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RESUMO

Tese de Doutorado
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Universidade Federal de Santa Maria

MONTELUCASTE DIMINUI AS CRISES CONVULSIVAS EM ANIMAIS
ABRASADOS E POTENCIALIZA O EFEITO ANTICONVULSIVANTE
DO FENOBARBITAL

AUTORA: JULIANA FLECK
ORIENTADOR: CARLOS FERNANDO DE MELLO
Data e Local da Defesa: Santa Maria, 28 de julho de 2015.

A epilepsia € uma doenca que se manifesta por crises epilépticas recorrentes,
nao provocadas. Evidéncias sugerem que a inflamagéo desempenha um papel na
patofisiologia destas crises. Embora os leucotrienos cisteinicos (CysLTs) tenham
sido implicados no desenvolvimento de crises convulsivas, nenhum estudo
investigou se o0 bloqueio dos receptores CysLT1l potencializa a acao
anticonvulsivante de antiepilépticos classicos, assim como se a expressdo dos
receptores de CysLT é alterada por inflamacdo. Neste estudo mostramos que o
agonista inverso de CysLT1l, montelucaste, sinergicamente aumenta a acao
anticonvulsivante do fenobarbital contra crises convulsivas induzidas em um modelo
de injecdo aguda de pentilenotetrazol (PTZ). Além disso, € mostrado que o LTD,4
(leucotrieno D,4) previne o efeito do montelucaste. A analise isobolografica revelou
que o valor de DE50 mix, calculado experimentalmente para uma combinacdo de
proporcao 1: 1 de montelucaste e fenobarbital foi de 0,06 + 0,02 umol, ao passo que
o valor de DEsp aqq, Calculado foi de 0,49 + 0,03 umol. O indice de interacéo
encontrado foi de 0,12, indicando uma interacdo sinérgica. A associacdo dos
farmacos diminuiu significativamente o DEsp para o efeito anticonvulsivante do
fenobarbital de 0,74 para 0,04 umol (na auséncia e na presenca de montelucaste,
respectivamente) e, consequentemente, a sedacdo induzida por fenobarbital em
doses equieficazes. Posteriormente foi avaliado se o montelucaste e o fenobarbital
diminuem as crises convulsivas em animais previamente abrasados, assim como se
o tratamento farmacolégico ou o abrasamento alteram a expressdo de receptores
CysLTs. O montelucaste (10 mg/kg; s.c.) e o fenobarbital (20 mg/kg, s.c.)
aumentaram a laténcia para crises convulsivas generalizadas em camundongos
abrasados. O montelucaste aumentou a imunorreatividade do receptor CysLT1 em
camundongos ndo abrasados e que foram desafiados por PTZ que n&o foram
abrasados. Entretanto, o desafio de PTZ diminuiu a imunorreatividade do receptor
CysLT2 apenas em camundongos abrasados. Antagonistas do receptor CysLT1
parecem emergir como agentes terapéuticos adjuntos promissores no tratamento de
crises refratarias. Ndo obstante, estudos adicionais sdo necessarios para avaliar as
implicagdes clinicas deste trabalho.

Palavras-chave: Epilepsia. Neuroinflamagé&o. Pentilenotetrazol. CysLT1. CysLT2.
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Epilepsy is a chronic neurological disease characterized by recurrent,
unprovoked seizures. Evidence suggests that inflammation plays a role in the
pathophysiology of seizures. Although cysteinyl leukotrienes (CysLTs) have been
implicated in seizures, no study has investigated whether blocking of CysLT;
receptors potentiates the anticonvulsant action of classic antiepileptic drugs, as well
as the expression of CysLT receptors is altered by inflammation. In this study we
showed that the inverse agonist of CysLT; receptor, montelukast, synergistically
increases the anticonvulsant action of phenobarbital against seizures induced in a
model of acute injection of pentylenetetrazole (PTZ). Furthermore, it is shown that
LTD, (leukotriene D4) prevents the effect of montelukast. Isobolographic analysis
revealed an EDsy mix value for a fixed-ratio combination (1:1 proportion) of
montelukast plus phenobarbital of 0.06 £ 0.02 umol, whereas the calculated EDsg aqq
value was 0.49 = 0.03 pumol. The interaction index was 0.12, indicating a synergistic
interaction. Montelukast significantly decreased the antiseizure DE50 for
phenobarbital (0.74 and 0.04 pmol in the absence and presence of montelukast,
respectively) and, consequently, phenobarbital-induced sedation at equieffective
doses. We also investigated whether the CysLT; inverse agonist montelukast and a
classical anticonvulsant, phenobarbital, decrease seizures in PTZ-kindled mice and
CysLT receptor expression. Montelukast (10 mg/kg, s.c.) and phenobarbital (20
mg/kg, s.c.) increased the latency to generalized seizures in kindled mice.
Montelukast increased CysLT; immunoreactivity only in non-kindled PTZ-challenged
mice. Interestingly, PTZ challenge decreased CysLT, immunoreactivity only in
kindled mice. CysLT; antagonists seem to emerge as promising adjunct therapeutic
agents in the treatment of refractory seizures. Notwithstanding, additional studies are
necessary to evaluate the clinical implications of this work.

Keywords: Epilepsy. Neuroinflammation. Pentilenotetrazole. CysLT1. CysLT2.
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APRESENTACAO

O trabalho estéa organizado da seguinte forma: primeiramente é apresentada a
INTRODUCAO, JUSTIFICATIVA e os OBJETIVOS. A seguir sdo apresentados 0s
resultados, na forma de um artigo publicado no periédico Pharmacological Research
e um manuscrito submetido ao periodico Brazilian Journal of Medical and Biological
Research. As secOes Materiais e Métodos, Resultados, Discussdo e Referéncias
Bibliogréficas, encontram-se no préprio artigo e manuscrito. No final deste
documento  encontram-se 0s itens DISCUSSAO, CONCLUSOES e
PERSPECTIVAS, no qual ha interpretacfes e comentarios gerais sobre o artigo e o
manuscrito contidos nesta tese. As REFERENCIAS BIBLIOGRAFICAS referem-se
somente as citagbes que aparecem nos itens INTRODUCAO, DISCUSSAO,
CONCLUSOES e PERSPECTIVAS.



1 INTRODUCAO

1.1 Epilepsia

A epilepsia € uma doenca que se manifesta por crises epilépticas recorrentes,
nao provocadas, caracterizada por uma predisposicao persistente a gerar crises
epilépticas e pelas consequéncias neurobioldgicas, cognitivas, psicologicas e sociais
desta condicdo (FISHER, 2014). Estima-se que a prevaléncia mundial da epilepsia
seja 1%, sendo que 20 a 30% desses pacientes apresentam epilepsia refrataria, ou
seja, continuam a ter crises, sem remissao, apesar do tratamento adequado com
medicamentos anticonvulsivantes (BANERJEE; FILIPPI; ALLEN HAUSER, 2009;
ORGANIZATION, 2015).

A epilepsia afeta individuos de todas as idades, racas e géneros,
principalmente a populacdo de baixo nivel socioeconémico (BANERJEE; FILIPPI;
ALLEN HAUSER, 2009). As altas taxas de epilepsia nos paises em desenvolvimento
sdo atribuidas, principalmente, as infeccdes intracranianas parasitarias, virais ou
bacterianas, traumatismo cranioencefalico (TCE) e doencas cerebrovasculares (LI
et al., 1985). Por séculos, individuos com epilepsia foram afastados da sociedade,
sendo proibidos de frequentar locais publicos, casar e ter filhos. O estigma ainda é
imposto sobre essas pessoas e prejudica sua vida social, profissional, perspectivas
conjugais e autoestima. Como consequéncia, as pessoas com epilepsia comumente
escondem o seu problema e podem deixar de procurar tratamento médico adequado
(KALE, 1997; MARCHETTI et al., 2008). Além disso, o risco de suicidio em pessoas
com epilepsia € 4 a 10 vezes superior ao da populagdo geral (VERROTTI et al.,
2008).

As crises epilépticas ttm uma associagao historica com religido e possessao.
Os povos antigos acreditavam que os epilépticos eram possuidos por espiritos maus
e demonios, crenca que explica a etimologia do vocabulo epilepsia, do grego
epilambanein, que significa atacar, possuir. Apenas no século VI a.C., Hipocrates
sugeriu que a epilepsia tinha uma causa organica, provavelmente de origem

cerebral. Infelizmente, a crenca no sobrenatural ou a ligagcdo a uma doenca mental e
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contagiosa como causa da epilepsia prevaleceu na cultura mundial. Somente com o
fim da idade média, a origem da doenca foi associada ao cérebro (CARRAZANA
et al., 1999; DEVINSKY; LAI, 2008).

As crises epilépticas sdo eventos clinicos que refletem disfuncéo temporaria
de um conjunto de neurénios de parte do encéfalo (crises focais) ou de area mais
extensa, envolvendo os dois hemisférios cerebrais (crises generalizadas). A
classificacdo das crises epilépticas se baseia na sua descri¢ao clinica e nos achados
eletroencefalograficos (EEG), resultando em mais de 40 tipos distintos de crises.
Esta classificacdo é definida ndo s6 pelo tipo de manifestacdo, mas também por
caracteristicas clinicas, como padrdo de recorréncia das crises, causa, idade de
inicio dos eventos epilépticos, presenca ou auséncia de ocorréncia na familia,
padrdes eletroencefalograficos e progndstico da doenca (ENGEL; PEDLEY, 2008).

As crises epiléticas sdo comuns em doencas neurolégicas agudas, como
meningoencefalite, trauma cranioencefalico e doengas cerebrovasculares, ou
doencas que afetam o0 metabolismo, como anoOxia, estado hipoglicémico,
insuficiéncia renal e hepdatica. Essas condicfes patoldgicas podem gerar crises
epiléticas, contudo n&do constituem epilepsia (PITKANEN; SCHWARTZKROIN;
MOSHE, 2006; ENGEL; PEDLEY, 2008). As causas da epilepsia sdo diversas,
incluindo mutacbes genéticas, defeitos em canais ibnicos e/ou disturbios
metabdlicos, entre outros (CREMER et al., 2009). O processo inflamatério no
Sistema Nervoso Central (SNC) também tem sido associado tanto a génese quanto
a perpetuacdo das crises convulsivas (VEZZANI et al.,, 2011). Estudos recentes
mostram que tanto crises agudas como a epileptogénese podem iniciar com um
processo inflamatério (KLEEN; HOLMES, 2008; FABENE; BRAMANTI,
CONSTANTIN, 2010; VEZZANI et al., 2011).

1.2 Convulséao e inflamacéao

A inflamac&o é uma resposta imunologica que ocorre apos o dano celular e
tecidual induzido por agentes quimicos, fisicos ou bioldgicos. Os principais eventos
da reacao inflamatéria sdo a migracédo de leucécitos e o aumento da permeabilidade

vascular e do fluxo sanguineo, desencadeados pela producdo de mediadores



18

inflamatorios, assim como moléculas anti-inflamatérias (VEZZANI et al., 2011;
XANTHOS; SANDKUHLER, 2014). Entretanto, a resposta inflamatéria, inicialmente
benéfica por promover o reparo tecidual, pode ser prejudicial. A inflamacéo crénica
que dificulta 0 acesso de substancias do sangue para o SNC, tais como anticorpos,
sistema complemento e fatores de coagulacdo (XANTHOS; SANDKUHLER, 2014).
Além disso, o SNC carece de células dendriticas, de forma que os macréfagos e
pericitos vasculares assumem a funcdo de células dendriticas maduras pode causar
dano ao tecido, como ocorre em doencas sistémicas como artrite reumatoide, lUpus
e patologias que envolvem o SNC, como esclerose mudltipla, acidente vascular
encefalico, encefalite e epilepsia (MATYSZAK, 1998; MISRA; TAN; KALITA, 2008).

O SNC possui caracteristicas peculiares que distinguem a sua resposta
imunolégica em comparacdo ao restante do organismo. Considerado
imunologicamente privilegiado, o0 SNC ¢é isolado do resto do organismo e participa
muito pouco das respostas imunes. Isso acontece devido a existéncia de barreiras
anatdbmicas e celulares (NEUMANN, 2000). A barreira hematoencefalica (BHE) é
uma estrutura no SNC (HICKEY; KIMURA, 1988; BALABANOV; BEAUMONT;
DORE-DUFFY, 1999). O cérebro também apresenta concentracdes elevadas de
citocinas imunossupressoras, tais como TGF-f e IL-10 e estd repleto de
gangliosidios, que podem ser citotoxicos para os linfocitos T (IRANI; LIN; GRIFFIN,
1996). As citocinas podem diminuir o limiar para a inducdo da convulsdo e/ou
prolongar a duracdo das crises convulsivas (VEZZANI et al., 2011). Além disso,
facilitam a morte neuronal, induzem a proliferacdo celular glial, aumentam a
permeabilidade da BHE e inibem a neurogénese (ALLAN; ROTHWELL, 2001).
Recentemente, foi descoberta a presenca de um sistema linfatico funcional no SNC,
sugerindo que o dogma do privilégio imunolégico do cérebro deve ser revisto. Dessa
forma, o mal funcionamento dos vasos linfaticos das meninges também poderia
estar relacionado a causa de doencas neuroldgicas tais como esclerose multipla e
doenca de Alzheimer (LOUVEAU et al., 2015).

