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RESUMO

A epilepsia é uma desordem neuronal caracterizada pela ocorréncia de convulstes
espontaneas e recorrentes. Essa patologia e seu tratamento interferem em diversos
mecanismos neurolégicos. O sistema purinérgico € uma importante rota de
sinalizagdo celular que emprega nucleotideos e nucleosideos extracelulares como
moléculas sinalizadoras. O neurotransmissor ATP atua através de receptores do tipo
P2Y, acoplados a proteina G e receptores P2X, que s&o ionotropicos. A degradagao
do ATP extracelular e a conseqiente producdo de adenosina é realizada por uma
familia de enzimas de superficie celular conhecidas como ectonucleotidases, que
inclui as NTPDases (nucleosideo trifosfato difosfoidrolases) e a ecto-5"-nucleotidase.
A adenosina é um neuromodulador que atua através da ativacdo de receptores
metabotrépicos do tipo P1 (A1, Aza, Azs, As). Esse nucleosideo pode agir como um
anticonvulsivante enddgeno, principalmente via receptores A; As NTPDases
hidrolisam nucleotideos tri- e difosfatados originando a adenosina, que é hidrolisada
pela adenosina deaminase (ADA). Assim, as NTPDases, ecto-5-nucleotidase e ADA
controlam os niveis de nucleotideos e nucleosideos, modulando o sistema
purinérgico. No sistema colinérgico, a acetilcolina (ACh) atua através de receptores
muscarinicos (metabotropicos) e nicotinicos (ionotrpicos). Sua acdo é encerrada
atraveés de sua hidrdlise catalisada pela acetilcolinesterase (AChE). O peixe zebra é
um pequeno teledsteo de agua doce que vem sendo amplamente utilizado como
modelo experimental em pesquisa. Estudos mostram que o peixe zebra pode ser
uma ferramenta importante para o entendimento da epilepsia, bem como para o
screening de farmacos antiepilépticos. Considerando que as sinalizagdes purinérgica
e colinérgica tém importante participacdo no sistema nervoso e que essas vias de
neurotransmissdo estdo identificadas e caracterizadas em peixe zebra, o objetivo
desse estudo foi avaliar nesse teledsteo o efeito de convulsdes induzidas por
pentilenotetrazol (PTZ), bem como de farmacos antiepilépticos na atividade das
ectonucleotidases, ADA e AChE, enzimas essenciais na modulagdo destas vias de
sinalizagdo. Foram avaliados os efeitos in vitro da carbamazepina, fenitoina e
gabapentina na atividade das ectonucleotidases e AChE. A carbamazepina diminuiu
a hidrolise de ATP e também de ACh. A fenitoina aumentou a hidrélise de AMP e a
gabapentina ndo provocou alteragfes enzimaticas. Foi analisado também o efeito de
crises convulsivas induzidas por PTZ na atividade das ectonucleotidases e da ADA.
Os resultados ndo mostraram alteracdes nas ectonucleotidases e ADA nas fracdes
extracelular e intracelular, respectivamente. No entanto, a atividade extracelular da
ADA foi inibida em animais expostos ao PTZ. As analises mostraram que 0s
farmacos antiepilépticos podem influenciar a atividade das enzimas envolvidas na
degradacéo extracelular de nucleotideos, bem como na hidrélise de ACh. Além
disso, a diminuigcdo na degradagdo de adenosina observada em nosso modelo de
estudo pode sugerir a participagdo da ADA na modula¢@o nos niveis de adenosina
durante as crises convulsivas em peixe zebra.

Palavras-chave: epilepsia, farmacos antiepilépticos, adenosina deaminase,
ectonucleotidases, acetilcolinesterase, PTZ, peixe zebra.



ABSTRACT

Epilepsy is a neurological disorder characterized by the occurrence of spontaneous
and recurrent seizures. This disease and its treatment influence diverse neurological
pathways. The purinergic system is an essential route for cell-to-cell communication
and employs extracellular nucleotides and nucleosides as signaling molecules. The
neurotransmitter ATP mediates synaptic currents through activation of G-protein-
coupled P2Y receptors and P2X ionotropic receptors. The ATP degradation and
consequent production of adenosine is promoted by a family of enzymes named
ectonucleotidases, which includes NTPDases (nucleoside triphosphate
diphosphohydrolases) and ecto-5"-nucleotidase. Adenosine is a neuromodulator that
acts through the activation of P1 metabotropic receptors (A1, Az, Az, and As).
Adenosine can acts as an endogenous anticonvulsant, mainly by A; receptors. The
NTPDases hydrolyze both tri- and diphosphonucleosides whereas ecto-5'-
nucleotidase hydrolyzes nucleoside monophosphates producing the nucleoside
adenosine, that is hydrolyzed by adenosine deaminase (ADA). Therefore,
NTPDases, ecto-5'-nucleotidase, and ADA control nucleotide and nucleoside levels,
modulating the purinergic signaling. In the cholinergic system, acetylcholine (ACh)
acts through muscarinic (metabotropic) and nicotinic (ionotropic) receptors. ACh is
inactivated by its hydrolysis, that is catalyzed by acetylcholinesterase (AChE).
Zebrafish is a small freshwater teleost which is becoming widely used as an
experimental organism. Studies have demonstrated that zebrafish could be an
important model to study seizures and to screen antiepileptic drugs. Considering that
the purinergic and cholinergic systems exert an important role in the nervous system
and that these neurotransmitter pathways have been already described in zebrafish,
the aim of this study was to evaluate in this teleost the effect of pentylenetetrazole
(PTZ)-induced seizures and antiepileptic drugs on the ectonucleotidases, ADA, and
AChE activities. We have tested the in vitro effects of carbamazepine, phenytoin,
and gabapentine at different concentrations on ectonucleotidase and AChE activities.
Our results have shown that carbamazepine reduced ATP and ACh hydrolysis
whereas phenytoin enhanced AMP hydrolysis. Gabapentin did not promote any
changes on enzymatic activities. In addition, we tested the effect of PTZ-induced
seizures on ectonucleotidases and ADA activities in adult zebrafish brain. Our results
have demonstrated that PTZ treatments did not alter ectonucleotidase and ADA
activities in membranes and soluble fraction, respectively. However, ecto-ADA
activity was significantly decreased in brain membranes of animals exposed to PTZ
treatments. These results have shown that antiepileptic drugs can influence the
enzyme activities involved in the degradation of ACh and extracellular nucleotides.
Furthermore, the decreased adenosine deamination observed in our study suggests
the ADA participation on the modulation of extracellular adenosine levels during PTZ-
induced seizures in zebrafish.

