ Ser™  sitio de fosforilacao @ Diminuigdo da atividade s asittl i e Convulséio

Figura 3: Esquema proposto para a¢do pro-convulsivante dos receptores EP via Na*,K*-
ATPase.
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5. Conclusbes

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

5.1. Conclus@es parciais

1. O antagonista de receptores EP1, SC-19220 (10 nmol/sitio; i.c.v.), atenua as
convulsdes induzidas por PTZ;

2. O agonista de receptores EP2, butaprost (0,1 nmol/sitio; i.c.v.), atenua as convulsdes
induzidas por PTZ;

3. O antagonista de receptores EP3, L-826266 (1 nmol/sitio; i.c.v.), atenua as
convulsdes induzidas por PTZ;

4. O antagonista de receptores EP4, L-161982 (750 pmol/sitio; i.c.v.), atenua as
convulstes induzidas por PTZ;

5. A incubacdo com PGE, (1 ou 10 pM; 30 minutos) diminui a atividade da Na*,K*-
ATPase em fatias de hipocampo de ratos;

6. A incubacdo com PGE; (1 uM; 30 minutos) ndo altera a quantidade de moléculas de
Na",K*-ATPase em fatias de hipocampo de ratos;

7. A incubacdo com PGE; (1 pM; 30 minutos) ndo altera a expressio da Na*,K'-
ATPase na membrana plasmatica em fatias de hipocampo de ratos;

8. A incubacdo com PGE; (1 pM; 30 minutos) aumenta a fosforilacao da Na*,K™-
ATPase no residuo de serina 943 em fatias de hipocampo de ratos;

9. O antagonista de receptores EP1, SC-19220 (100 pM; 30 minutos), previne a
diminuicdo da atividade da Na*,K*-ATPase induzida por PGE; (1 uM; 30 minutos);

10. O agonista de receptores EP2, butaprost (1 pM; 30 minutos), ndo previne a

diminuicéo da atividade da Na*,K*-ATPase induzida por PGE; (1 pM; 30 minutos);
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11. O antagonista de receptores EP3, L-826266 (1 pM; 30 minutos), previne a
diminuicdo da atividade da Na*,K*-ATPase induzida por PGE; (1 uM; 30 minutos);

12. O antagonista de receptores EP4, L-161982 (1 pM; 30 minutos), previne a
diminuicéo da atividade da Na*,K*-ATPase induzida por PGE; (1 pM; 30 minutos);

13. O inibidor de PKA, H-89 (1 uM; 45 minutos), previne a diminuicdo da atividade da
Na*,K*-ATPase induzida por PGE, (1 uM; 30 minutos);

14. O inibidor de PKC, GF-109203X (300 nM; 45 minutos), previne a diminui¢do da

atividade da Na*,K*-ATPase induzida por PGE, (1 uM; 30 minutos).

5.2. Concluséo geral

Antagonistas de receptores EP1, EP3 e EP4 e um agonista de receptores EP2
atenuam as convulsdes induzidas por PTZ. Este efeito anticonvulsivante pode estar

associado a uma modulacio da atividade da Na*,K*-ATPase induzida por PGE;.
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6. Perspectivas

Neste trabalho mostramos que os receptores EP modulam as convulsdes
induzidas por PTZ. Entretanto, ainda nao se sabe se ligantes de receptores EP sdo
capazes de modular as convulsbes induzidas por outros agentes convulsivantes. Nesse
sentido, uma das perspectivas para continuacdo deste trabalho é a determinacdo do
papel dos receptores EP nas convulsbes induzidas por outros agentes, como, por
exemplo, o &cido cainico.

As convulsdes induzidas por &cido cainico sdo consideradas um modelo
importante de crises parciais com generalizacdo secundéria, apresentando caracteristicas
similares as crises desse tipo em humanos, incluindo farmacoresisténcia (Ben-Ari,
2000). Interessantemente, foi demonstrado que os niveis hipocampais de PGE;
aumentam durante as convulses induzidas por &cido cainico (Berchtold-Kanz et al.,
1981; Baran et al., 1987), e que inibidores da COX-2 facilitam as convulsdes induzidas
por esse agente convulsivante (Baik et al., 1999), sugerindo que a PGE; teria um papel
inibitério nesse tipo de convulsdes. Estes resultados aparentemente contraditorios
sugerem que o papel da via COX-2/PGE, em diferentes tipos de convulsdes e
complexo, e pode estar relacionado a contribuicdo diferencial de cada subtipo de
receptor EP para as convulsbes induzidas por PTZ ou acido cainico. Assim, torna-se
importante estudar o papel de cada subtipo de receptor EP nas convulsdes induzidas por
diversos agentes, visto que diferentes ligantes de receptores EP podem ser Uteis para

tipos especificos de convulsdes.
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