As células da glia incluem a micréglia e os astrécitos. Essas células fazem
parte do sistema imunoldgico inato no SNC. Os astrécitos sdo as ceélulas mais
abundantes do encéfalo e desempenham uma série de fun¢des essenciais para a
homeostase do SNC. Estdo envolvidos no metabolismo dos neurotransmissores
glutamato e GABA; participam na formacdo da BHE e na defesa imunolégica, por

meio da sintese e secrecdo de diversas citocinas inflamatorias (VOLTERRA,
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MELDOLESI, 2005). Em situacdes de lesdo ou infeccdo no SNC, a micréoglia é
ativada e realiza fagocitose. A micréglia compartilha varias outras caracteristicas dos
macrofagos periféricos, como a secrecdo de IL-1B3 e outras citocinas, tais como IL-
18, IL-1a e TNF-a (GUSTIN et al., 2015). As citocinas pro-inflamatérias estimulam a
expressdo de moléculas do complexo principal de histocompatibilidade da microglia
apenas nas areas do SNC que sofreram alguma lesdo. Da mesma forma foi
mostrado que o aumento da sintese e liberacdo de leucotrienos cisteinicos esta
correlacionado com a reatividade astrocitaria (CICCARELLI et al., 2004). Por razdes
ainda desconhecidas, a proliferacdo da micréglia ativada e a exacerbagdo de sua
funcdo citotdxica pode comprometer a resolu¢do do processo inflamatério no SNC.
Na reatividade astroglial, a célula tem um ganho funcional anormal e perde a
capacidade de suporte do tecido neural. Assim, nestes casos, astrocitos e células da
micréglia agem de maneira prejudicial, contribuindo com a liberagédo sustentada de
citocinas pro-inflamatérias e quimiocinas, ao invés de reverter o dano neuronal
(TOMKINS et al.,, 2007; VEZZANI; FRIEDMAN, 2011; WALKER; SILLS, 2012).
Astrocitos reativos ocorrem tanto em animais modelos experimentais como em
pacientes com epilepsia. Nesses casos, 0s astrécitos também apresentam reducéo
da expressdo de transportadores de glutamato e dos canais de potassio (K*)
retificadores de influxo (canais Kir4.1) (BORDEY; SONTHEIMER, 1998; BEDNER,;
STEINHAUSER, 2013) responsaveis pela remocdo de ions K' que ficam
acumulados durante intensa atividade sinaptica, gerando crises epiléticas
(DEVINSKY et al., 2013; GOMES; TORTELLI; DINIZ, 2013).

O processo inflamatério pode ser tanto causa como consequéncia da
epilepsia (VEZZANI et al., 2011). Estudos relatam a presenca de mediadores
inflamat6rios em tecido cerebral (post mortem) de pacientes com epilepsias
refratarias, como na epilepsia do lobo temporal (TLE) e na displasia cortical (CHOI
et al., 2009; RIAZI; GALIC; PITTMAN, 2010). Alem disso, foi mostrado, em modelos
experimentais, que a neuroinflamagéo aumenta a predisposi¢céo a crises convulsivas
induzidas por &cido cainico e pilocarpina (VEZZANI et al., 2011; VEZZANI,
FRIEDMAN, 2011).

Estudos em modelos experimentais tém sugerido que a abertura da BHE tem
papel importante na progressédo da TLE devido a presenca de albumina sérica no

parénquima cerebral pos-status epilepticus. De fato, uma correlacéo positiva entre o
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grau de abertura da BHE e o numero de crises convulsivas foi evidenciada (VAN
VLIET et al., 2007; HEINEMANN; KAUFER; FRIEDMAN, 2012; LENZ et al., 2014).

A adesdao de leucadcitos ao leito vascular também contribui com a patogénese
das crises convulsivas. Os leucotrienos sé&o eicosanoides oriundos da cascata do
acido araquidénico, sendo classificados de acordo com a presenca de um residuo
de cisteina em leucotrienos cisteinicos e leucotrienos nao-cisteinicos
(DENZLINGER, 1996). A principal fonte de acido araquiddnico sdo os fosfolipideos
das membranas celulares, como a fosfatidilcolina, a fosfatidiletanolamina e o
fosfatidilinositol encefélico aumenta crises convulsivas ap6s a administracdo de
pilocarpina em ratos (FABENE et al., 2008). Esses dados sugerem uma ligagao
patogénica entre a interacdo dos leucocitos com o endotélio, o dano na BHE e a
geracdo de crises convulsivas. Assim, tem sido proposto que as crises estao
diretamente associadas com alteracdes inflamatérias nos vasos sanguineos do
SNC, as quais podem intensificar a adesdo de leucdcitos circulantes e,
consequentemente, a permeabilidade vascular (MACNAMARA; WEISS, 2006).

Mediadores inflamatérios, como os leucotrienos, podem desempenhar. O
acido araquidénico € um &cido graxo poliinsaturado que € liberado na célula via
hidrolise desses fosfolipideos na posicdo sn-2 do diacilglicerol. Tal liberacdo é
consequéncia de um aumento da concentracdo intracelular de célcio (Ca*?), a qual
determina a ativacdo da fosfolipase A citosélica (PLA.c) (BAZAN, 2003). De fato,
tem sido mostrado um aumento da atividade da PLA, em hipocampo de pacientes
com TLE (GATTAZ et al., 2011), assim como em sinaptossoma de cérebro de ratos
com crises induzidas por pentilenotetrazol (PTZ) (YEGIN et al., 2002). Stark e Bazan
(2011) mostraram que o acoplamento do receptor glutamatérgico NMDA
extrasinaptico a PLA,. aumenta a liberacao de acido araquidbnico e a expressao da
cicloxigenase COX-2, com consequente aumento na producdo de prostaglandinas
(STARK; BAZAN, 2011). A partir da acdo da PLA,., 0 acido araquiddnico liberado
também serve como substrato para a enzima lipoxigenase (LOX) (PHILLIS;
HORROCKS; FAROOQUI, 2006).

Ha cinco lipoxigenases humanas ativas: 5-LOX, 12(S)-LOX, 12(R)-LOX, 15-
LOX-1 e 15-LOX-2, classificadas conforme a insercdo do oxigénio e, quando
necessario, conforme a estereoconfiguracdo (S ou R). Trés isoformas de LOX estéo
presentes no cérebro: 5-LOX, 12-LOX e 15-LOX, encontradas em neurdnios do
cortex, em astrécitos e oligodendrécitos (SMYTH; BURKE; FITZ GERALD, 2006). A
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atividade de cada uma destas enzimas resulta na formagdo de diferentes
metabolitos, dependendo do tipo célula e do seu estado de ativacdo. A 5-LOX migra
do citosol para a membrana nuclear (translocacéo), liga-se a proteina ativadora da
5-LOX (FLAP) e sintetiza o acido 5-hidroperoxi eicosapentandico (5-HpETE), dando
inicio, assim, a biossintese dos leucotrienos a partir da sintese de LTA, (Figura 1)
(MACNAMARA; WEISS, 2006; PHILLIS; HORROCKS; FAROOQUI, 2006). A FLAP
€ uma proteina transportadora de acido graxo que entrega o acido araquidénico
a 5-LOX (HORRILLO et al., 2010) e se localiza tanto na membrana interna e externa
do envelope nuclear, como na membrana celular (MANDAL et al., 2008). Essa
proteina & expressa em neurbnios e em varias regibes do cérebro, apresentando
uma expressao mais proeminente no hipocampo e no cerebelo (MANEV; UZ; QU,
1998). O LTA, pode ser combinado com H,0, dando origem ao LTB,4 ou conjugado
com a glutationa no carbono 6, produzindo LTC,4. Essas reagfes sédo catalisadas
pela LTA4 hidrolase e LTC, sintase, respectivamente. Os leucotrienos LTBs e LTC,
sofrem extrusdo celular via sistemas carreadores localizados na membrana
plasmatica, os transportadores ABCC1, também conhecidos por “proteina associada
a resisténcia a multiplas droga 1”7 (MRP-1). Chegando ao espaco extracelular, o
LTC, € convertido em LTD,4 pela clivagem do acido glutamico pela y-glutamil
transferase (y-GT), seguida da remocédo da glicina por uma dipeptidase, resultando
em LTE4. O LTC4 0 LTD4 € 0 LTE4 sédo os chamados leucotrienos cisteinicos. O
LTC4 e 0 LTD,4 que ndo forem convertidos em LTE, sdo metabolizados e inativados
no espaco extracelular, assim como o LTA; (DENZLINGER, 1996; CHEBOLU et al.,
2010).

Um processo muito importante na producdo de leucotrienos € a sintese
cooperativa entre as células vizinhas (Figura 1). Uma célula pode doar a acido
araquidonico ou o substrato intermediario LTA4 para outra célula que, em seguida,
da sequéncia a sintese. Sendo assim, mesmo que uma ceélula ndo possua alguma
enzima da via de sintese de leucotrienos, € possivel produzi-los. Esta biossintese é
considerada muito importante, porque pode gerar concentragcdes extremamente
elevadas de CysLTs em um determinado local. Desta forma, os leucécitos podem
liberar LTA4 para as células vizinhas, que podem expressar uma das enzimas da
cascata de sinalizacdo (por exemplo, LTCy-sintase), que leva a maior producéo de
leucotrienos (MACLOUF; MURPHY, 1988; FOLCO; MURPHY, 2006; FARIAS et al.,
2007; KIM; JEOUNG,; RO, 2010). Farias e colaboradores (2007) também mostraram



22

gue ndo h& uma biossintese significativa de leucotrienos em cultura priméria de
neurdnios e células gliais de ratos apés estimulo com Ca*?. Entretanto, quando LTA,
exdgeno foi adicionado a cultura, neurdnios e glia foram capazes de sintetizar LTC,.
Ao realizar uma cultura combinada de neurdnios, células gliais e leucécitos, foi
observada uma sintese significativa de LTC, e LTD4, bem como LTB4. Nessas
situacdes, neutréfilos transferem LTA,; para as células gliais e neurdnios, que
expressam LTCy-sintase e y-GT e podem dar sequéncia a sintese de leucotrienos
cisteinicos. Desta forma, os neutrofilos que ultrapassassem a BHE poderiam
conduzir a sintese imediata de LTB, e leucotrienos cisteinicos no encéfalo (FARIAS
et al., 2007).

LTD,

Célula glial

Figura 1 - Cascata da biossintese cooperativa de leucotrienos entre
polimorfonucleares (PMN) e células gliais pela acdo da 5-LOX

Fonte: (BROCK, 2010).
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Assim como os demais eicosanoides, 0s leucotrienos exibem diversos efeitos
nos sistemas biologicos. Os leucotrienos nao-cisteinicos possuem um papel
importante no processo inflamatorio, em virtude dos seus efeitos quimiotaticos e
guimiocinéticos sobre os leucdcitos polimorfonucleares. Eles facilitam a adeséo dos
neutrofilos as células do endotélio vascular e intensificam a migracéo destes para os
tecidos extravasculares. O LTB4 estimula a quimiotaxia, adeséo e agregacao de
leucdcitos polimorfonucleares promovendo a degranulacdo e a geracao de radical
superoéxido, enquanto que o LTC4 LTD,4 e LTE, induz vasodilatagdo (DENZLINGER,
1996).

Essa capacidade dos leucotrienos cisteinicos de aumentar a permeabilidade
vascular é uma das causas do extravasamento da BHE nos processos inflamatorios
do SNC (DENZLINGER, 1996; HEDI; NORBERT, 2004). Em traumatismo
cranioencefalico, os niveis de LTC4 e LTD,7; aumentam significativamente apés 10
minutos e continuam a subir até 1 hora e voltam aos niveis normais em 3 horas apo6s
a lesdo no tecido cerebral (DHILLON; DOSE; PRASAD, 1996; FARIAS et al., 2009)
e no liquor (SCHUHMANN et al., 2003). Além disso, o MK-886, um inibidor da FLAP
que previne a sintese de todos os leucotrienos no 1° passo do metabolismo do acido
araquidoénico, reduz o volume de leséo no TCE, sugerindo um importante papel dos
leucotrienos cisteinicos neste processo (FARIAS et al., 2009).

Até o momento, foram identificados pelo menos quatro tipos de receptores
para leucotrienos cisteinicos: GPR17, CysLT(E), CysLT; e CysLT,, sendo os dois
altimos considerados de maior importancia (SMYTH; BURKE; FITZ GERALD, 2006;
BACK et al.,, 2014). Tanto CysLT; quanto CysLT, sao receptores acoplados a
proteina Gy (GPCRs). Ambos receptores apresentam-se distribuidos de forma
limitada, sendo CysLT; mais abundante no trato respiratério, na musculatura lisa
intestinal e nos leucocitos do sangue periférico, enquanto CysLT, é expresso
principalmente no coracdo, no baco e na medula suprarrenal (CHEBOLU et al.,
2010). Os receptores para leucotrienos cisteinicos também sdo encontrados no
cérebro, principalmente em hipocampo e cértex (SINGH et al., 2010; TANG et al.,
2013).

O LTD,4 €é o ligante preferencial do receptor CysLT1, enquanto LTC, e LTE,
possuem afinidades progressivamente mais baixas (CAPRA et al., 2005). A ligacao
do LTD, ativa o receptor, que ativa uma proteina Gq e a fosfolipase C, que produz

1,4,5 trifosfato de inositol (IP3) e 1,2 diacilglicerol (DAG) a partir de fosfatidil inositol
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4,5 bisfosfato. O IP3, pelo seu carater hidrofilico, migra para o citosol e se liga a
receptores especificos (IPsR) no reticulo endoplasmatico, promovendo a liberacédo
de Ca*™ para o citosol. O Ca*? atua como um terceiro mensageiro, desencadeando
respostas intracelulares, como exocitose nos neurdnios e a liberacdo do acido
araquidonico da membrana celular. O DAG fica associado & membrana plasmética
devido a sua estrutura hidrofébica, onde ativa a proteina quinase dependente de
Ca'? (PKC), uma enzima ligada & membrana plasmaética que promove a fosforilacéo
de residuos em diversas proteinas intracelulares (GILMAN, 1987; HAUACHE, 2001,
BACK, 2002) (Figura 2).

CyslTs

GPCR Outside

Membrana Plasmatica

Proteina G Citosol

N

Fosfolipase C
PKC

PIP2 IP3 + DA T Ca*2 intracelular

G /
Figura 2 — Mecanismo de transducédo de sinal e efeitos biolégicos apos ativacdo dos

receptores para leucotrienos cisteinicos (CysLT) e nao cisteinicos (LTB4)

Fonte: (adaptado de SYNGH et al., 2010).

No SNC, os inibidores da LOX e antagonistas dos receptores para
leucotrienos tém constituido um alvo para o desenho de novos farmacos, tanto para
o tratamento de inflamag¢des neurolégicas (PHILLIS; HORROCKS; FAROOQUI,
2006), como de doencas neurodegenerativas (MANEV, 2000; CHU; PRATICO,

2009). Zhou e colaboradores (2006) mostraram que a isquemia cerebral aumenta a
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expressdo da 5-LOX em neurdnios e astrocitos localizados proximos ao foco
isquémico (ZHOU et al., 2006). Além disso, inibidores seletivos da 5-LOX como
zileuton, AA-861 e BW-B70C protegem o cérebro do dano celular decorrente da
isquemia cerebral focal (BASKAYA et al.,, 1996; JATANA et al.,, 2006; TU et al.,
2010). De maneira analoga, e reforcando a ideia do envolvimento dos leucotrienos
como mediadores inflamatdrios nas crises convulsivas, foi mostrado que a fenidona
e seu analogo estrutural BW755C, inibidores das vias COX/LOX, atenuam a
neurotoxicidade e as crises convulsivas induzidas por acido cainico em ratos (KIM
et al., 1994; KIM et al., 2000).