Keywords: epilepsy, antiepileptic drugs, adenosine deaminase, ectonucleotidase,
acetylcholinesterase, PTZ, zebrafish.
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CAPITULO 1

INTRODUGCAO E OBJETIVOS



1. INTRODUCAO

1.1 Peixe zebra

O peixe zebra, Danio rerio (Figura 1), € um pequeno teledsteo de dgua doce
pertencente a familia Cyprinidae. Seu habitat natural é o sul e sudeste da Asia,
principalmente india, Bangladesh e Nepal. Esse peixe é caracterizado por seu
tamanho pequeno (3-5 cm) e um padréo de coloragéo distinto, baseado em listras

horizontais, claras e escuras e alternadas (Spence et al., 2008).

Figura 1: peixe zebra (Danio rerio)

Aspectos como seu baixo custo e pouco espago necessario para
manuten¢do, bem como o crescimento do numero de metodologias e ferramentas
disponiveis para seu estudo e sua melhor caracterizagdo, tornaram o peixe zebra
amplamente utilizado como modelo experimental em diversas linhas de pesquisa
(Brittijn et al., 2009; Tsang, 2010). Isso pode ser confirmado pelo crescimento
exponencial do nimero de publicagBes a partir de estudos com esta espécie e o
grande numero de laboratérios que tém utilizado este teledésteo como modelo
experimental (Bradford et al., 2010). Atualmente, o peixe zebra vem sendo utilizado
em estudos de bioguimica, farmacologia, toxicologia, neurobiologia, fisiologia, entre
outros (Goldsmith, 2004; Levin & Chen, 2004; Zon & Peterson, 2005; Egan et al.,
2009; Grossman et al., 2010; Lee et al., 2010). Além disso, modelos de diversas
doengas humanas como, por exemplo, neuroldgicas, cardiacas, e cancer, ja foram
desenvolvidos em peixe zebra (Shepard et al., 2005; Lieschke & Currie, 2007;
Dahme et al., 2009; Hortopan et al., 2010).

Inicialmente, o peixe zebra foi empregado no estudo da biologia do
desenvolvimento e genética molecular, devido a vantagens apresentadas quando

comparado a outros organismos (Feitsma & Cuppen, 2008). Seus embrides s&o
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suficientemente resistentes para manipulagdes experimentais como microinjecéo e
transplante celular (Gilmour et al., 2002). Além disso, a transparéncia desses
embrides permite a visualizagdo dos processos do desenvolvimento nos seus
diferentes estagios e também o screening por fenoétipo (Lieschke & Currie, 2007). O
ciclo de desenvolvimento do peixe zebra é bastante rapido, sendo que a
embriogénese possui uma duragéo aproximada de 24 horas e a organogénese leva
em torno de cinco dias (Dahm & Geisler, 2006). Outro atrativo para o0 uso do peixe
zebra, é sua capacidade de gerar um grande numero de descendentes. Quando
mantida em condigdes ideais, uma fémea pode gerar de 100 a 400 ovos por semana
(Dahm & Geisler, 2006).

Suas caracteristicas embriolégicas e de desenvolvimento conferem ao peixe
zebra grande vantagem em relacdo a outros modelos de vertebrados, nos quais
aspectos patologicos e da organogénese ndo podem ser estudados sem
intervencdes cirdrgicas ou andlises post-mortem (Lieschke & Currie, 2007). Os
avangos nos estudos com peixe zebra permitiram screening genéticos em larga-
escala que tornaram possivel entender processos especificos de vertebrados.
Anteriormente, esse tipo de estudo era restrito a moscas, vermes e fungos (Zon &
Peterson, 2005). Além disso, o rapido desenvolvimento desse teledsteo permite o
estudo de aspectos do desenvolvimento em apenas algumas horas ou dias (Dahm &
Geisler, 2006).

Em estudos farmacolégicos, sua capacidade de absorver compostos
adicionados a agua dispensa a necessidade de tratamentos através de protocolos
invasivos. Uma vez que as larvas de peixe zebra podem viver em meios com volume
em torno de 50 pl, pouca quantidade de droga é necesséaria para a realizagdo de
testes. Essas caracteristicas permitem realizar estudos in vivo em larga escala e
também a reproducdo do tratamento em um grande ndmero de animais, bem como
em diferentes linhagens (Goldsmith, 2004; Berghmans et al., 2007).

O estudo do genoma do peixe zebra teve consideravel progresso nos ultimos
anos, principalmente devido ao seu sequenciamento iniciado em 2001 pelo Instituto
Sanger (Spence et al., 2008). O genoma da espécie foi sequenciado e estdo sendo
feitas revisOes e atualizacdes em sua anotagdo (sanger.ac.uk/Projects/D_rerio).
Muitos genes associados a doengas humanas, bem como seu padrao de expresséao,
j& sé@o conhecidos ou estdo sendo estudados nesse teledsteo. Ortdlogos envolvidos

em patologias neuroldgicas, como Parkinson, Alzheimer e Huntington s&o alguns
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exemplos de genes ja identificados (Sager et al., 2010). Além disso, ja foram
desenvolvidos modelos transgénicos expressando genes humanos mutados e
modelos knockout que reproduzem patologias humanas, bem como técnicas para
controle de expressao génica (Bandmann & Burton, 2010).

Recentemente, o peixe zebra emergiu também como um importante modelo
para estudos neurolégicos e comportamentais (Egan et al., 2009; Piato et al., 2010;
Stewart et al., 2010). O sistema nervoso central (SNC) do peixe zebra apresenta
organizagdo geral, células neuronais especializadas, células gliais, mielina e
circuitos neuronais semelhantes ao que € observado em mamiferos (Sager et al.,
2010). A ocorréncia dos principais neurotransmissores encontrados em mamiferos,
incluindo aminoacidos (glutamato, GABA, glicina), monoaminas (histamina,
dopamina, norepinefrina, epinefrina, serotonina, melatonina) e acetilcolina (ACh),
entre outros, bem como seus mecanismos de acgdo ja foram descritos (Rinkwitz et
al., 2010). Esse teledsteo apresenta os sistemas motor, sensitivo e endécrino bem
desenvolvidos, alta sensibilidade a alteragbes ambientais e manipulacdes
farmacol6gicas e um amplo espectro de fenotipos comportamentais conhecidos
(Egan et al., 2009; Cachat et al., 2010; Sager et al., 2010; Burne et al., 2011).
Agentes farmacoldgicos que interferem na transmisséo sinaptica e na estabilidade
da membrana neuronal mostraram, em peixe zebra, efeitos semelhantes aos
verificados em humanos, sugerindo a existéncia de mecanismos de controle
neurologico semelhantes (Lieschke & Currie, 2007).

O peixe zebra tem se mostrado um eficiente modelo experimental para
epilepsia, permitindo estudos bioquimicos relacionados a essa patologia e seu
tratamento (Berghmans et al., 2007). Larvas expostas ao pentilenotetrazol (PTZ)
apresentaram alteracdes comportamentais, eletroencefalogréficas e moleculares
semelhantes as alteragdes verificadas em modelos de convulsdo em roedores
(Baraban et al., 2005). Além disso, a exposi¢cdo de peixe zebra adultos a cafeina,
picrotoxina e PTZ provocou respostas comportamentais caracteristicas de crise
convulsiva (Wong et al.,, 2010). Finalmente, a sua capacidade de absorver
compostos adicionados a agua fez com que o esse teledsteo se tornasse uma boa
ferramenta para o estudo em grande escala de farmacos antiepilépticos (Berghmans
et al., 2007).
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1.2Epilepsia

A epilepsia, caracterizada pela ocorréncia espontanea e recorrente de
convulsbes, é uma das principais desordens cronicas do SNC, afetando
aproximadamente 1% da populagdo mundial (Fisher et al., 2005; Elger & Schmidt,
2008). Essas convulsdes tém origem a partir de descargas neuronais excessivas e
sincrbnicas e sdo evidenciadas pela manifestagdo transitéria de sintomas como
alteragdes sensitivas ou sensoriais, perda de consciéncia e manifestagdes motoras
(Fisher et al., 2005). Crises convulsivas prolongadas ou repetidas em intervalos
curtos de tempo que resultam em um estado epiléptico continuo e duradouro
caracterizam o status epilepticus (Banerjee et al., 2009).

De acordo com a International League Against Epilepsy (ILAE), as crises
epilépticas podem ser classificadas como parciais ou generalizadas. Nas crises
denominadas parciais, a descarga neuronal é restrita a um hemisfério do cérebro e
tem seu inicio em regifes focais. Nesse tipo de convulsdo o individuo pode ou nédo
apresentar alteracdo de consciéncia. As crises generalizadas acometem a éarea
cerebral como um todo e incluem crises clonicas, tbnicas, tonico-clonicas,
mioclonicas e de auséncia. Em alguns casos, ocorrem variados tipos de crises, ndo
sendo possivel sua classificacdo (Berg et al., 2010).

A epilepsia pode ser desenvolvida a partir de insultos cerebrais como
tumores, traumatismos, infec¢des, derrames e convulsdes febris. A partir desses
insultos ocorre uma série de alteracdes morfologicas e funcionais na area cerebral
afetada que pode levar ao desenvolvimento da epilepsia. Esse processo, conhecido
como epileptogénese, é longo, continuo e progressivo, podendo levar de meses a
anos até que se inicie a manifestacdo de crises convulsivas decorrentes do dano
cerebral inicial (Pitkanen, 2004; Acharya et al., 2008). A epileptogénese envolve
perda neuronal, plasticidade axonal e dendritica e reorganizagdo das membranas
celulares e da matriz extracelular (Jutila et al., 2002; Pitkanen, 2002). Pode ocorrer a
formacdo de novos circuitos neuronais excitatorios e a perda seletiva de neur6nios
gabaérgicos (Dudek & Sutula, 2007; Dudek & Staley, 2010).

A epilepsia também pode ser originada por alteraces genéticas que causam,
principalmente, disfungdes nos canais de Na*, Ca®* e K*. Muitas crises convulsivas
sdo causadas por uma combinacdo de fatores genéticos e ambientais. Além disso,

muitos pacientes que desenvolvem convulsdes recorrentes ndo possuem um motivo
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Obvio ou uma anormalidade neurologica aparente (Badawi et al., 2009; Bialer &
White, 2010).

Diversos estudos tém mostrado significativa influéncia dessa patologia e seu
tratamento nas propriedades dindmicas e funcionais da atividade cerebral. A
atividade neuronal excessiva caracteristica das crises convulsivas pode causar
alteragcbes na plasticidade sinaptica que levam ao agravamento da doenca a longo
prazo (Rakhade & Jensen, 2009). Essa desordem afeta o encéfalo como um todo e
seus pacientes podem ter problemas ou diminuicdo em sua atencdo, memodria e

aprendizado (Hamed et al., 2009).

1.3 Farmacos antiepilépticos

O tratamento da epilepsia é sintomético, ou seja, visa o controle das crises
convulsivas e ndo a progresséo da doenca (Acharya et al., 2008). Esses tratamentos
garantem a satisfatéria supressdo de convulsbes em cerca de 60-70% dos
pacientes. Em situa¢des nas quais ndo é possivel evitar completamente, busca-se a
diminuicdo na frequéncia e também da severidade das crises (Stefan &
Hopfengartner, 2009). Recentes descobertas revelando as alteragbes
neurobiolégicas que levam a essa patologia levantaram a questdo de como esse
processo pode ser prevenido ou entdo modificado de maneira que a epilepsia seja
mais branda, mais facil de tratar, ndo progressiva e sem prejuizos cognitivos ou
ocorréncia de resisténcia a medicamentos (Loscher & Schmidt, 2004). Nas ultimas
décadas, houve uma consideravel evolucdo nos tratamentos farmacoldgicos para
epilepsia, devido a melhora e a insercdo de novos medicamentos anticonvulsivantes
(Blanco et al., 2009).

Os farmacos antiepilépticos tém como principais mecanismos de agéo (Figura
2) a diminuicdo dos disparos neuronais repetitivos, através do bloqueio de canais
ibnicos dependentes de voltagem, a potencializagdo da neurotransmisséo
gabaérgica (inibitéria) e a diminuicdo da neurotransmissdo excitatoria glutamatérgica
(Sitges et al., 2007). Entre os principais farmacos antiepilépticos utilizados
atualmente, encontram-se a carbamazepina, a fenitoina e a gabapentina.

A carbamazepina é utilizada no tratamento de pacientes que apresentam
crises parciais e generalizadas. Esse farmaco também tem sido utilizado nos

tratamentos de transtorno bipolar, miotonia, distonia e de diversos tipos de dor
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neuropatica, como neuralgia do trigémeo (Rogawski & Ldscher, 2004a,b). A
carbamazepina atua através da modulacdo de canais de Na® dependentes de
voltagem. Esse farmaco reconhece e bloqueia canais de Na® abertos, impedindo
assim, as descargas neuronais excessivas (Rogawski & Loscher 2004a). Além disso,
a carbamazepina pode atuar modulando canais de Ca'*? e inibindo a liberacdo de
glutamato (Ambrosio et al., 1999; Sitges et al., 2007).