Enquanto os leucotrienos facilitam a ruptura da BHE, antagonistas dos
receptores CysLT protegem a mesma e diminuem a incidéncia de encefalite
meningococica (KIM, 2009). A integridade da BHE é de extrema importancia ndo so
na prevencao de infecgOes bacterianas. Sabe-se que uma ruptura da BHE facilita o
desenvolvimento de crises convulsivas em virtude de permitir a entrada de
substancias como albumina e K* (FRIEDMAN; HEINEMANN, 2012). Farmacos que
preservam a integridade da barreira tém potencial de diminuir tais crises convulsivas
(FABENE et al, 2008). Foi mostrado recentemente que a injecao
intracerebroventricular de montelucaste, um antagonista de receptores CysLTjy,
diminui as crises convulsivas induzidas por PTZ e protege a integridade da BHE em
camundongos (LENZ et al., 2014). Sendo assim, antagonistas dos receptores CysLT
podem ser alvos para o desenvolvimento de farmacos anticonvulsivantes, devido a

sua acao anti-inflamatoria e protetora BHE.

1.3 Terapia anticonvulsivante

O objetivo do tratamento da epilepsia é controlar as crises e melhorar a
qualidade de vida do paciente. A maioria dos farmacos anticonvulsivantes diminui a
excitabilidade neuronal. Os principais alvos desses farmacos séo os canais de sédio,
de K*, de Ca*?, receptores GABA, e receptores NMDA (KLEEN; HOLMES, 2008).

A decisdo de iniciar um tratamento anticonvulsivante baseia-se
fundamentalmente em trés critérios: risco de recorréncia de crises, consequéncias

da perpetuacdo das crises para o paciente, eficacia e efeitos adversos do farmaco
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escolhido para o tratamento. Durante muitos anos, o fenobarbital foi o farmaco mais
utilizado no controle das crises. Sem duavida alguma, pela sua eficacia, longa
experiéncia clinica, comodidade de uso e baixo preco, ainda é frequentemente
escolhido na terapia da epilepsia (GORZ; SILVADO; BITTENCOURT, 1986;
YASIRY; SHORVON, 2012). Além dos aspectos clinicos, o fenobarbital teve um
efeito importante sobre a quimica medicinal da epilepsia, influenciando a descoberta
de novos farmacos e auxiliando a desvendar os mecanismos que envolvem esta
doenca (YASIRY; SHORVON, 2012).

A historia dos barbitiricos comecou com a sintese do acido barbitlrico
(malonilureia) pelo quimico alemé&o e ganhador do Prémio Nobel, Adolf von Baeyer,
em 1864. Apesar de o acido barbitarico ndo exercer qualquer efeito sobre o SNC,
provavelmente porque nao é suficientemente lipofilico para penetrar na BHE, formou
a base para todos os barbitiricos com atividade central que foram desenvolvidos
posteriormente (LOSCHER; ROGAWSKI, 2012).

Em 1911, foi descoberto o fenobarbital, um derivado mais lipofilico do acido
barbitirico e patenteado como hipndético. No ano seguinte, o psiquiatra alemao
Alfred Hauptmann descobriu a atividade anticonvulsivante do fenobarbital apos
utilizar como indutor do sono em pacientes com epilepsia. Devido ao grande
sucesso clinico dos primeiros barbitaricos, mais de 2500 barbitaricos foram
sintetizados nas décadas seguintes, e cerca de 50 sdo empregados clinicamente
(LOPEZ-MUNOZ; UCHA-UDABE; ALAMO, 2005). Apenas alguns barbitaricos
mantiveram-se no mercado, e o fenobarbital ainda € amplamente utilizado como
farmaco anticonvulsivante e sedativo hipnético, particularmente nos paises em
desenvolvimento (KWAN; BRODIE, 2004; BRODIE; KWAN, 2012).

A potencializacdo da transmissdo sinaptica GABAérgica é o mecanismo de
acao mais aceito para o fenobarbital. O fenobarbital liga-se a um sitio regulatorio do
receptor GABAa, prolongando o tempo de abertura dos canais de cloreto (CI) e
causando hiperpolarizacdo da membrana sinaptica. Além disso, o bloqueio dos
receptores glutamatérgicos AMPA/kainato (NARDOU et al., 2011) e canais de Ca*?
dependentes de voltagem também podem estar envolvidos no efeito
anticonvulsivante do fenobarbital (FFRENCH-MULLEN; BARKER; ROGAWSKI,
1993).
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1.4 Estudo da associacdo de farmacos

Dois ou mais farmacos podem produzir efeitos maltiplos no organismo quando
administradas em associacdo. Esses efeitos podem ser desejaveis ou indesejaveis
(efeitos adversos). O principal objetivo da associacdo de dois farmacos distintos é
aumentar a eficacia e, com isso, reduzir as doses e os efeitos colaterais individuais
(NIES; SPIELBERG, 1996).

Quando a associagdo entre os farmacos ndo modifica o efeito individual para
cada uma das drogas, resulta um efeito aditivo. Entretanto, a interagdo entre
farmacos podem resultar em efeitos antagbnicos (subaditivos) ou sinérgicos
(supra-aditivos). No antagonismo, a resposta farmacoldgica de um medicamento é
suprimida ou reduzida na presenc¢a de outro, muitas vezes pela competicdo destes
pelo mesmo sitio receptor. Ja o sinergismo € obtido a partir da associacao de dois
ou mais farmacos, cuja resultante € maior do que a simples soma dos efeitos
isolados de cada um deles (NIES; SPIELBERG, 1996; TALLARIDA, 2000).

A andlise isobolografica é utilizada no estudo da associagdo de dois
compostos quimicos (medicamentos, herbicidas, inseticidas, etc) em um sistema.
Este método € aceito como padrédo na deteccao de interagBes farmacoldgicas, bem
como na compreensdo do tipo de interacdo, independente do mecanismo de acao
dos farmacos. A partir dos resultados obtidos na curva dose-resposta, € possivel
determinar a poténcia da droga através do DEsg, ou seja, a dose da droga capaz de
fornecer metade do efeito maximo esperado. O isobolograma € uma representacao
grafica que compara a resposta biolégica de uma associacdo de compostos em
doses crescentes quando administrados de forma isolada e combinados entre si
(ZHAO; AU; WIENTJES, 2010; TALLARIDA, 2012).

Num isobolograma, a dose de um farmaco é representada no eixo X e a dose
do outro farmaco é representada no eixo Y. Cada ponto marcado no grafico
representa a isobola, que é um par de doses dos dois farmacos que resultam no
DEsp quando administrados em associagédo. Esses valores de DEs, s@o teoricos
(DEsp add)- Se 0s pontos determinados experimentalmente (DEsg mix) coincidirem com
a linha isobolografica (uma reta tracada entre os DEsyp de cada farmaco
isoladamente), entdo o efeito dos farmacos em associacdo sera aditivo, nao

havendo interacdo. Se os pontos se situarem abaixo da linha isobolografica, o efeito



28

sera supra-aditivo (sinergismo); se 0s pontos se encontrarem acima da linha o efeito
sera subaditivo (antagonismo) (Figura 3) (TALLARIDA, 2000; BOROWICZ et al.,
2002; LUSZCZKI et al., 2003).

Dose Droga B

-

0 Dose Droga A A

Figura 3 — Isobolograma de aditividade, sinergismo e antagonismo. A e B sdo as
doses das drogas A e B que produzem igual efeito. Todas as combinacdes de A e B
sdo representadas pela linha isobologréafica de aditividade. Quando a combinacéo
das doses necessérias para atingir o mesmo efeito é menor, o efeito é supra-aditivo
(ponto P) e quando € necessario doses maiores, o efeito é subaditivo (ponto Q)

Fonte: (TALLARIDA, 2012).

1.5 Modelo experimental de convulséo induzida por pentilenotetrazol (PTZ)

Modelos experimentais de epilepsia in vivo sdo amplamente utilizados para
investigar os mecanismos da epileptogénese, ou para testar a eficacia de novos
compostos antiepiléticos e elucidar os mecanismos de resposta a terapia. Além
disso, os modelos animais sdo essenciais para esclarecer questdes que sdo dificeis
de ser respondidas com estudos clinicos, tais como as consequéncias
fisiopatoldgicas da progressao da doenca, 0s mecanismos celulares de resisténcia a
farmacoterapia e a introducdo de novos farmacos. Para obter essas respostas, uma

variedade de modelos animais tem sido desenvolvida. Entre eles, modelos genéticos
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(como o desenvolvimento de animais nocaute), modelos elétricos (como o
abrasamento) e diversos modelos farmacoldgicos, como aqueles que usam &cido
cainico, pilocarpina, penicilina, 4-aminopiridina, toxina colérica, bicuculina,
picrotoxina, PTZ, etc. (LOSCHER, 2002; CREMER et al., 2009).

A maioria dos farmacos antiepiléticos possui uma janela terapéutica estreita.
Dessa forma, o controle das crises em pacientes com epilepsia refrataria € muitas
vezes dificultado pela inducéo de efeitos adversos (MELDRUM, 2002). Isso enfatiza
a importancia de avaliar tanto a eficacia anticonvulsivante como os efeitos adversos
durante a avaliacdo pré-clinica de novos candidatos a drogas anticonvulsivantes.
Véarios modelos animais de crises agudas e epilepsia cronica sdo utilizados para
avaliar a poténcia e eficacia de potenciais farmacos antiepiléticos assim como a
dose téxica (DTsp) e a dose anticonvulsivante eficaz (DEsp) (LOSCHER; SCHMIDT,
1994; KLITGAARD; MATAGNE; LAMBERTY, 2002).

Considerado de alto valor preditivo de eficacia na clinica, o modelo de crises
convulsivas induzidas pelo PTZ é utilizado tanto para o desenvolvimento de novos
agentes anticonvulsivantes como para o entendimento dos mecanismos moleculares
envolvidos nas crises. O PTZ também é utilizado como modelo de ansiedade.
Atualmente, ndo é mais utilizado na terapia clinica, exceto em raros casos de
intoxicacBes com barbittricos (JUNG; LAL; GATCH, 2002). O PTZ é um antagonista
competitivo do receptor GABA,, provavelmente por uma interacdo alostérica no
canal de CI ativado por GABA (Figura 4). Assim, o PTZ reduz os efeitos inibitérios
do GABA endogeno, o que leva o sistema nervoso a um estado de
hiperexcitabilidade (HUANG et al., 2002). Em doses elevadas (acima de 80 mg/kg),
o PTZ induz crises convulsivas generalizadas tbnico-clébnicas em segundos.
Anticonvulsivantes ndo GABAérgicos como fenitoina, carbamazepina e etossuximida
ndo sdo plenamente eficazes contra as crises induzidas por PTZ (PITKANEN;
SCHWARTZKROIN; MOSHE, 2006; CREMER et al., 2009).

As principais vantagens do uso do PTZ s&o a degenerag¢do neuronal minima e
o curto periodo de laténcia para a primeira convulsdo ténico-clénica generalizada, ao
contrario de modelos de convulsdo como &cido cainico e pilocarpina (ENGEL;
PEDLEY, 2008; CREMER et al., 2009). Os dois modelos utilizados neste trabalho
sdo a administragao aguda de PTZ em uma dose convulsivante (modelo agudo) e a
administracdo cronica de PTZ em doses subconvulsivantes (modelo de

abrasamento). A administracdo de uma dose submaxima aguda de PTZ causa
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alteracdes eletrograficas semelhantes aquelas observadas nas crises de auséncia e
mioclénicas em humanos (LOSCHER; SCHMIDT, 1988; FISHER, 1989). J4 o
modelo de abrasamento € um processo pelo qual a administracéo repetida de doses
baixas do agente convulsivante sensibiliza o sistema nervoso para o
desenvolvimento de crises epiléticas, sendo um modelo animal de epileptogénese
(KUPFERBERG, 2001).
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Figura 4 — Receptor GABAA. Sitio de ligacdo do PTZ e outros ligantes na pos-
sinapse

Fonte: (PITKANEN; SCHWARTZKROIN; MOSHE, 2006).

Durante as crises tonico-clonicas agudas ou por abrasamento induzidas pelo
PTZ em camundongos, ocorrem alteracdes tempo-dependentes na expressdo de
alguns receptores. O tratamento crbnico com PTZ induz uma diminuicdo na
densidade de receptores para cainato e nos sitios de ligacdo dos receptores de
adenosina do tipo A; e aumento nos sitios de ligagdo dos receptores NMDA e
benzodiazepinicos (CREMER et al., 2009). O coértex e 0 hipocampo sdo as areas
cerebrais mais afetadas pelo fenébmeno de abrasamento. O abrasamento induzido
pelo PTZ também aumenta a atividade das enzimas fosfatase alcalina, aspartato
aminotransferase e lactato desidrogenase nestas estruturas cerebrais, enquanto que
a atividade da creatina quinase é diminuida no cortex e cerebelo. Entretanto, as
crises agudas de mesma intensidade induzidas pelo PTZ ndo causam estas

alteracbes metabdlicas, 0 que significa que estes efeitos estdo relacionados ao
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fenbmeno de abrasamento e ndo as crises convulsivas (ERAKOVIC et al., 2001).
Contudo, ndo se sabe, se o abrasamento pode alterar a expressdo dos receptores
CysLT nas estruturas cerebrais.



2 JUSTIFICATIVA

A epilepsia € uma das doencas neurolégicas mais comuns, afetando
mundialmente aproximadamente 50 milh6es de pessoas. Um terco dos individuos
epilépticos € refratario ao tratamento com os anticonvulsivantes atuais, apesar da
ampla variedade de drogas antiepilépticas  disponiveis  (PITKANEN;
SCHWARTZKROIN; MOSHE, 2006; PERUCCA; FRENCH; BIALER, 2007; CREMER
et al., 2009).