A fenitoina é um farmaco amplamente utilizado no tratamento da epilepsia,
em casos de ocorréncia de crises parciais e também generalizadas. Esse farmaco é
utilizado também em casos de neuralgia do trigémeo, miotonia, distonia e mioquimia
(Rogawski & Ldscher 2004a,b). A fenitoina tem como principal mecanismo de acgao a
modulagdo dos canais de Na® voltagem-dependentes e, assim como a
carbamazepina, reconhece canais de Na' abertos e os bloqueia impedindo a
propagacdo de descargas neuronais excessivas (Rogawski & Ldscher 2004a,b).
Também pode agir através da ativacdo da liberacdo de acido gama-aminobutirico
(GABA) e diminuicéo da liberagéo de glutamato (Cunningham et al., 2000; Yang et
al., 2007).

A gabapentina apresenta propriedades antiepiléptica, analgésica e ansiolitica,
sendo empregada em diversos tipos de tratamentos (Dooley et al., 2007). Na
epilepsia, € utilizada no controle de crises parciais e generalizadas (Rogawski &
Loscher 2004a,b). Apesar de sua eficiéncia clinica ter sido comprovada, o
mecanismo de acdo da gabapentina ndo esta elucidado. De um modo geral, esse
farmaco atua aumentando a sinalizacdo gabaérgica e modulando canais de Ca™.
Estudos mostram que a gabapentina poderia ligar-se a receptores GABAg e
controlar a sintese, liberagé@o, degradacgdo e recaptacdo do neurotransmissor GABA
(Petroff et al., 2000; Bertrand et al., 2001; Errante et al., 2002; Parker et al., 2004).
No entanto, outros estudos mostram que esse farmaco néo se liga a receptores
GABA e questionam sua interagdo com outros componentes do sistema gabaérgico
(Lanneau et al., 2001; Jensen et al., 2002; Sills, 2006). A atuacdo da gabapentina
através da modulacdo de canais de Ca'™ é melhor esclarecida. Sabe-se a
gabapentina liga-se & subunidade a.5 de canais de Ca*" pré-sinapticos, inibindo o
influxo de Ca*?e restaurando a liberagdo de neurotransmissores a niveis fisioldgicos,
através da diminuicdo de sua liberacdo excessiva, caracteristica em crises

convulsivas (Bayer et al., 2004; Dooley et al., 2007; Rogawski & Bazil, 2008).
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Figura 2: Mecanismo de acéo de farmacos antiepilépticos em sinapses excitatérias e
inibitdrias. Figura obtida de Bialer & White, 2010.

1.4Sistema purinérgico

1.4.1 ATP

A existéncia da neurotransmissdo purinérgica foi proposta pela primeira vez
em 1972 por Geoffrey Burnstock. No sistema purinérgico (Figura 3), os nucleotideos
de adenina sédo empregados como neurotransmissores, sendo o ATP (adenosina 5’-
trifosfato) e a adenosina as principais moléculas sinalizadoras (Burnstock, 1972).
Receptores de membrana para adenosina e ATP foram identificados em 1978 e
denominados P1 e P2, respectivamente (Burnstock, 1978). O sistema purinérgico

constitui uma rota comum de comunicacdo célula-célula, estando envolvido em
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Mmuitos mecanismos, neuronais e nao neuronais, cCOmMoO respostas imunes,
inflamacéo, dor, proliferagdo e morte celular (Abbracchio et al., 2009; Burnstock &
Knight, 2004). Os receptores purinérgicos encontram-se amplamente distribuidos
por todo o SNC e sistema nervoso periférico (SNP) (Ralevic & Burnstock, 2008).

O ATP é sintetizado e armazenado em terminais pré-sinapticos e liberado na
fenda sinaptica sob estimulos nervosos, podendo ser co-liberado juntamente com
outros neurotransmissores, como ACh, glutamato, noradrenalina e serotonina
(Burnstock, 2004; North & Verkhratsky, 2006). Uma vez liberado no espago
extracelular, o ATP pode modular a sinalizag@o purinérgica através da ativacdo de
receptores do tipo P2 (Zimmermann, 2001; Robson et al., 2006).

Os receptores do tipo P2 séo divididos em dois grupos, P2X e P2Y, tendo
como base seu mecanismo de agdo, farmacologia e clonagem molecular
(Abbracchio et al., 2009). O grupo P2X é composto por sete (P2X;.7) subtipos de
receptores ionotrépicos com permeabilidade rapida e seletiva para cations (Na*, K* e
Ca?"). Esses receptores encontram-se amplamente distribuidos em neurdnios,
células gliais e musculo liso e séo ativados por ATP (Burnstock, 2004). O grupo P2Y
consiste em oito subtipos de receptores metabotropicos (P2Y1, P2Y,, P2Y,4, P2Ys,
P2Y11, P2Y1, P2Y13 € P2Y14) que podem ser ativados por diversos nucleotideos:
ATP, ADP, UTP e UDP (Abbracchio et al., 2006). Os receptores P2Y estédo
presentes em varios tecidos e sistemas, como epitelial, muscular, cardiaco, nervoso
e imunoldgico (Burnstock, 2006, 2007). No sistema nervoso, controlam canais de
Ca?' e K" e a liberacdo de outros neurotransmissores (Hussl & Boehm, 2006). Além
de atuar em receptores do tipo P2, o ATP liberado em resposta a uma atividade
cerebral pode ser convertido em adenosina, através de sua hidrélise pelas

ectonucleotidases (Zimmermann, 2001; Robson et al., 2006).

1.4.2 Adenosina

A adenosina é um neuromodulador endégeno que esta envolvido no controle
de vérios mecanismos do SNC (Boison, 2007). Essa purina ndo € armazenada em
vesiculas e ndo é liberada por exocitose como outros neurotransmissores
(Fredholm, 2003). A adenosina pode ser produzida no meio intracelular e
transportada para o meio extracelular através de transportadores especificos

bidirecionais (que mantém os niveis intracelulares e extracelulares de adenosina em
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equilibrio), pode ser formada a partir da hidrolise do ATP pela cascata enzimética
das ectonucleotidases ou ainda a partir da degradagdo do AMP ciclico (AMPc)
(Latini & Pedata, 2001).

A fungdo neuromoduladora da adenosina é exercida através dos receptores
purinérgicos do tipo P1, subdivididos em A; Az, Axs € As Esses receptores
encontram-se acoplados a proteina G e tém sete dominios transmembrana
formados por amino&cidos hidrofébicos (Fredholm et al., 2001).

Os receptores A;, que apresentam alta afinidade pela adenosina, séo
amplamente distribuidos no encéfalo, principalmente no cértex, hipocampo, cerebelo
e medula espinhal (Ribeiro et al. 2003). A ativagdo de receptores A; pré-sindpticos
diminui o funcionamento das sinapses excitatorias através da inibicdo da liberac&o
de glutamato. Sua ativacdo poés-sinptica leva a estabilizagdo do potencial de
membrana através do controle do fluxo de Ca* e K* (Boison, 2005; Fredholm et al.,
2005).

Os receptores A, séo subdividos em A,x € Azg, sendo que 0s receptores Aza
apresentam alta afinidade pela adenosina. A ativagdo dos purinoreceptores A, pode
estimular a adenilato ciclase, podendo levar ao aumento da producdo de AMPc,
aumento no influxo de Ca?* e inibicdo dos canais de Na* (Ribeiro et al., 2003). Os
receptores Aza estdo localizados em altos niveis no bulbo olfatério e em neurénios
gabaérgicos estriato-palidais e em menor nivel em outras regides cerebrais (Ribeiro
et al., 2003). Embora em pequena densidade, os receptores Az Sdo0 encontrados na
maioria dos neurdnios e células gliais (Etherington & Frenguelli, 2004; Fredholm et
al., 2005).

Os receptores do tipo Az, de baixa afinidade pela adenosina, sédo expressos
em neurdnios e células gliais e distribuidos por todo o encéfalo, com menor
densidade em relag&o aos outros receptores P1 (Fredholm et al., 2001; Hammarberg
et al., 2003; Wittendorp et al., 2004). Estdo claramente envolvidos em processos de
injuria cerebral, como hipéxia e inflamacdo (Chen et al., 2006; Lee et al., 2006;
Pugliese et al., 2007).
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Figura 3: Representacdo esquematica da sinalizagdo purinérgica no sistema nervoso
central. O ATP liberado liga-se a receptores P2 localizados em membranas poés-
sindpticas ou pré-sinapticas e astrocitos. A degradacdo do ATP origina a adenosina,
que atua em receptores P1. O ATP também pode ser liberado a partir de astrécitos,
onde inicia e propaga o fluxo de Ca*? na sinalizag&o glia-neurdnio, que também pode
ser controlada pela adenosina. Figura obtida de Abbracchio et al., 2009.

1.4.3 Ectonucleotidases e ADA

A hidrélise dos nucleotideos extracelulares ocorre por uma cascata de
reacdes que resulta na formacgéo do respectivo nucleosideo e fosfato livre (Figura 4).
As enzimas que catalisam essa reacdo sdo as ectonucleotidases, dentre as quais
destacam-se as NTPDases (nucleosideo trifosfato difosfoidrolases) e a 5'-
nucleotidase. Esse grupo de enzimas inclui também a familia das E-NPP
(ectonucleotideo  pirofosfatase/fosfodiesterase) e as fosfatases alcalinas
(Zimmermann, 2006). As ectonucleotidases desempenham uma fungéo essencial na
neurotransmissdo purinérgica, controlando a disponibilidade e os niveis de
nucleotideos e nucleosideos extracelulares e, consequentemente a ativagdo dos
purinoreceptores P2 e P1. A via das ectonucleotidases catalisa a hidrolise de ATP
em ADP, AMP e adenosina, que é entdo hidrolisada pela adenosina deaminase
(ADA) (Zimmermann, 2001; Robson et al., 2006).

19



As NTPDases realizam a hidrolise de nucleotideos tri e difosfatados
(Zimmermann, 2001). Essa familia de enzimas é composta por oito membros
(NTPDases 1-8) sendo que quatro das NTPDases (1, 2, 3, 8) estédo localizadas na
superficie das células, com um sitio catalitico extracelular, as NTPDases5 e 6
apresentam localizagéo intracelular e as NTPDases4 e 7 estédo localizadas no meio
intracelular com seus sitios ativos direcionados para o limen das organelas
citoplasmaéticas. As NTPDases compartilham 5 dominios altamente conservados,
denominados regides conservadas de apirase (Zimmermann, 2001; Robson et al.,
2006). Em termos de hidrélise de nucleotideos, a NTPDasel hidrolisa ATP e ADP
igualmente (Heine et al., 1999). A enzima NTPDase2 hidrolisa 30 vezes mais ATP
do que o ADP. A NTPDase3 e a NTPDase8 preferem o ATP em relagdo ao ADP
numa razéo de hidrdlise de aproximadamente 3:1 e 2:1, respectivamente (Chadwick
et al., 1998; Bigonnesse et al., 2004). A NTPDase4a tem uma alta preferéncia por
UTP e TTP, enquanto que a NTPDase4[3 apresenta alta preferéncia por CTP e UDP.
A func@o dessas NTPDases ainda ndo é clara (Zimmermann, 2001). A NTPDase5
tem uma preferéncia na hidrélise de nucleotideos na seguinte ordem: UDP>GDP =
IDP>>ADP = CDP, enquanto que a NTPDase6 tem a seguinte preferéncia:
GDP>IDP>>UDP = CDP>>ADP. Acredita-se que a NTPDase5 e a NTPDase6
participam das reagdes de glicosilagcdo envolvidas nos processos de dobramento de
glicoproteinas (Zimmermann, 2001). A NTPDase7 prefere nucleosideos trifosfatados
como substratos (Zimmermann, 2001). As NTPDases hidrolisam tanto ATP como
ADP, formando AMP na presenca de ions Ca*? e Mg*? (Robson et al., 2006).

A 5 -nucleotidase encontra-se presente na maioria dos tecidos e hidrolisa os
nucleotideos monofosfatados extracelulares AMP, GMP ou UMP, a seus respectivos
nucleosideos. Essa enzima é ancorada & membrana plasmética por um
glicosilfosfatidilinositol (GPI) e possui a forma estrutural de dimero com pontes
dissulfeto entre as cadeias. O ancoramento por GPI pode ser clivado pela agéo de
uma fosfolipase C especifica, dando origem a formas sollUveis desta enzima
(Zimmermann, 2000; Hunsucker et al., 2005). A 5 -nucleotidase realiza a hidrdlise de
AMP em adenosina, tendo como principais funcdes a formacéo desta molécula e a
regulacdo dos niveis extracelulares de nucleotideos e nucleosideos, permitindo o
controle da fungdo dos purinoreceptores (Zimmermann, 2001).