O entendimento dos mecanismos envolvidos na indu¢do e manutencdo das
crises convulsivas é fundamental para o desenvolvimento de novas terapias para o
tratamento da epilepsia (PERUCCA; FRENCH; BIALER, 2007). Um dos mais
tradicionais farmacos usados na clinica para o tratamento da epilepsia é o
fenobarbital. Este foi o primeiro anticonvulsivante a ser utilizado na clinica e ainda &
considerado um dos mais classicos tratamentos, principalmente nos paises em
desenvolvimento (BRODIE; KWAN, 2012).

Com foco no entendimento dos mecanismos moleculares envolvidos na
epilepsia, diversas pesquisas tém sucesso, hdo s6 com agentes antimicrobianos e
anticonvulsivantes, mas também com farmacos anti-inflamatérios (SINGH;
PRABHAKAR, 2008). Dentre os mediadores inflamatorios, os leucotrienos
desempenham papel importante mostrado evidéncias de que o processo inflamatério
cerebral pode facilitar as crises convulsivas (OLIVEIRA et al., 2008; MAROSO et al.,
2010; VEZZANI et al., 2011). Alguns estudos tém mostrado que infeccdes cerebrais,
como encefalites e meningites bacterianas, podem provocar crises convulsivas as
quais podem ser tratadas com na indugdo, manutencéo e resolucéao de processos de
inflamacdo. Essa capacidade dos leucotrienos cisteinicos de aumentar a
permeabilidade vascular é uma das causas do extravasamento de substancias
através da BHE nos processos inflamatorios (DENZLINGER, 1996; HEDI,
NORBERT, 2004). Neste contexto, torna-se importante verificar se um antagonista
dos receptores para leucotrienos (Cys-LT3), o montelucaste, potencializa a acao

anticonvulsivante do fenobarbital sobre as crises convulsivas induzidas por PTZ.



3 OBJETIVOS

3.1 Objetivo geral

Verificar o efeito do montelucaste, um agonista inverso dos receptores

CysLT,, sobre as crises convulsivas induzidas por PTZ em camundongos.

3.2 Objetivos especificos

3.2.1 Objetivos especificos do Artigo

Verificar se 0 montelucaste potencializa o efeito anticonvulsivante do
fenobarbital nas crises convulsivas induzidas pelo PTZ;

Determinar o tipo de interagdo entre o montelucaste e o fenobarbital nas
crises convulsivas induzidas pelo PTZ;

Avaliar a participacédo de receptores CysLT; na potencializacdo do efeito

anticonvulsivante do fenobarbital pelo montelucaste.

3.2.2 Objetivos especificos do Manuscrito

Verificar se o0 montelucaste altera as crises convulsivas induzidas por PTZ
em camundongos que foram submetidos a abrasamento;

Verificar se o fenobarbital altera as crises convulsivas induzidas por PTZ
em camundongos que foram submetidos a abrasamento;

Verificar se o abrasamento (salina ou PTZ), o tratamento farmacoldgico
(salina, montelucaste ou fenobarbital) e o desafio (salina ou PTZ) alteram
as imunorreatividade do receptor CysLT; e do receptor CysLT, em cortex

de camundongos.
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Abstract

Although leukotrienes have been implicated in seizures, no study has
systematically investigated whether the blockade of CysLT; receptors synergistically
increases the anticonvulsant action of classic antiepileptics. In this study, behavioral
and electroencephalographic methods, as well as isobolographic analysis, are used
to show that the CysLT; inverse agonist montelukast synergistically increases the
anticonvulsant action of phenobarbital against pentylenetetrazole-induced seizures.
Moreover, it is shown that LTD, reverses the effect of montelukast. The

experimentally derived EDsomix Value for a fixed-ratio combination (1:1 proportion) of
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montelukast plus phenobarbital was 0.06 + 0.02 pmol, whereas the additively
calculated EDsp 444 Value was 0.49 + 0.03 umol. The calculated interaction index was
0.12, indicating a synergistic interaction. The association of montelukast significantly
decreased the antiseizure EDs, for phenobarbital (0.74 and 0.04 umol in the absence
and presence of montelukast, respectively) and, consequently, phenobarbital-
induced sedation at equieffective doses. The demonstration of a strong synergism
between montelukast and phenobarbital is particularly relevant because both drugs
are already used in the clinics, foreseeing an immediate translational application for

epileptic patients who have drug-resistant seizures.

1-Key words: montelukast, phenobarbital, seizure, isobolographic analysis.

Chemical compounds studied in this article

Pentylenetetrazole (PubChem CID: 5917); Montelukast (PubChem CID: 5281040);
Phenobarbital (PubChem CID: 23674889); Sodium chloride (PubChem CID: 5234);
Leukotriene D4 (PubChem CID: 6435286); Dimethyl sulfoxide (PubChem
CID: 679); Propylene glycol (PubChem CID: 1030).

1 Introduction

Accumulating evidence suggests a role for inflammatory mediators in
seizures, from early pathogen- and damage-associated molecular pattern recognition
to late arachidonic acid derivatives production and signaling [1-9]. While there are
several studies suggesting a role for COX-derived arachidonic acid metabolites in
seizures, only a few have investigated a role for lipoxygenase (LOX)-derived
arachidonic acid metabolites. Leukotrienes levels increase in the brain during
kainate-induced seizures. Moreover, phenidone and BW755C, dual inhibitors of
LOX/COX pathways, decrease kainic acid-induced seizures, suggesting the
involvement of leukotrienes in this effect [10, 11]. In line with this view, Rehni and
Singh (2011) have shown that montelukast, a CysLT; receptor inverse agonist [12]


http://www.sciencedirect.com/science/article/pii/S0014488614001368#bb0005
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and 1,2,3,4-tetrahydroisoquinoline, regarded as a LTD4 synthetic pathway inhibitor,
dose-dependently suppress the development of kindled seizures, as well as
pilocarpine-induced spontaneous recurrent seizures [13]. Similarly, Liu and
colleagues (2014) have shown that zileuton, a 5-LOX inhibitor, decreases spike-wave
discharges in pilocarpine epileptic rats [14]. Interestingly, it has been recently shown
that while LTD, facilitates and montelukast, pranlukast (a CysLT; antagonist) and
Bay-u9773 (a dual CysLT,/CysLT, antagonist) decrease PTZ-induced seizures and
BBB permeability disruption [15]. Notwithstanding, low doses of LTD, (0.2 and 2
pmol, i.c.v.) prevent the anticonvulsant, but not the protective effect of MTK on BBB.
The dissociation of these effects suggests that BBB maintenance does not determine
the anticonvulsant effect of montelukast [15], and that an alternative mechanism to
decrease excitability shall exist. In fact, it has been long known that LTD4 increases
the firing rate of Purkinje cells in vivo [16], suggesting an excitatory role for this lipid
mediator.

Since none of the classic anticonvulsants used in the clinics has the CysLT;
receptor as a target, we hypothesized that the combination of a CysLT; receptor
inverse agonist with a classic anticonvulsant could be advantageous. Therefore, we
tested whether the association of montelukast with a classic anticonvulsant,
phenobarbital, would result in a synergistic anticonvulsant effect. This is particularly
relevant because both drugs are safely used in the clinics, and the demonstration of
an increased anticonvulsant efficacy could have an immediate translational
application for the approximately one third of the epileptic patients who are
considered to have drug-resistant seizures [17, 18]. Therefore, in the current
investigation we determined, by isobolographic analysis [19], whether the
combination of montelukast and phenobarbital results in sub-additive, additive or

supra-additive anticonvulsant effects.

2 Material and Methods

2.1 Animals
Adult female Swiss mice (25 £ 3 g), housed ten to a cage (35 cm L x 52 cm W
x 17 cm H) were used. All animals were kept in colony cages under controlled light

and environment (12:12-h light/dark cycle, 24 £ 1°C, 55% relative humidity) with free
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access to food (Supra, Santa Maria, Brazil) and water. Animals were obtained from
the Animal House of the Federal University of Santa Maria habituated to laboratory
conditions 48 h before each experiment. Behavioral tests were conducted during the
light phase of the cycle, from 9:00 to 17:00 h in accordance with the national and
international legislation (guidelines of Brazilian Council of Animal Experimentation —
CONCEA - and of EU Directive 2010/63/EU for animal experiments), with the
approval of Committee on Care and Use of Experimental Animal Resources of the
Federal University of Santa Maria (authorization number: 084/2013). All protocols
were designed aiming to reduce the number of animals used to a minimum, as well
as to minimize their suffering. One hundred and nine animals were used in the
experiments designed to determine synergism. Twenty nine animals were used in the
experiments designed to determine the effects of montelukast and phenobarbital on
electrocorticographic recorded seizures, leukotriene reversal of montelukast effects
and locomotor activity.

2.2 Reagents

PTZ was purchased from Sigma (St. Louis, MO, USA), LTD, and montelukast
were from Cayman Chemical (Ann Arbor, MI, USA) and phenobarbital was from
Cristalia Pharmaceutical Co (Sdo Paulo, Brazil). PTZ was dissolved in sterile 0.9%
NaCl. Phenobarbital and montelukast were dissolved in 0.5% dimethyl sulfoxide and
sterile apyrogenic saline containing 10% propylene glycol. Fresh drug solutions were

prepared on each day of experimentation.

2.3 Surgical procedures

All animals were anesthetized with ketamine/xylazine intraperitoneally (100/10
mg/kg, i.p.), and had a 27-gauge guide cannula implanted 1 mm above the right
lateral ventricle, under stereotaxic guidance for intracerebroventricular (i.c.v.)
injection. The following stereotaxic coordinates relative to bregma were used: AP 0
mm, ML 0.9 mm, V 1.6 mm from the dura [20]. The cannula was fixed to the skull
with dental acrylic cement.

For EEG recording, two screw electrodes were implanted over the
frontoparietal cortices (bilaterally) keeping intact both the dura and cortex surface
(coordinates in mm: AP -4.5 and L 2.5). An additional stainless steel screw electrode

was driven into the skull positioned over the nasal sinus, and served as a reference
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electrode. The electrodes were connected to a multipin socket and were fixed to the
skull with dental acrylic cement. After surgery, all mice were injected subcutaneously
with buprenorphine hydrochloride (0.01 mg/kg, s.c.) for amelioration of pain and
chloramphenicol (200 mg/kg, i.p.) to prevent infection. The experiments were

performed 7 days after surgery.

2.4 Determination of EDs for each drug and combination

The criterion of anticonvulsant efficacy was the latency to tonic-clonic
seizures, that was transformed to percentage of maximal effect against PTZ-induced
tonic-clonic generalized seizures [%0ME=measured latency (in seconds)/1200*100].
The EDsq for the anticonvulsant effect of phenobarbital and montelukast, alone, was
calculated based on dose-effect curves. Phenobarbital was administered alone at
adjusted doses of 0.09, 0.18, 0.3, 0.5, 0.9, 1.4, 2.7 and 4.5 pmol/25 g (umol/animal,
I.p.), whereas montelukast was administered at the doses of 0.02, 0.05, 0.07, 0.1,
0.17 and 0.3 pmol/animal (i.c.v.). The percentage of maximal effect was plotted
against the logarithm of drug doses and the curves were fitted using linear regression
analysis. The EDsy was calculated from respective linear equations according to
Tallarida (2000) [19]. The estimated EDsy for each drug was the basis for the fixed
ratio combination of phenobarbital and montelukast used to determine synergism.

Mean additive doses of the mixture of phenobarbital and montelukast that
should theoretically afford a 50% protection against PTZ-induced seizures (EDsp adq)
were calculated from general equations of additivity, as follows: a/A+b/B=1; where “a”
and “b” are doses of phenobarbital and montelukast that were co-administered and
“‘A” and “B”, the EDsq of drugs administered alone. The anticonvulsant activity of the
mixture of phenobarbital with montelukast at the fixed-ratio of 1:1 was evaluated and
expressed as EDsp mix, that is the calculated dose of the mixture of both drugs that
afford a 50% protection against PTZ-induced seizures. The doses of phenobarbital
and montelukast in the mixture were determined by multiplying the EDs for each
drug by the respective proportions of drugs in the mixture. For instance, the two-drug
mixture for the combination of 1:1 consisted of phenobarbital (0.5 x 0.74 umol =0.37
pmol) plus montelukast (0.5 x 0.25 pmol =0.125 umol). Drugs were combined in equi-
effective doses, as follows: 0.02 + 0.008; 0.05 + 0.016; 0.09 + 0.031; 0.185 + 0.063;
0.37 + 0.125 and 0.74 + 0.25 pmol for phenobarbital and montelukast, respectively.
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2.5 Isobolographic analysis

The isobolographic analysis is experimental method in pharmacological
determination of drug interactions that is currently accepted as the standard method
for detecting drug interactions and provides the understanding the real nature of
these interactions, regardless of their mechanism of action or the nature of relations
[24].

Isobolographic analysis of interactions between phenobarbital and
montelukast was performed according to Tallarida (2000). This analysis is based on
a comparison of equieffective drug doses, determining pharmacological interactions.
EDsp values are placed on the isobologram, which consists of the additive line that
intercepts each ECspon the X- and Y-axes. This line of additivity has cartesian
coordinates that represent all possible combinations of drugs in equieffective
doses and represents the theoretical isobole for an additive effect. When the
experimentally determined EDsp of 1:1 combinations are placed on this line, the two-
drug mixture exerts purely additive interaction; if EDsg is placed significantly below
this line, the two drugs act synergistically (supra-additive) and if EDsg is plotted above
the additive isobole, it is an antagonism (sub-additive) interaction. From these
values, the theoretical additive EDso (EDspaqq) Was calculated and determined
whether it differed from the experimentally determined EDso (EDsy mix) Of co-

administered drugs [19].

2.6 Electrocorticographic recording, analysis and seizure evaluation

Since seizures may occur in the absence of evident behavioral manifestations,
the experimentally determined EDsy was chosen for a subsequent EEG analysis of
the effect of montelukast, phenobarbital and phenobarbital + montelukast or
respective vehicle on PTZ-induced seizures. We also determined whether LTD,
reversed the anticonvulsant effect of the combination of montelukast and
phenobarbital. Montelukast (0.25 ymol, i.c.v.), phenobarbital (0.74 pmol, p.o.) or the
combination of montelukast (0.02 ymol, i.c.v.) and phenobarbital (0.04 pmol, p.o.)
were injected 30 min before PTZ (60 mg/kg, i.p.) and LTD4 (2, 20 or 200 pmol, i.c.v.)
or vehicle were injected 15 min before PTZ. The animals were allowed to habituate to
a glass cage (30 cm L x 20 cm W x 20 cm H) for at least 30 min before the
electroencephalographic (EEG) recording. The mice were then connected to the lead

socket in a swivel inside a Faraday’s cage. Routinely, a 10 min baseline recording
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was obtained to establish an adequate control period and animals were injected with
testing drugs according to each specific experimental protocol. The EEG was
recorded using a digital electroencephalographer (PowerLab, AD Instruments, Bella
Vista, NSW, Australia). EEG signals were preamplified (100 x) by a head mounted
amplification system (Pinnacle Technology Inc., Lawrence, KS, USA), filtered (0.1-
70.0 Hz, bandpass; 60 Hz Notch), digitalized (sampling rate 1000 Hz) and stored in a
PC for off-line analysis.

Post-PTZ EEG recordings were analyzed for the appearance of epileptiform
discharges, defined as a high-amplitude (twice the baseline) rhythmic discharge
containing a burst of slow waves, spike wave and/or polyspike-wave components
and lasting < 5 s [21]. The fold-increase of ictal electroencephalographic recordings
amplitude relative to mean baseline, and number of epileptiform discharges after PTZ
administration were compared among groups. The behavior of each animal was
recorded during the whole EEG acquisition period with a digital camera, and
videotapes were used to identify nonconvulsive seizures and possible artifacts.

Digitalized data from basal, montelukast and phenobarbital administration or
its combination were visually selected according to the videotaped animal behavior.
Episodes in which the animals presented similar behavior (i.e. wakefulness) from
basal and after treatment periods were identified in EEG recording and divided in 15s
segments and a 4s epoch from each segment (without artifacts) was used to carry
out the power analysis by the conversion into frequency domain by fast Fourier
transformation (FFT) method. The resultant power values displayed for each
frequency were grouped into 5 bands represented by delta (0.1-4 Hz), theta (4-8
Hz), alpha (8—12 Hz), beta (12—30 Hz) and gamma (30-80 Hz). For power analysis of
decomposed waves, the power sum from all frequencies (0.1-80 Hz) was considered
as 100%. We used the same 4s epoch to analyze the 90% Spectral Edge Frequency
(SEF90) and the Total Power (from 0.1 to 80 Hz, expressed in absolute values).

2.7 Effect of montelukast and phenobarbital on locomotor activity

Phenobarbital is a widely-prescribed antiepileptic drug (AED) for the treatment
of partial and generalized seizures. However, drowsiness, sedation and hypnosis are
known side effects associated with its use [22]. Therefore, we investigated whether
the effective anticonvulsant combination of montelukast and phenobarbital decreased

locomotor behavior, when compared with the equieffective doses of phenobarbital
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and montelukast, given alone. Mice were treated with the vehicle and the
equieffective doses relative determined ECso: montelukast (0.25 pmol, i.c.v.),
phenobarbital (0.74 pmol, p.o.) or the combination of montelukast (0.02 pmol, i.c.v.)
and phenobarbital (0.04 umol, p.o.), placed in a glass cage that had its floor divided
into four areas (quadrants), and had their behavior recorded by a videocamera for 30
min. The videotapes were used to determine the number of quadrants crossed
(number of crossings) in the apparatus for 10 min, 20 min after drug injections. A
single observer, unaware of the previous pharmacological treatment, observed and

rated all animals in this study.

2.8 Statistical analysis

Statistical comparison of experimental EDsg mix With EDsg agq Was carried out by
Student’s T-test, with transformation of 95% confidence limits calculated with EDsg
values into S.E.M. If the EDsomix = EDspagg (pOints on the isobole of additivity), the
interaction is considered additive; EDsomix < EDspaga (points below the isobole of
additivity), the interaction is synergistic and EDspmix > EDspagg (pOints above the
isobole of additivity), an antagonistic combination is assumed [19].

Amplitude fold-increase and number of epileptiform discharges data were
analyzed by ANOVA followed by Bonferroni’s multiple comparison test. These data
are presented as mean and S.E.M. Number of crossings was analyzed by Kruskal-
Walllis followed with Dunn’s multiple comparison test and is expressed as median *
interquartile range because these variables did not meet ANOVA assumptions
(normal distribution and homoscedasticity). A probability of P<0.05 was considered
significant.

All statistical tests and graphically illustrations were performed using

Graphpad Prism 6.0 and Microsoft Excel for Windows

3 Results

Figure 1 shows that the association of montelukast and phenobarbital (in a 1:1
proportion) resulted in a potentiation of the anticonvulsant effect of phenobarbital

because montelukast caused a left shift of the dose-effect curve. Dose-effect curves
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for phenobarbital, montelukast and montelukast + phenobarbital were used to
determine EDsp values, which were used in the subsequent isobolographic analysis.

Isobolographic analysis of the combination of phenobarbital with montelukast
at the fixed-ratio of 1:1 resulted in a supra-additive (synergistic) effect of these
compounds on PTZ-induced tonic-clonic seizures in mice (Figure 2). Results are
presented as 50% effective doses (EDso values in pmol £ S.E.M.) for two-drug
mixtures, determined either experimentally (EDsomix) Or theoretically calculated
(EDspagq) from the equations of additivity [19, 23]. The experimentally derived EDsomix
value for this fixed-ratio combination was 0.06 + 0.02 umol, whereas the additively
calculated EDspaqq vValue was 0.49 + 0.03 pmol (Table 1). The calculation of the
interaction index (a = EDsomix'EDsoadd) In the presence of montelukast resulted in a
value of 0.12, indicating a synergistic interaction [24, 25]. The montelukast plus
phenobarbital combination, at the dose corresponding to the EDs aqq, iNcreased the
latency to tonic-clonic PTZ-induced seizures (see Figure 1 and videos on
supplementary material).

We confirmed the behaviorally assessed potentiation of anticonvulsant effect
of phenobarbital by montelukast by EEG analysis. Figure 3A shows the quantitative
analysis of ictal EEG trace amplitude along time in each hemisphere after PTZ
injection. Animals were treated with the doses of the estimated EDsp of phenobarbital
(0.74 umol, p.o.), montelukast (0.25 pmol, i.c.v.), combination of phenobarbital (0.04
pgmol, p.o.) + montelukast (0.02 pmol, i.c.v.). Statistical analysis (ANOVA followed by
Bonferroni's multiple comparison test) revealed that phenobarbital, montelukast and
phenobarbital + montelukast decreased the fold-increase of amplitude of ictal EEG
traces [F(6,22)=9.911; p<0.001; Fig. 3A] and the number of epileptiform discharges
induced by PTZ administration in a 20 min observation compared with control group
[F(6,22)= 3.62; p<0.05; Fig. 3B]. The anticonvulsant effect was more pronounced in
the group treated with the combination phenobarbital + montelukast. There was no
significant difference between hemispheres (data not shown).

If the anticonvulsant action of montelukast, a CysLT; receptor inverse agonist,
were due to an interaction with CysLT; receptor, the administration of the respective
CysLT receptor agonist LTD,4 should reverse the effect of montelukast. As expected,
the administration of LTD,4, at the dose of 200 pmol, completely reversed the
synergistic effect of montelukast. Statistical analysis (ANOVA followed by

Bonferroni’s multiple comparison test) revealed that LTD, dose-dependently (200
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pmol, i.c.v.) antagonized the effect of the combination of montelukast and
phenobarbital on both ictal amplitude increase [F(6,22)=9.911, p<0.001; Fig. 3A] and
the number of epileptiform discharges after PTZ administration [F(6,22)= 3.62;
p<0.05; Fig. 3B].

Figure 4 shows a representative EEG recording before and after the
administration of PTZ in an animal treated with (A) vehicle, (B) phenobarbital, (C)
montelukast, (D) phenobarbital + montelukast or (E) phenobarbital + montelukast +
LTD,4. The electrographic pattern of the seizures presented by animals injected with
LTD, (200 pmol) was very similar to that presented by animals treated only with
vehicle plus PTZ. The expanded waves from the EEG recording outlined by the box
are shown in A, B, C, D and E’, confirming, electrographically, that LTD4
antagonized the effect of montelukast. Statistical analysis of wave decomposition by
FFT revealed that none of the treatments altered the power spectrum analysis in our
experimental conditions (Figure 5).

The effect of equieffective doses of phenobarbital, montelukast and
phenobarbital plus montelukast on the number of crossing responses of mice are
shown in Figure 6. Statistical analysis (Kruskal-Wallis followed by Dunn's multiple
comparison test) showed that only phenobarbital (0.74 pmol, p.o.) reduced the
spontaneous locomotor activity [H(3)=10.81; p<0.05 — Fig. 6] and that animals
treated with phenobarbital plus montelukast behaved very similarly to those mice

treated with vehicle.

4 Discussion

The current study shows that montelukast, a CysLT; receptor inverse agonist,
synergistically enhances the anticonvulsant effect of phenobarbital in an acute
chemically-induced seizure model, in mice. Moreover, such a synergism is blocked
by LTD,4, a CysLT; receptor agonist.

Most of the studies investigating the role of arachidonic acid-derivatives on
seizures have elected prostaglandins as the main target [4, 9, 26, 27], for several
reasons. Probably the most obvious one is because prostaglandins are the ultimate
fever mediator, and there is a long known association between fever and seizures

[18, 28, 29]. These initial findings have led prostaglandin research to show that the
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activation of selected prostaglandin receptors facilitate or inhibit seizures, depending
on activated intracellular messengers, revealing novel possible targets for AED
development [4, 9, 30]. Accordingly, a number of studies have investigated the role of
cyclooxygenases (COX) in seizures, finding conflicting results [31-35]. In fact, the
prostaglandin synthesis process, per se, has been suggested to contribute for
increased cell excitability [36-38]. Reactive byproducts produced during the synthesis
of prostaglandins through COX cause oxidative stress and have also been suggested
to increase seizure susceptibility [39-41]. Moreover, elegant electrophysiological
studies provided evidence that endogenous prostaglandins, particularly PGE,,
dynamically regulate membrane excitability, temporal summation, and synaptic
efficiency in hippocampal pyramidal neurons [42].

Recent pharmacological evidence, however, suggests that non-prostanoid
arachidonic acid-derived molecules, such as leukotrienes, produced via LOX, also
play a role in seizures [13]. The early findings by Palmer and colleagues (1981) that
LTD, increases neuronal firing rate together with the demonstration that montelukast
and a putative synthetic LTD, pathway inhibitor dose-dependently suppress the
development of kindled seizures, as well as pilocarpine-induced spontaneous
recurrent seizures, support this view [16]. Moreover, Lenz and colleagues (2014)
have shown that montelukast not only has anticonvulsant effect but also protects
against BBB disruption and leukocyte infiltration in a cannula-lesioned cortical area,
suggesting that montelukast also decreases neuroinflammation and/or exposure to
blood-borne elements [15]. It is well known that areas of focal hyperexcitability can
develop in the brain after trauma, infection, ischemia, and excitotoxicity, probably due
to neuroinflammation and/or exposure to blood-borne elements [43-49]. Furthermore,
pranlukast treatment protects against global cerebral ischemia in rats and inhibits the
expression of NMDA-NR2A receptor [50, 51]. Therefore, existing experimental and
clinical evidence suggest that CysLT; receptor modulators that have been used in the
clinics to treat diseases as asthma [52], may be of a value to treat epilepsy, as
adjuvant therapy. The current study not only agrees with this view but also extends
these findings by showing that there is an important pharmacological synergism
between a classic AED and a CysLT; receptor inverse agonist.

The study of the interaction between phenobarbital and montelukast was
performed by isobolographic analysis, a quantitative measure of dose-effect

relationship of each drug alone and combined, which allows determining whether a
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given drug combination results in an additive, antagonistic or a synergic effect.
Montelukast synergistically increased the anticonvulsant effect of phenobarbital at
1:1 fixed ratios in such a way that the doses of drug combinations required to
decrease the latency to tonic-clonic PTZ-induced seizures and EEG amplitude were
much lower than the equi-effective doses of each drug alone.

It is well known that pharmacokinetic interactions, such as competition for
plasma protein binding and/or regulation of membrane transporters, may result in
enhanced effects of simultaneously administered drugs [53-56]. In the current study
we avoided these possible pharmacokinetic interactions by administering the drugs
by different routes (i.c.v. and p.o.). Therefore, the currently observed synergism can
not be attributed to a competition for plasma protein or increased blood-brain barrier
transport, since montelukast was administered directly into the brain (i.c.v.).
Moreover, it is also unlikely that the synergistic effect of montelukast and
phenobarbital is due to a decreased metabolism of phenobarbital. First, because the
amount of montelukast injected was very small, as it was administrated by the i.c.v.
route. Consequently, even if it redistributed from the brain, it would not significantly
increase plasma levels or impair the metabolism of phenobarbital in the liver.
Moreover, if montelukast increased brain levels of phenobarbital by any means, one
would expect to observe a sedative effect. Instead, the association of montelukast
and phenobarbital resulted in a huge decrease in the amount of the barbiturate
necessary to decrease seizures and, consequently, the animals that received the
combination of drugs did not present any sign of sedation. This is in full agreement
with the view that application of a two-drug combination with synergistic effects may
be beneficial due to the reduction of adverse effects, maintaining anticonvulsant
activity [57]. In fact, a recent clinical study has shown that add-on therapy of AEDs
used in the clinics with pranlukast, a CysLT; receptor antagonist, reduces seizure
frequency in patients with intractable partial epilepsy [58]. According to this view,
AED polytherapy based on mechanisms of action may enhance effectiveness [57].
However, given the incomplete knowledge of the pathophysiology of seizures and the
exact mechanisms of action of AEDs, an empirical but rational approach for
evaluating AED combinations may be of fundamental importance to identify suitable
combinations. At last, it is worth pointing out that female animals were used in this
study. Although a gender difference in the anticonvulsant effect of montelukast

sounds unlikely because of the previously reported anticonvulsant effect of this
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CysLT; antagonist in male mice [15], the current results shall be considered
observing this methodological aspect.