A adenosina extracelular pode ser liberada pelas células ou ser proveniente

da hidrélise do ATP. A sua concentragdo pode ser controlada via transportadores
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celulares, sua fosforilagdo & AMP pela adenosina quinase (AK) ou através de sua
desaminacgédo a inosina pela ADA (Figura 4) (Latini & Pedata, 2001). A ADA catalisa
a desaminagdo hidrolitica da adenosina e também da 2"-deoxiadenosina em inosina
e 2’-deoxinosina, respectivamente, em nivel citosélico e também na superficie
celular (Franco et al., 1997).

Existem dois subtipos identificados e bem caracterizados de ADA,
denominados ADA1 e ADA2, além de um grupo similar de proteina, denominado
ADAL (adenosina deaminase “like”). A ADA1 é uma enzima monomérica encontrada
em forma solUvel ou associada a uma proteina (CD26). O complexo ADA1/CD26
constitui uma ecto-ADA, que se encontra ancorada a membrana celular e é
responsavel pela hidrolise da adenosina extracelular. Além de sua funcéo
enzimética, a ADA1l pode interagir com receptores de adenosina do tipo A,
aumentando sua afinidade de ligagdo a adenosina e facilitando assim a transdugé&o
de sinal através desses receptores (Ciruela et al., 1996). A ADA2 é encontrada
principalmente no plasma sanguineo. Outro tipo de ADA, a ADAL também participa
da desaminacdo da adenosina, porém ndo esta bem caracterizada (Maier et al.,
2005).

Estudos do nosso laboratério identificaram a presenca e caracterizaram a
atividade das enzimas NTPDase, 5-nucleotidase e ADA em peixe-zebra. As
enzimas NTPDase e 5'-nucleotidase foram caracterizadas como cétion-
dependentes, apresentando atividade maxima a temperatura de 37 °C, pH 6timo
entre 7,2 e 8,0, Ky na faixa do micromolar e uma ampla especificidade por outros
nucleotideos (Rico et al., 2003; Senger et al., 2004). Rosemberg et al. (2010)
verificou a presenca de diferentes membros da familia das NTPDases em peixe
zebra. Foi evidenciada a expressao destas enzimas (NTPDases 1, 2, 3, 4, 5, 6, 8)
em amostras de cérebro, coracdo e figado. As NTPDasel e NTPDase2 também
foram encontradas em fotorreceptores, células horizontais e células ganglionares em
retina de peixe zebra (Ricatti et al., 2009). Estudos do nosso laboratorio
evidenciaram a presenca de atividade de desaminagdo de adenosina em niveis
citosélicos e de membrana em diversos tecidos (cérebro, branquias, coracgao, figado,
esqueleto, musculo e rim) de peixe zebra. Além disso, foi verificada a expressao de
distintos genes relacionados a ADA (ADA1, ADAL e dois ortélogos da ADA2) em
tecidos de peixe zebra (Rosemberg et al., 2007,2008).
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Figura 4: Representacdo esquematica da degradacédo extracelular de purinas. As
enzimas que atuam na conversdo de ATP a adenosina incluem as NTPDases, 5’
nucleotidase e ADA. A PNP (purina nucleosideo fosforilase) hidrolisa a adenosina,
produzindo hipoxantina. A AK fosforila a adenosina em AMP. Figura obtida de
Yegutkin, 2008.

1.4.4 Sistema purinérgico e epilepsia

Diversos estudos tém demonstrado que a adenosina tem forte acao
depressora sobre a transmissao sinaptica excitatoria, podendo atuar como um
importante anticonvulsivante endogeno, principalmente via receptores A; (Boison,
2005; Cunha, 2005). A adenosina em niveis aumentados pode contribuir para
impedir a propagacao da descarga neuronal focal e para o encerramento da crise
convulsiva (Berman et al., 2000). Em individuos com epilepsia, testes demonstraram
concentragdes aumentadas de adenosina extracelular durante e apds crises
convulsivas (During & Spencer, 1992). Em ratos, foram verificados niveis
aumentados de adenosina no hipocampo apos convulsdes induzidas por bicuculina,
acido cainico e PTZ (Berman et al., 2000). Agonistas seletivos de receptores A; ja
foram usados para inibir convulsbes em modelos de epilepsia e a inibicdo da AK
também se mostrou uma ferramenta efetiva no controle de convulsdes (Huber et al.,
2002; Gouder et al., 2004). A inibicdo da desaminagdo de adenosina se mostrou
uma estratégia de acdo anticonvulsivante eficaz em diversos modelos de epilepsia
(Dupere et al, 1999; Southam et al, 2002). Porém, a aplicacdo sistémica de

agonistas A; ou drogas que induzem o aumento dos niveis de adenosina podem
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implicar em efeitos adversos, como sedacdo e diminuicdo na atividade cardiaca
(Gouder et al., 2004).

Estudos tém relatado que as crises convulsivas podem alterar a via das
ectonucleotidases e ADA. AlteragBes tardias e prolongadas na hidrolise dos
nucleotideos foram relatadas apos a indugéo de status epilepticus por pilocarpina ou
cainato e em modelo de kindling induzido por PTZ em ratos (Bonan et al., 2000a,b).
O tratamento de ratos com pilocarpina induziu o aumento na hidrélise de ATP, ADP
e AMP em hipocampo e cortex cerebral de ratos, efeito que foi inibido por

tratamentos prévios com fenitoina e carbamazepina (Cognato et al., 2007).
1.5 Sistema Colinérgico

A neurotransmissdo colinérgica (Figura 5) esta relacionada a diversos
mecanismos celulares, como mitose, diferenciagcéo, agregagéo, migragéo e secregao
(Zimmermann, 2008). Além disso, a neurotransmissdo mediada pela ACh é
essencial para o correto funcionamento do SNC e SNP, sendo que o
comprometimento deste sistema estd associado a prejuizos na cognicao,
aprendizado, memoria e funcbes musculares (Pirondi et al., 2007; Tsai et al., 2007).
O sistema colinérgico é verificado também em células ndo neuronais, como
epiteliais, endoteliais e linfécitos (Fujii & Kawashima, 2001; Kirkpatrick et al., 2001).

A ACh é sintetizada a partir dos substratos acetil-coenzima A (acetil-CoA) e
colina através de uma reacdo catalisada pela enzima colina acetiltransferase
(ChAT). A colina, importante produto do metabolismo de lipideos, é captada da
corrente sanguinea, e o acetil-CoA é produzido a partir do piruvato, durante o
metabolismo mitocondrial. Apos sua sintese, que ocorre no citoplasma, a ACh é
transportada para o interior de vesiculas sinpticas (Zimmermann, 2008). Esse
neurotransmissor € liberado em vesiculas na fenda sinaptica a partir da alteracdo no
potencial elétrico da membrana celular em um processo que depende da
concentracdo de Ca®" intracelular. Em células ndo neuronais, a ACh também pode
ser liberada através de transportadores ativos (Kirkpatrick et al., 2001; Racke et al.,
2006; Zimmermann, 2008). Ao ser liberada na fenda sinéptica, a ACh pode ligar-se a
receptores muscarinicos ou nicotinicos.