5 Conclusion

Our findings reveal that montelukast, a CysLT; receptor inverse agonist,
potentiates the anticonvulsant effect of phenobarbital on PTZ-induced seizures. This
synergistic effect involves the CysLT; receptor, since LTD,4 reversed this effect. From
the clinical standpoint, CysLT; antagonists seem to emerge as promising adjunct
therapeutic agents in the treatment of refractory seizures. Notwithstanding, additional

studies are necessary to evaluate the clinical implications of this work.
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Table

Table 1 — Determination of EDsq of PB and MTK for latency to PTZ-induced tonic-clonic seizures in
mice

Drug(s) EDso (95% ClI)

PB 0.74 (0.52-1.04)

MTK 0.25 (0.11-0.54)

PB + MTK (add) 0.49 (0.42-0.57)
PB + MTK (mix) 0.06 (0.016-0.24)***

Data are presented as EDsy and 95% confidence intervals (in pmol). PB (phenobarbital) (p.o.) and
MTK (montelukast) (i.c.v.) were administered 30 min before PTZ (i.p.) in different amounts of fixed-
ratio drug combinations (4 to 6 animals per group). Statistical analysis of obtained data was performed
with Student’s T test. See more details of the protocol in materials and methods section. ***p < 0.001
vs. the respective additive EDsg values
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Figure 1 — Dose effect curve of phenobarbital (PB) and the combination of montelukast (MTK) plus
phenobarbital (PB) for latency to PTZ-induced tonic-clonic seizures in mice. Data expressed as mean
and S.E.M. for n=4-6 in each group.
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Figure 2 — Isobologram showing the calculated additive points for a mixture having 1:1 proportion of
doses of montelukast (MTK) and phenobarbital (PB) as their individual potencies at 50% effect level
(EDsp) against PTZ-induced tonic-clonic seizure. The EDsg values for MTK (0.25 pmol- closed square
point) and PB (0.74 umol — open square point) are placed on the graph, on X- and Y-axes,
respectively. The isobole of additivity is shown as a solid line connecting these two points. Dashed
lines are the theoretically additive standard error. The points on the additive isobole correspond to
theoretical isobole for additivity, EDsgaq¢ (Open circle point), and the points below correspond to the
experimentally EDsomix (Closed circle point), values, in a proportion of drugs in a fixed ratio that
produced a 50% effect. Data are expressed as mean and S.E.M. for n=4-6 in each group.***p<0.005
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Figure 3 — Effect of montelukast (MTK) and phenobarbital (PB) on PTZ-induced seizure.
Electrocorticogram recordings in the parietal cortex in both hemispheres of animals treated with the
doses corresponding to their respective EDg, (or EDsgnix) as follows: PB (0.74 ymol, p.o.), MTK (0.25
pgmol, i.c.v.), combination of PB (0.04 ymol, p.0.) + MTK (0.02 ymol, i.c.v.) and LTD,4, (A) Fold increase
of amplitude of ECG recordings relative to baseline post PTZ administration (B) Number of
epileptiform discharges post-PTZ administration relative to baseline. Data were analyzed by one way
ANOVA followed with Bonferroni’'s multiple comparison test and expressed as mean + S.E.M. for n=4-
5 in each group. *p<0.05, ** p< 0.01, .***p<0.005, respectively; when compared with vehicle. # p< 0.05

when compared with PB + MTK.
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Figure 4 — Representative EEG electrocorticographic recordings of the right cerebral cortex before and
after PTZ injection of animals injected with: (A) vehicle, (B) PB, (C) MTK, (D) PB + MTK or (E) PB +
MTK + LTD,4. The expanded wave forms from the EEG recordings outlined by the boxes are shown in
A’, B, C, D' and E’. The black arrowhead indicates PTZ injection, whereas the white arrowhead
indicates the onset of EEG the pattern associated with generalized tonic—clonic seizures
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Figure 5 — Power spectrum analysis of EEG. Basal (no treatment), MTK, PB and MTK+PB treatments,
expressed as relative values in decomposed waves (A); Power spectrum analysis of total range
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Figure 6 — Effect of montelukast (MTK) and phenobarbital (PB) on spontaneous locomotor activity.
Number of crossings was analyzed by Kruskal-Wallis followed with Dunn's multiple comparison test
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Abstract

Although cysteinyl leukotrienes (CysLTs) have been implicated in seizures and
kindling, no study has investigated whether CysLT receptor antagonists decreases
seizures in kindled animals, or whether CysLT receptor expression is altered by
kindling. In this study we investigated whether the CysLT1 inverse agonist
montelukast and a classical anticonvulsant, phenobarbital, decrease seizures in PTZ-
kindled mice and CysLT receptor expression. Montelukast (10 mg/kg; s.c.) and
phenobarbital (20 mg/kg, s.c.) increased the latency to generalized seizures in
kindled mice. Montelukast increased CysLT; immunoreactivity only in non-kindled
PTZ-challenged mice. Interestingly, PTZ challenge decreased CysLT;
immunoreactivity only in kindled mice. CysLT; antagonists seem to emerge as
promising adjunct therapeutic agents in the treatment of refractory seizures.
Notwithstanding, additional studies are necessary to evaluate the clinical implications

of this work.

Key words: montelukast, CysLT1R; CysLT2R, seizure, PTZ, kindling.

Running title: Montelukast decreases seizures in PTZ-kindled mice
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1 Introduction

Epilepsy is a chronic neurological disease characterized by recurrent seizures
due to excessive discharge of cerebral neurons and by emotional and cognitive
dysfunction (FISHER, 2014). This disorder affects approximately 50 million people
worldwide and at least 30% of patients remain refractory despite the use of
antiepileptic drug (SCHMIDT; LOSCHER, 2005). Considering the elevated number of
patients who do not respond to available treatment, it is essential to search for novel
therapeutic targets and identify seizure mechanisms.

Several lines of evidence support a role for inflammation in epilepsy.
Experimental and clinical studies have shown that seizures induce brain inflammation
and that recurrent seizures perpetuate chronic inflammation (VEZZANI; GRANATA,
2005; SHIMADA et al.,, 2014). In fact, arachidonic acid (AA) is released from
membrane phospholipids during seizures and oxidized by COX (cyclooxygenase)
and LOX (lipoxygenase), generating AA proinflammatory products, the so called
“uncontrolled arachidonic acid cascade” (PHILLIS; HORROCKS; FAROOQUI, 2006).
These downstream products include prostaglandins, thromboxanes and leukotrienes.
Accordingly, prostaglandin and leukotriene B, and C, levels are increased in the
hippocampus of epileptic patients and in the cerebrospinal fluid of children with
febrile seizures (LOSCHER; SIEMES, 1988; MATSUO et al., 1996). In addition,

kainic acid-induced seizures are associated with increased brain levels of
leukotrienes and PGF,q in the cortex, hippocampus and hypothalamus of rats

(SIMMET; TIPPLER, 1990). As expected, a role for leukotriene receptors, particularly
of the CysLT; subtype, has been proposed in seizure/epilepsy (SIMMET; TIPPLER,
1990; REHNI; SINGH, 2011; LENZ et al., 2014; FLECK et al., 2015). While LTD,4 (a

CysLT; receptor agonist) facilitates, intracerebroventricularly injected montelukast (a
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CysLT; receptor inverse agonist) decreases PTZ-induced seizures. In addition, i.c.v.
montelukast prevents PTZ-induced BBB disruption and leukocyte infiltration (LENZ
et al., 2014). At last, it has been recently shown that montelukast (i.c.v.) potentiates
the anticonvulsant effect of phenobarbital on PTZ seizures and decreases sedation,
a major side effect of phenobarbital (FLECK et al., 2015). However, it is still unknown
whether CysLT; receptor antagonism decreases seizures in animals with established
seizure susceptibility, such as kindled animals. Therefore, the aim of the current
investigation was to evaluate whether montelukast (a CysLT: inverse agonist)
decreases seizures in PTZ-kindled mice. In addition, we evaluated whether
pharmacological treatment, kindling and challenge with PTZ alter CysLT; and CysLT>

receptor immunoreactivity in the cerebral cortex of these animals.

2 Material and Methods

2.1 Animals

Young male Swiss mice (25-28 g, 42 days old) from the Animal House of
Federal University of Santa Maria were used. Animals were housed 12 to a plexiglas
cage (35 cm L x 52 cm W x 17 cm H) under controlled light and environmental
conditions (12:12-h light/dark cycle, 22 + 1°C, 55% relative humidity). Food (Supra,
Santa Maria, Brazil) and drinking water were provided ad libitum. Behavioral tests
were carried out during the light phase of the cycle, from 9:00 to 17:00 h, in
accordance with the national and international legislation (guidelines of Brazilian
Council of Animal Experimentation — CONCEA — and of EU Directive 2010/63/EU for
animal experiments). The protocols were designed aiming to reduce the number of
animals used to a minimum, as well as to minimize their suffering, and were
approved by the Committee on Care and Use of Experimental Animal Resources of

the Federal University of Santa Maria (authorization number: 084/2013).

2.2 Reagents

PTZ was purchased from Sigma (St. Louis, MO, USA), LTD4 and montelukast

were from Cayman Chemical (Ann Arbor, MI, USA) and phenobarbital was from
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Cristalia Pharmaceutical Co. (Sdo Paulo, Brazil). PTZ was dissolved in isotonic
saline (0.9% NaCl). Phenobarbital and montelukast were dissolved in 0.5% dimethyl
sulfoxide and sterile apyrogenic saline containing 10% propylene glycol. Fresh drug

solutions were prepared immediately before use.

2.3 Kindling induction and seizure observation

Mice were intraperitoneally (i.p.) injected with 0.9% NaCl (saline, 10 mil/kg) or
PTZ (35 mg/kg) three times a week (Monday, Wednesday and Friday) for 5 weeks,
followed by an application-free interval of one week. After each PTZ injection, the
convulsive behavior was observed for 20 min and classified in the following stages,
as described by Ferraro and colleagues (1999): stage 0, no behavioral change; stage
1, hypoactivity and immobility; stage 2, two or more isolated, myoclonic jerks; stage
3, generalized clonic convulsions, with preservation of righting reflex; and stage 4,
generalized clonic or tonic—clonic convulsions with loss of righting reflex (FERRARO
et al., 1999).

An animal was considered kindled when it presented stage 3 or stage 4
seizures in three consecutive sessions. The mean number of days to kindling was
11.2 + 1.3 (mean = S.E.M.). Seventy three percent of the mice developed kindling,
20% did not and 7% died. Figure 1A and 1B shows the time-course for effectively
induction of kindling.

The animals that reached kindling criterion were kept drug-free for one week
and injected subcutaneously (s.c.) with montelukast (10 mg/kg, s.c.), phenobarbital
(20 mg/kg, s.c.) or saline (10 mg/kg, s.c.). Sixty minutes thereafter the animals were
challenged with PTZ (35 mg/kg, i.p.) or saline. Mice were video monitored for 20 min
and the latency to myoclonic jerks and to generalized tonic-clonic seizures were
recorded. Mice were euthanized by decapitation at the end of the observation period.
Cerebral cortex was quickly removed and stored at —-80°C until processing. As
expected, animals challenged with saline did not present seizures. Therefore, these
animals were not included in the behavioral analysis. For each kindled animal, a
saline-treated animal with the same number of injections was assigned to the same
pharmacological treatment, and subjected to challenge with saline or PTZ. The full
experimental design, with the twelve resulting groups, is shown in Figure 2 and Table

1, which also shows the frequency of seizures in the challenge session.
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2.4 Western blot

The cerebral cortex was homogenized in a cold (4 °C) lysis buffer containing
(in mM) 10 HEPES (pH 7.9), 10 KCI, 2 MgCl,, 1 EDTA, 1 NaF, 1
phenylmethanesulphonyl fluoride, 10 B-glycerophosphate, 1 DTT and 2 sodium
orthovanadate, and a mixture of protease and phosphatase inhibitors (Sigma-
Aldrich). The homogenates were centrifuged (12,700 x g) for 30 min at 4 °C and the
supernatant (S1), denominated cytosolic fraction, was reserved for posterior
processing. The pellet (P1) was resuspended in lysis buffer with 1% Triton-X,
incubated for 15 min in ice, and centrifuged at 12,700 x g for 60 min at 4 °C. The
supernatant (S2), containing the membrane fraction, was collected for later analysis
and the pellet (P2) was stored at -80 °C. Protein concentration in the membrane
fraction was measured by bicinchonic acid assay (BCA) using bovine serum albumin
as standard. The proteins of the supernatants (20 ug of protein) were resolved by
polyacrylamide gel electrophoresis (SDS-PAGE) and electroblotted onto
nitrocellulose membranes (Millipore, Billerica, MA). Membranes were blocked with
5% bovine serum albumin (BSA) in TBS-T (0.05% Tween 20 in Tris-borate saline)
plus 5% non-fat milk at room temperature for 1 h, then incubated overnight at 4 °C
with primary antibodies: rabbit anti-CysLT;R (1:5000, Santa Cruz Biotechnology,
Dallas, TX) or goat anti-CysLT,R (1:5000, Santa Cruz Biotechnology, Dallas, TX).
This procedure was followed by incubation with horseradish peroxidase-conjugated
secondary antibody (1:3000, Santa Cruz Biotechnology) at room temperature for 3 h.
Blots were developed by enhanced chemiluminescence (ECL) (Thermo Fisher
Scientific, Waltham, MA) and the band intensities were quantified by ImageJ 219
(NIH). In this experiments, B-actin (1:50000, Santa Cruz Biotechnology, Dallas, TX)
was used as an internal reference. The results were normalized for the control group
(Saline-Saline-Saline) densitometry values and expressed as the relative amount of
CysLT:R, CysLT,R. Proteins were probed in the same membranes after stripping
with 0.5 M NaCl in 0.2 % SDS/TBS at 60 °C for 50 min.

2.5 Statistical analysis

Latency to myoclonic jerks and to generalized tonic—clonic seizures were

analyzed by two-way ANOVA for nonparametric data (Scharer-Ray-Hare test
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followed by Mann Withney with Bonferroni's comparison test).These data are
presented as median and interquartile range. Western blot were analyzed by a
factorial 2 (saline or PTZ — “kindling”) x 3 (saline, montelukast or phenobarbital —
“treatment”) x 2 (saline or PTZ — “challenge”) ANOVA followed by Bonferroni’s test,
and are presented as mean and S.E.M. A probability of p <0.05 was considered
significant.

3 Results

3.1 Seizure evaluation

Figure 3 shows the effect of montelukast (10 mg/kg, s.c.) and phenobarbital
(20 mgl/kg, s.c.) on PTZ-induced seizures (35 mg/kg, i.p.), measured as the latency
to myoclonic jerk (A) and latency to generalized tonic-clonic seizures (B). Statistical
analysis revealed that phenobarbital increased the latency to myoclonic jerks in
kindled and non-kindled animals [H(2) =19.3; p < 0.01]. Statistical analysis of latency
to generalized seizures revealed that phenobarbital and montelukast increased the
latency to generalized seizures in kindled animals [H(2) = 19.0; p < 0.01].

3.2 Western blot analysis

Figures 4A and 4B show the effect of kindling, pharmacological treatment
(saline, montelukast or phenobarbital) and challenge with PTZ (or saline) on CysLT;
and CysLT, receptor immunoreactivity in the cerebral cortex, respectively. Statistical
analysis revealed a significant kindling (saline or PTZ) by treatment (saline,
montelukast or phenobarbital) by challenge (saline or PTZ) interaction [F(2,38)=3.71;
p=0.034; n?= 0.16] for CysLT; (Fig. 4A). Post hoc analysis revealed that while PTZ
challenge reduced CysLT:R immunoreactivity in non-kindled animals that received
saline, it increased CysLT;R immunoreactivity in non-kindled mice that received
montelukast. Pharmacological treatment and PTZ challenge did not alter CysLT;
receptor immunoreactivity in the cortex of PTZ-kindled mice.

Statistical analysis of CysLT, receptor immunoreactivity data revealed a
significant kindling (sal or PTZ) by challenge (sal or PTZ) interaction [F(1,38)= 5.81;
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p=0.021; n2=0.13; Fig. 6B]. Post hoc analysis revealed that PTZ challenge decreased
CysLT, immunoreactivity in kindled mice.

4 Discussion

In this study we showed that montelukast and phenobarbital decrease
seizures in chemically-kindled mice. Montelukast administration increased CysLT;
immunoreactivity only in non-kindled PTZ-challenged mice. Interestingly, PTZ
challenge decreased CysLT, immunoreactivity only in kindled mice.

The current findings are in agreement with the current view that CysLT;
inverse agonists decrease seizures (LENZ et al.,, 2014; FLECK et al., 2015) and
extends previous data from Rehni and Singh (2011) (REHNI; SINGH, 2011) who
have shown that systemic montelukast impairs kindling induction with PTZ. It has
been recently shown that the CysLT; inverse agonist montelukast synergistically
increases the anticonvulsant action of phenobarbital against pentylenetetrazole-
induced seizures. Moreover, LTDy4, a cysteinyl leukotriene, reverses the effect of
montelukast (FLECK et al., 2015). In fact, epilepsy is associated with increased
levels of inflammatory mediators in the brain, including leukotrienes, which can be
produced by neurons, glia, and endothelial cells in the blood—brain barrier (BBB)
(SIMMET; PESKAR, 1990; FARIAS et al., 2007). BBB dysfunction may result from
brain insults such as status epilepticus or traumatic brain injury (VAN VLIET et al.,
2007), and current evidence suggests that it may facilitate epileptogenesis or even
aggravate the epileptic condition (HEINEMANN; KAUFER; FRIEDMAN, 2012).
Increased BBB permeability can persist for several weeks, months or even years and
this may contribute to enhanced excitability, possibly by brain inflammation (VAN
VLIET; ARONICA; GORTER, 2015). In line with this view, single (NITSCH; KLATZO,
1983) and repeated administration of chemoconvulsant agents, such as PTZ,
enhance BBB permeability (GURSES et al., 2009). The brain areas most affected by
PTZ-induced BBB disruption are the hypothalamus and cerebellum (NITSCH,;
KLATZO, 1983). Neutrophils that have breached the blood-brain barrier can lead to
the immediate synthesis of cysteinyl leukotrienes (CysLTs). These pro-inflammatory
mediators derived from the arachidonic acid 5-lipoxygenase pathway (SINGH et al.,

2010) are involved in various diseases including inflammation following asthma,
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cerebral ischemia and brain trauma (SAMUELSSON, 1983; CORSER-JENSEN
et al.,, 2014; SAAD et al., 2015). CysLTs significantly increase after fluid percussion-
induced brain injury and are detected as early as 10 minutes after injury and continue
to rise until an hour (DHILLON; DOSE; PRASAD, 1996; FARIAS et al., 2009).

Despite convincing evidence suggesting that CysLT;R antagonism maintains
BBB integrity (KIM, 2009), a possible mechanism of seizure protection,
pharmacological data provided by Lenz and colleagues (2014) (LENZ et al., 2014)
indicate that additional mechanisms may underlie the anticonvulsant effect of
montelukast. In line with this view, Palmer and colleagues (1981) have shown that
LTD, increases the firing rate of Purkinje cells in vivo (PALMER et al.,, 1981),
suggesting an excitatory role for this lipid mediator.

There are two aspects that are particularly significant from the translational
point of view. The first is that the systemic administration of montelukast decreased
seizures in kindled mice. The second is that montelukast is currently used in the
clinics to treat asthma (BUSH, 2015). Therefore, concerns about montelukast toxicity
in humans or the need for unusual routes of administration (usually i.c.v. in preclinical
studies) that could limit its use in the clinics do not apply (LENZ et al., 2014; FLECK
et al.,, 2015). In fact, previous studies have shown that the acute systemic
administration of montelukast does not decrease seizures (REHNI; SINGH, 2011) in
mice. This is in accordance with unpublished data from our group and other studies
that systemic montelukast does not prevent PTZ-induced seizures in mice and the
view that montelukast and pranlukast cross the BBB poorly. Therefore, it seems that
the anticonvulsant effect of montelukast depends on previous BBB disruption, which
occurs in both kindling and epilepsy. This is full agreement with the study that has
shown that pranlukast increases the anticonvulsant efficacy of a nhumber of classic
anticonvulsants in patients with intractable partial epilepsy (TAKAHASHI et al., 2013).

In this study we also showed that while PTZ challenge decreases,
montelukast increases CysLTi:R immunoreactivity in non-kindled mice. These
findings are, to some extent, similar to the findings of Dupré and colleagues (2004)
(DUPRE et al., 2004) who have shown that while montelukast, MK571 and zafirlukast
(inverse agonists of CysLT;R) increase, LTD, decreases cell surface receptor
expression in COS-7 cells. Agonist binding to a G-protein coupled receptor enables
receptor phosphorylation and interaction with beta-arrestin, leading to the

sequestration of the receptor from the cell surface (GAINETDINOV et al., 2004;
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SHENOY; LEFKOWITZ, 2011) making it available to proteolytic cleavage.
Accordingly, inverse agonists may stabilize active receptor on the cell surface and
interfere with the internalization process (DUPRE et al., 2004). Although we did not
specifically assess the membrane surface content of CysLT; receptors, it is
reasonable to suppose that LTD, decreased total CysLT; immunoreactivity by
facilitating receptor internalization and proteolysis. In line with this view, Li and
colleagues (2001) (LI et al., 2001) have shown that only inverse agonists could block
internalization and down-regulation of opioid receptors. In addition, as expected,
montelukast did not alter CysLT, receptor immunoreactivity, indicating a selectivity of
the inverse agonist towards CysLT; receptors. It is important to point out that neither
the anticonvulsant effect of montelukast nor the anticonvulsant effect of
phenobarbital depended on alterations in CysLT; immunoreactivity, because CysLT;
iImmunoreactivity was not altered in kindled animals.

Differently from CysLT; receptor, PTZ-induced challenge decreased CysLT,;
receptor immunoreactivity only in kindled animals. These results suggest that kindling
may cause distinct effects on the response of CysLT; and CysLT, receptors to PTZ
challenge. Since montelukast-induced effects on CysLT; immunoreactivity were also
impaired in kindled animals, one might propose that kindling impairs CysLT1, but
facilitates CysLT, adaptive responses. Interestingly, chemical kindling increases
NR2A subunit mMRNA in the hippocampus, y2 subunit of GABAA receptor mRNA in
the piriform cortex (AHMADIRAD et al., 2014) and GABAg receptor binding of whole
brain (GETOVA; FROESTL; BOWERY, 1998). These neurochemical alterations may
reflect the neuronal loss and synaptic reorganization that occurs in animals kindled
by the systemic administration of PTZ (FRANKE; KITTNER, 2001; PAVLOVA et al.,
2006). These alterations are accompanied by an increase in the immunoreactivity of
glial fibrillary acid protein, a marker of astrocytes (FRANKE; KITTNER, 2001),
suggesting reactive gliosis. In addition to neuronal cell loss and gliosis, PTZ kindling
induces mossy fiber sprouting (GOLARAI; CAVAZOS; SUTULA, 1992) and sprouting
in CA1 and the subiculum of the rats (CAVAZOS; JONES; CROSS, 2004). However,
kindling itself did not alter CysLT receptor immunoreactivity in our experimental
conditions. Given the multiplicity of cellular alterations observed in this model, further
experiments, designed to study the differential expression of CysLT receptors in

different cell types along kindling and their internalization dynamics, have to be
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performed in order to clarify how CysLT receptors are affected by kindling and

whether they play a role in seizure facilitation.
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Table

Table 1 — Effect of montelukast and phenobarbital on seizure frequency induced by PTZ in kindled
and non-kindled mice.

Group Kindling Treatment Challenge Seizure
frequency
1 SAL SAL SAL 0/4
2 SAL MTK SAL 0/4
3 SAL PB SAL 0/4
4 SAL SAL PTZ 1/4
5 SAL MTK PTZ 1/4
6 SAL PB PTZ 0/4
7 PTZ SAL SAL 0/4
8 PTZ MTK SAL 0/4
9 PTZ PB SAL 0/4
10 PTZ SAL PTZ 6/6*
11 PTZ MTK PTZ 5/8
12 PTZ PB PTZ 1/6

Frequency of 3 or 4-stage seizure after challenge with saline or PTZ. Mice were chronically treated
with saline or PTZ (kindling) and challenged with PTZ after pharmacological treatment (SAL, PB,
MTK) (n=56). *p<0.05 compared with SAL-SAL-SAL group (Fisher's exact probability test). SAL
(saline); PTZ (pentylenetetrazole); MTK (montelukast); PB (phenobarbital).
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Figure 1 — Time-course for induction of kindling (n=32) after repeated PTZ (35 mg/kg, i.p.)
administration. The results are expressed as the mean of seizure stage (A) and the cumulative
percentage of the total number of kindled mice (B).
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Kindling Treatment Challenge :
Saline/PTZ Saline/MTK/PB  Saline/pTz  Cuthanized
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Figure 2 — Experimental protocol. Animals were injected with PTZ (35 mg/kg i.p.) on days 1, 3, 5, 8,
10, 12, 15, 17, 19, 22, 24, 26, 29, 31, 33 up to criterion. For each kindled mouse a saline-treated
animal was performed. One week after kindling induction, mice were treated with saline, MTK (10
mg/kg, i.p.) or PB (20 mg/kg, i.p.), 60 min before challenge with PTZ (35 mg/kg, i.p.) or saline (i.p.).
Animals were observed for 20 min and euthanized. PTZ (pentylenetetrazole); MTK (montelukast); PB
(phenobarbital).
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Figure 3 — Effect of montelukast (MTK) and phenobarbital (PB) on PTZ-induced seizures (35 mg/kg,
i.p.). (A) Latency to myoclonic jerk (B) Latency to tonic-clonic generalized seizure. Data expressed as
median and interquartile range for n = 4-8 in each experimental group. A probability of p < 0.05 was
considered significant. *p < 0.05**, p < 0.01 and ***p < 0.05, when compared with vehicle group.
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Figure 4 — Effect of PTZ kindling on CysLT;R (A) CysLT,R (B) immunoreactivity in the cortex. Mice
were treated with saline, montelukast (MTK) or phenobarbital (PB) and challenged or not with PTZ
(see materials and methods). A typical nitrocellulose membrane membrane is shown. Data are mean
+ SEM for n =3-5 in each group, from five different experiments.*p<0.05; **p<0.01; ***p<0.001. PTZ
(pentylenetetrazole); MTK (montelukast); PB (phenobarbital).



5 DISCUSSAO

A epilepsia é uma doenca neurolégica caracterizada pela ocorréncia, sem
causa aparente, de crises convulsivas repetidas. Essas crises sdo desencadeadas
por descargas excessivas e sincrénicas de um grupo de neuronios, resultando em
alteracdes comportamentais e/ou motoras (ENGEL; PEDLEY, 2008; FISCHER et al.,
2014). Os farmacos anticonvulsivantes constituem o tratamento de eleicdo para as
pessoas com epilepsia. Ainda que venham ocorrendo avanc¢os no diagnéstico e no
tratamento das epilepsias, muitos pacientes ndo apresentam um controle satisfatorio
das crises. Aproximadamente 50 milhdes de pessoas no mundo tém epilepsia e
somente entre 25% e 45% estao completamente livres de crises apds 12 meses de
tratamento (LOSCHER; SCHMIDT, 2011). Sendo assim, torna-se necessario investir
na descoberta de novas terapias anticonvulsivantes, assim como esclarecer os
complexos mecanismos moleculares envolvidos na geracéo, recorréncia e controle
das crises epilépticas. Nesse sentido, neste estudo apresentamos evidéncias
experimentais convincentes da participacdo de receptores para leucotrienos
cisteinicos nas crises epiléticas em animais virgens experimentalmente e em
animais abrasados, pela demonstracdo de que o montelucaste, um agonista inverso
de receptores CysLT1 diminui crises epilépticas nestes animais.

Grande parte dos individuos que sofrem lesdes cerebrais, tais como acidente
vascular cerebral (AVC) e traumatismo cranio-encefalico (TCE) desenvolvem
epilepsia. Nesses casos, a lesdo da origem a um foco epiléptico. Esse processo
através do qual um individuo previamente assintomatico passa a apresentar crises
epilépticas espontaneas é denominado epileptogénese (ENGEL; PEDLEY, 2008).
Existem varios modelos experimentais classicos de epileptogénese, tais como o
abrasamento elétrico e o abrasamento quimico, como o modelo de PTZ. As crises
prolongadas promovem um desequilibrio metabdlico acompanhado da liberacdo
maci¢ca de neurotransmissores excitatorios, resultando na lesdo de estruturas
cerebrais sensiveis. Uma vez que os sistemas de inibicdo ndo sdo suficientes para
conter o aumento da excitabilidade neuronal, as descargas progridem e d&ao origem
as crises epilépticas espontaneas e recorrentes (PITKANEN, 2002). De fato, animais

abrasados sdo mais semelhantes a pacientes epilépticos, ja que eles séo
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comparativamente mais resistentes ao efeito de farmacos antiepilépticos (WILCOX
et al., 2013).