Os receptores muscarinicos sdo metabotropicos e podem ser ativados pela

ACh e muscarina (toxina presente no cogumelo Amanita muscaria). Esses
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receptores medeiam a acdo da ACh no SNC, SNP e em 6rgdos autondémicos. S&o
encontrados em neurdnios, coracao, musculo liso e glandulas exdcrinas (Sarter &
Parikh, 2005). Existem cinco subtipos de receptores muscarinicos (M1-M5)
identificados e classificados conforme a proteina G a qual estdo acoplados. Os
receptores M1, M3 e M5 estdo acoplados a uma proteina G4 e alteram a atividade
celular pela estimulacdo da fosfolipase C, e pela geragcdo do segundo mensageiro
inositol 1,4,5-trifosfato (IP3), o qual induz a liberagdo de Ca’®" intracelular e
diacilglicerol (DAG). Estéo localizados principalmente no cortex, hipocampo, estriado
e substancia negra. Os receptores M2 e M4 estédo acoplados a uma proteina G; que
induz sua reposta via inibicdo da adenilato ciclase. Além do SNC, sdo encontrados
em outros tecidos, onde participam no controle, por exemplo, do ténus das células
musculares do coracéo, pulmdes, intestino e bexiga (Nathanson, 2008).

Os receptores nicotinicos s&o ionotropicos e sensiveis & ACh e a ligantes
exdgenos como a nicotina. Tais receptores se localizam no SNC, medula adrenal,
nos ganglios autonémicos e na jungdo neuromuscular (Sarter & Parikh, 2005). Os
receptores nicotinicos de células musculares sdo altamente permeaveis ao Na* e K.
Os neuronais quando ativados, abrem canais de Ca'?, alterando a polaridade da
membrana e influenciando a liberagcdo de neurotransmissores e cascatas de
mensageiros intracelulares controlados por Ca*" (Dasgupta & Chellappan, 2006;
Gahring & Rogers, 2006).
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Figura 5: Representacdo esquematica da sinalizagdo colinérgica. A ACh é
sintetizada, pela ChAT, a partir dos substratos acetil-CoA e colina. O acetil-CoA
provém do piruvato produzido no metabolismo mitocondrial e a colina é transportada
para o interior celular através de transportadores dependentes de Na'. Apds sua
liberacdo, a ACh é hidrolisada em acetato e colina, sendo a colina recaptada pelo
terminal pré-sinaptico. Figura obtida de Neuroscience, 2" edition, 2001.

1.5.1 Acetilcolinesterase

A acéo sinptica da ACh é encerrada fundamentalmente por sua hidrélise e
as colinesterases garantem a rapida regulacao dos niveis desse neurotransmissor
na fenda sinaptica. Apos sua liberacdo dos receptores, a ACh é degradada pelas
colinesterases em acetato e colina. Transportadores recaptam para o terminal pré-
sinaptico a colina resultante da hidrélise (Soreq & Seidman, 2001).

As colinesterases sdo encontradas em tecidos neuronais e ndo neuronais.
Diferenciadas por suas propriedades cataliticas e especificidade de inibidores, essas
enzimas sdo divididas em dois tipos: acetilcolinesterase (E.C.3.1.1.7, AChE) e
butirilcolinesterase (E.C. 3.1.1.8, BuChe). A AChE hidrolisa preferencialmente
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ésteres como grupamento acetil e € encontrada no sistema nervoso e em jungdes
neuromusculares. A BuChe é menos especifica e hidrolisa outros tipos de ésteres,
como a butirilcolina (Zimmermann, 2008). As colinesterases sdo serina hidrolases e
seus sitios ativos sdo compostos por uma triade catalitica que contém residuos de
aminoacidos de serina, histidina e de um grupo acido (glutamato). O mecanismo de
hidrélise da AChE envolve o ataque nucleofilico da serina ao carbono carbonilico da
ACh, gerando um intermediario tetraédrico estabilizado por ligagdes de hidrogénio, o
qual produz colina livre e serina acetilada. Ao final, a hidrélise do grupo acetil da
serina recupera o sitio catalitico da enzima (Soreq & Seidman, 2001).

A AChE pode ter forma estrutural globular ou assimétrica (Figura 6). A
conformacgdo globular pode ser encontrada sollvel na célula e € composta por
mondmeros (G1), dimeros (G2) e tetrameros (G4) da subunidade catalitica. A
unidade G1 esta ligada ao citosol, enquanto que a G4 a membrana da célula. As
formas heteroméricas da AChE estdo associadas a lamina basal externa por
proteinas que determinam sua localizacdo sinaptica. Os tipos assimétricos
consistem de um (A4), dois (A8) e trés (Al2) tetrdmeros cataliticos ligados ao
colageno Q (ColQ) que é predominante nas jun¢des musculares. O tetramero ligado
a ancora de membrana rica em prolina (PRIMA) é abundante nas sinapses cerebrais
(Figura 6) (Zimmerman & Soreq, 2006).

Hatsmomérico Homamérico
Exon 6 Exon 5

| 4

| — v
O Forma globular

G (exon 4) o

Forma assimétrica

Ligacio gllcofosfollpidica
Hicrofillca (G1 & G2
(G1, G2 e GI)

Ligagao lipidica (A12 + Col@)
(G4 + PRIMA)

Figura 6: Estruturas moleculares da AChE. Estruturas globulares e assimétricas.
Figura adaptada de Feldman & Quenzer, 1984.