No primeiro artigo, verificamos que o montelucaste potencializa o efeito
anticonvulsivante do fenobarbital em um modelo de crises convulsivas agudas em
camundongos. O estudo da interacdo entre o fenobarbital e o montelucaste foi
realizado por andlise isobolografica, que € uma medida quantitativa da relacdo dose-
efeito de cada um dos farmacos administrados isoladamente e combinados. A
analise isobolografica € uma ferramenta utilizada para estabelecer o tipo de
interacdo farmacoldgica entre agentes quimicos, o que permite determinar se uma
dada combinacdo de farmaco resulta em um efeito aditivo, sinérgico ou antagonista
(TALLARIDA, 2000). Verificamos que a combinacdo de montelucaste e fenobarbital
resultou em um efeito sinérgico do aumento da laténcia para as crises convulsivas
tbnico-clonicas comportamentais induzidas por PTZ em camundongos. Esse efeito
foi ainda mais pronunciado no EEG destes animais. A amplitude e o numero de
descargas epileptiformes foram muito menores nos animais que receberam a
combinacédo de montelucaste e fenobarbital do que os que receberam cada farmaco
individualmente, em doses previamente estabelecidas como equieficazes (DEsp) em
experimento comportamental. Para evitar possiveis interacdes farmacocinéticas,
administramos os farmacos por diferentes vias (i.c.v. e oral). Portanto, o sinergismo
observado ndo pode ser atribuido a uma competicdo pelas proteinas plasmaticas,
diminuicdo do metabolismo hepético ou 0 aumento do transporte do fenobarbital na
BHE, uma vez que o montelucaste foi administrado diretamente no cérebro (i.c.v.).
As proteinas de resisténcia a multiplas drogas (MRP) séo responsaveis pelo efluxo
de vérias substancias através da membrana para o espaco extracelular, incluindo os
leucotrienos LTB; e LTC4 (JEDLITSCHKY et al.,, 1994; DEELEY; WESTLAKE;
COLE, 2006). A superexpressdo dessas proteinas diminui a passagem de drogas
antiepilépticas pela BHE (SCHMIDT; LOSCHER, 2005). Foi mostrado que o
montelucaste inibe as proteinas transportadoras MRP1 (MUELLER et al., 2008)
MRP2 (ROY et al., 2009) e MRP4 (RIUS; HUMMEL-EISENBEISS; KEPPLER, 2008).
Entretanto, € pouco provavel que esses transportadores estejam envolvidos na
potencializacdo do efeito anticonvulsivante do fenobarbital pelo montelucaste, uma
vez que esse efeito foi revertido por LTD,4, um agonista do receptor de CysLT;. Além
disso, o fenobarbital ndo é um substrato preferencial para esses transportadores,

mas sim para a glicoproteina P (MDR1), outra proteina de resisténcia a multiplas
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drogas (POTSCHKA; FEDROWITZ; LOSCHER, 2003). Por fim, a associacdo de
montelucaste e fenobarbital diminuiu a sedacé&o, um dos principais efeitos adversos
do fenobarbital, o que sugere que o efeito do montelucaste ndo se deu por um
aumento da concentracdo do fenobarbital no SNC, pois foi necessaria uma
quantidade menor de barbitiricos para atingir o mesmo efeito anticonvulsivante
(DEsp). Dessa forma, houve uma melhora do efeito desejavel (anticonvulsivante) e
uma diminuicdo dos efeitos adversos (sedacdo), uma combinacédo benéfica para os
pacientes.

Varios estudos tém proposto o envolvimento dos leucotrienos cisteinicos em
diversas doencas do SNC, incluindo a epilepsia. De fato, Palmer e colaboradores
(1981) mostraram que o LTD, aumenta a excitabilidade em células de Purkinje
(PALMER et al., 1981), sugerindo um papel excitatorio para este mediador
inflamatério. Lenz e colaboradores (2014) também mostraram que o LTD4 aumenta a
infiltrac&o leucocitaria no encéfalo. Além disso, o0 montelucaste foi capaz de reduzir o
namero de células positivas para CD45/IgG, evidenciando um efeito protetor do
montelucaste sobre a permeabilidade da BHE (LENZ et al., 2014). Evidéncias
clinicas e experimentais também sugerem que um aumento na permeabilidade da
BHE facilita o estabelecimento de foco epileptogénico (OBY; JANIGRO, 2006;
FRIEDMAN; HEINEMANN, 2012; HEINEMANN; KAUFER; FRIEDMAN, 2012).
Alteracfes inflamatdrias na vasculatura do SNC podem intensificar a adesédo de
leucdcitos circulantes, amplificar o dano vascular e, consequentemente, ativar
mecanismos relacionados a glia e aos neurdnios, determinando a epileptogénese. A
faléncia funcional das juncdes de oclusdo endoteliais aumenta a permeabilidade da
BHE e a expressao de moléculas de adesdo de leucécitos no endotélio, permitindo o
extravasamento de componentes plasmaticos no SNC, como a albumina e o K*. A
albumina ativa o receptor do fator transformante de crescimento beta (TGFBR2),
cuja sinalizacdo € responsavel pela ativacdo de astrécitos. A expressao de
transportadores de glutamato (GLT-1), canais de potassio (Kir4.1) e canais de agua,
como a aquaporina 4 (AQP4) estdo diminuidos nos astrocitos ativados
(HEINEMANN; KAUFER; FRIEDMAN, 2012). Esses dados sugerem uma ligacao
patogénica entre o dano na BHE e a génese das crises convulsivas.

Estudos recentes mostram que a administragdo sistémica aguda de
pranlucaste (TAKAHASHI et al.,, 2013) e montelucaste (REHNI; SINGH, 2011) néo

diminui crises convulsivas em camundongos, mas a medida que o animal vai ficando
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abrasado, o montelucaste suprimiu o desenvolvimento das crises. Lenz (2014)
também verificou que o montelucaste administrado por via sistémica ndo diminui as
crises em modelo animal agudo de PTZ, mas quando administrado por via i.c.v.,
esse efeito era observado (LENZ et al., 2014). Isso nos levou a questionar se o
efeito protetor do montelucaste era por que a insercdo da céanula para a
administrac@o da droga induz rompimento da BHE e um processo inflamatorio local*
com aumento da expressao de receptores leucotriénicos ou apenas facilita a entrada
da droga no SNC. Dessa forma, baseado nos dados da literatura que suportam o
papel dos leucotrienos cisteinicos na fisiopatologia das crises convulsivas, bem
como os achados descritos no primeiro artigo, decidimos investigar se o efeito
anticonvulsivante do montelucaste, depende do prévio rompimento da BHE ou do
aumento na expressao dos receptores CysLTj.

No manuscrito mostramos que o montelucaste e o fenobarbital sistémicos
diminuiram a laténcia para as crises convulsivas ténico-clénicas em camundongos
abrasados. A ruptura da BHE é uma das varias alteracbes metabdlicas e
morfofuncionais que decorrem do abrasamento (LAMAS; GONZALEZ-MARISCAL,;
GUTIERREZ, 2002). Da mesma forma, € bem conhecido que o montelucaste é
pouco permeavel a BHE intacta (TAKAHASHI et al., 2013).

Outra explicacao plausivel para o efeito do montelucaste ocorrer somente em
animais abrasados seria a expressao diferenciada de receptores para leucotrienos
nestes animais. Entretanto, verificamos que o montelucaste nédo alterou a expressao
dos receptores CysLTs nos animais previamente sensibilizados com PTZ
(abrasados). Da mesma forma, o abrasamento induzido por PTZ também nao altera
a expressdo dos receptores benzodiazepinicos e NMDA em ratos (ATACK et al.,
2000). J& é bem estabelecido que receptores acoplados a proteina G (GPCRS),
assim como os receptores CysLTs, sofrem internalizacdo apdés um estimulo
prolongado (GAINETDINOV et al.,, 2004). Entretanto, em nossas condicbes
experimentais, ndo é possivel avaliar a translocagdo desses receptores na
membrana celular ou nuclear, assim como a expressao diferencial nas células do
SNC. Desta forma, parece que o efeito anticonvulsivante do montelucaste néao
ocorreu pelo aumento na expressao dos receptores CysLT;, mas sim do prévio
rompimento da BHE induzido pela inser¢do da canula na estrutura cerebral ou pelo
abrasamento induzido por PTZ. Sendo assim, € esperado que o montelucaste tenha

efeito em pacientes epilépticos, por apresentarem disfuncéo na BHE.
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Ainda que nao tenhamos verificado os mecanismos celulares pelos quais o
montelucaste protege os animais das crises induzidas por PTZ, é possivel que o
mesmo tenha se dado pela diminuicdo da excitabilidade neuronal. De fato, o
montelucaste previne a diminuicdo da atividade da enzima Na*,K'-ATPase induzida
por LTD4 em fatias de hipocampo de camundongos (LENZ et al., 2014). Esta enzima
é vital para a manutencéo do gradiente eletroquimico responsavel pelos potenciais
de repouso e acado, assim como a recaptacao e liberacdo de neurotransmissores
(SKOU; ESMANN, 1992; MOSELEY et al., 2007) e a sua inibicdo parcial facilita
crises (VAILLEND et al., 2002; OLIVEIRA et al., 2009).

A aprovacao clinica de um novo farmaco é um esforgo longo e arduo, além de
extremamente caro. E necessario identificar o alvo in vitro, realizar todos os
processos de validagdo da sua eficacia em estudos pré-clinicos in vivo, e os testes
de seguranca e eficacia em ensaios clinicos humanos. Portanto, é interessante que
drogas j& em uso na clinica e com baixo potencial de toxicidade possam ser
utilizadas para outras indicacfes terapéuticas.

Desta forma, os antagonistas de receptores CysLT3, indicados no tratamento
da asma humana, parecem surgir como agentes terapéuticos adjuntos promissores
no tratamento de crises epilépticas refratarias. Neste interim € de especial interesse
a patente de uso do pranlucaste como agente anticonvulsivante adjunto
(ANAXOMICS BIOTECH, 2014) e o estudo recente de Takahashi e colaboradores
(2013), que mostraram que o pranlucaste potencializa a acdo anticonvulsivante nao
s6 do fenobarbital, mas também da carbamazepina, zonisamida, valproato e
fenitoina (TAKAHASHI et al., 2013). Entretanto, estudos adicionais sdo necessarios
para avaliar as implicacdes clinicas deste trabalho no que diz respeito ao uso

especifico do montelucaste como agente anticonvulsivante adjunto na clinica.



6 CONCLUSOES

6.1 Conclusdes do Artigo

O montelucaste potencializa o efeito anticonvulsivante do fenobarbital nas
crises convulsivas induzidas pelo PTZ em camundongos;
O montelucaste interage com o fenobarbital, sinergicamente diminuindo as
crises convulsivas induzidas pelo PTZ em camundongos;
A dose anticonvulsivante do fenobarbital, na presenca de montelucaste,

nao tem efeito sedativo.

6.2 Conclusdes do Manuscrito

O montelucaste diminui as crises convulsivas induzidas por PTZ em

camundongos abrasados;

O fenobarbital diminui as crises convulsivas induzidas por PTZ em
camundongos abrasados;

O desafio com PTZ reduz a imunorreatividade do receptor CysLT; em
cortex de camundongos que nao foram submetidos ao abrasamento;

O montelucaste aumenta a imunorreatividade do receptor CysLT; em
cortex de camundongos desafiados com PTZ que ndo foram submetidos
ao abrasamento;

O abrasamento abole todos os efeitos sobre a imunorreatividade do
receptor CysLT; em cortex de camundongos;

O desafio com PTZ diminui a imunorreatividade do receptor CysLT, em

cortex de camundongos abrasados.



7/ PERSPECTIVAS

Os resultados obtidos até o momento sugerem que o efeito anticonvulsivante
do montelucaste pode ser mediado, pelo menos em parte, por bloqueio do receptor
CysLT,, j& que a administracdo de LTD4 reverteu este efeito. Nesse sentido, uma
das perspectivas para a continuacdo desse trabalho € de verificar os eventos que
ocorrem apdés a ativagdo dos receptores CysLT, a fim de elucidar os mecanismos
moleculares pos-receptor envolvidos no efeito anticonvulsivante do montelucaste.

Sabe-se que os receptores CysLTs séo acoplados a proteina Gq, e, apos
ativacao, estimulam a fosfolipase C e a formacdo de DAG e IP3. Por sua vez, o DAG
ativa a PKC e o IP; promove a abertura de canais de Ca*? presentes na membrana
do reticulo endoplasmatico, aumentando a concentracao intracelular de Ca*2. A PKC
é ativada pelo Ca™ apés a retirada do blogueio do sitio catalitico que ocorre
subsequente a ligagdo com o DAG (SINGH et al., 2010; WANG et al., 2012). A
liberagéo de glutamato sinéptico é dependente de Ca* e o excesso de glutamato
liberado na fenda sinaptica pode promover uma maior excitabilidade neuronal,
levando ao desenvolvimento de convulsdes (CICCARELLI et al., 2004; HALASSA,
HAYDON, 2010). Dessa forma, nossa proposta futura de continuidade é dosar a
concentracdo de Ca'™ intracelular e avaliar a imunorreatividade da PKC em
sinaptossoma e fatias de cértex na presenca de PTZ, do agonista (LTD4) e do
agonista inverso (montelucaste) dos receptores CysLT;.

Verificamos, ainda, que o montelucaste administrado por via sistémica nao
diminui as crises em modelo animal agudo de PTZ. Somente quando o farmaco era
administrado por via i.c.v. ou quando o animal estava abrasado, o efeito
anticonvulsivante era observado. Esse efeito protetor do montelucaste depende,
provavelmente, da prévia permeabilizagdo da BHE. Portanto, seria relevante dosar o
montelucaste no tecido cerebral e no plasma dos animais abrasados para verificar

guanto do farmaco esta atravessando a BHE.
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