26



1.5.2 Sistema colinérgico e epilepsia

O aumento na neurotransmissdo colinérgica, principalmente via receptores
muscarinicos estd fortemente relacionado a ocorréncia de crises convulsivas e
epileptogénese (Hamilton et al., 1997; Friedman et al., 2007). Estudos mostram que
a liberacdo de ACh e a ativacdo de receptores muscarinicos potencializa a
neurotransmissdo excitatéria glutamatérgica, um possivel mecanismo envolvido na
inducdo de crises convulsivas através do sistema colinérgico (Marino et al., 1998;
Kozhemyakin et al., 2010). Aumentos focais na neurotransmissdo colinérgica foram
suficientes para provocar epilepsia em camundongos (Pernot et al.,, 2009). A
ativagcdo de receptores muscarinicos, a partir da inibicdo da AChE e consequente
elevacdo nos niveis de ACh, levou ao aumento da transmissdo glutamatérgica em
células granulares hipocampais (Kozhemyakin et al., 2010). A estimulacdo de
receptores nicotinicos também induziu o aumento da liberacdo de glutamato em
células hipocampais (Alkondon & Albuquerque 2004). Potier & Psarropoulou (2001)
demonstraram que niveis aumentados de ACh podem agravar o processo de
epileptogénese em neocortex de ratos imaturos. A estimulagdo de receptores
muscarinicos € uma metodologia frequentemente aplicada na inducdo de crises
convulsivas em modelos animais. Tratamentos com pilocarpina e outros agonistas
muscarinicos ou inibidores da AChE podem induzir convulsdes, status epilepticus e
epileptogénese, que leva a ocorréncia de crises espontaneas apds um periodo de

laténcia (Friedman et al., 2007).
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2 OBJETIVOS

2.1 Objetivo geral

Considerando que: (1) os sistemas purinérgico e colinérgico tém importante
participacdo na sinalizagdo celular no SNC, (2) essas vias de sinalizagdo podem
estar envolvidas no mecanismo da epilepsia e (3) os sistemas purinérgico e
colinérgico estdo identificados e caracterizados em peixe zebra, o objetivo geral
deste estudo foi avaliar o efeito de crises convulsivas e farmacos antiepilépticos
sobre as ectonucleotidases, ADA e AChE, enzimas que tém fundamental

participagdo na modulacdo dos sistemas purinérgico e colinérgico.

2.2 Objetivos especificos

2.2.1 Verificar o efeito in vitro de farmacos antiepilépticos, tais como fenitoina,
carbamazepina e gabapentina, sobre a atividade enzimatica das

ectonucleotidases e da AChE em SNC do peixe zebra;

2.2.2 Avaliar o efeito in vitro da exposicdo ao PTZ sobre a atividade

enzimatica das ectonucleotidases e da ADA em SNC do peixe zebra,

2.2.3 Investigar possiveis alteracdes sobre a expressdo e atividade das
ectonucleotidases e da ADA em membranas cerebrais de peixe zebra

submetidos ao modelo de crise convulsiva induzido por PTZ.
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Carbamazepine (CBZ), phenytoin (PHT), and gabapentine (GBP) are classical antiepileptic drugs (AEDs)
that act through a variety of mechanisms. We have tested the in vitro effects of CBZ, PHT, and GBP at dif-
ferent concentrations on ectonucleotidase and acetylcholinesterase activities in zebrafish brain. CBZ
inhibited ATP hydrolysis at 1000 uM (32%) whereas acetylcholine hydrolysis decreased at 500 uM
(25.2%) and 1000 uM (38.7%). PHT increased AMP hydrolysis both at 500 pM (65%) and 1000 puM
(64.8%). GBP did not promote any significant changes on ectonucleotidase and acetylcholinesterase activ-
ities. These results have shown that CBZ can reduce NTPDase (nucleoside triphosphate diphosphohydro-
lase) and PHT enhance ecto 5'-nucleotidase activities. Therefore, it is possible to suggest that the AEDs
induced-effects on ectonucleotidases are related to enzyme anchorage form. Our findings have also
shown that high CBZ concentrations inhibit acetylcholinesterase activity, which can induce an increase
of acetylcholine levels. Taken together, these results showed a complex interaction among AEDs, puriner-
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gic, and cholinergic systems, providing a better understanding of the AEDs pharmacodynamics.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Epilepsy, a neurological disorder characterized by the occur-
rence of spontaneous recurrent seizures, is one of the most com-
mon pathologies of the central nervous system (CNS), affecting
individuals of all ages (Badawy et al., 2009; Banerjee et al., 2009).
Epilepsy damages the brain as a whole showing significant influ-
ence on dynamic and functional properties, mental development,
cognition, and behavior (Hamed, 2009). Classical AEDs such as
GBP, PHT, and CBZ work through a variety of mechanisms, often

Abbreviations: AChE, acetylcholinesterase; AEDs, antiepileptic drugs; BuChE,
butyrylcholinesterase; CBZ, carbamazepine; CNS, central nervous system; GBP,
gabapentine; NTPDase, nucleoside triphosphate diphosphohydrolase; PHT,
phenytoin.
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Biologia Celular e Molecular, Faculdade de Biociéncias, Pontificia Universidade
Catolica do Rio Grande do Sul. Avenida Ipiranga, 6681, 90619-900 Porto Alegre, RS,
Brazil. Tel.: +55 51 3353 4158; fax: +55 51 3320 3568.

E-mail address: cbonan@pucrs.br (C.D. Bonan).

0887-2333/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tiv.2010.03.018

acting to suppress ion channels, promote gabaergic neurotransmis-
sion, and/or decrease glutamatergic neurotransmission. AEDs may
be used for the treatment of several types of epilepsy and GBP, PHT
and CBZ are treatments for partial and generalized tonic-clonic sei-
zures (Rogawski and Loscher, 2004). Studies have suggested that
AEDs can interfere in the purinergic (Borowicz et al., 1997, 2002)
and cholinergic systems in CNS (Boccia et al., 2001; D’Antuono
et al., 2007).

The purinergic system employs extracellular nucleotides as sig-
naling molecules. ATP is a neurotransmitter co-released with other
signaling molecules, such as glutamate, GABA, and acetylcholine in
different subpopulations of neurons in CNS. ATP acts through acti-
vation of G-protein-coupled P2Y receptors and P2X ionotropic
receptors, linked to Ca%* channels (Burnstock, 2004, 2009; Pankra-
tov et al., 2009). Extracellular nucleotides can be hydrolyzed by a
variety of soluble or cell-surface-located enzymes named ectonu-
cleotidases (Zimmermann et al., 1998). Nucleoside 5'-tri- and
diphosphates may be hydrolyzed by members of the ectonucleo-
side triphosphate diphosphohydrolase (E-NTPDase), ectonucleo-
side pyrophosphatase/phosphodiesterase (E-NPP) and alkaline
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phosphatase protein families. AMP may be hydrolyzed by the ecto-
5'-nucleotidase family and alkaline phosphatases to produce the
nucleoside adenosine (for review see Abbracchio et al. (2009)). In
this way, ectonucleotidases control the availability of ligands
(ATP, ADP, AMP and adenosine) for both nucleotide and nucleoside
receptors and, consequently, the extent and duration of receptor
activation (Chen and Guidotti, 2001). Therefore, this is an enzy-
matic pathway with double function of removing one signaling
molecule, ATP, and generating a second one, adenosine, a well-
known neuromodulator (Zimmermann, 2006; Abbracchio et al.,
2009; Burnstock and Verkhratsky, 2009). Adenosine acts through
four known subtypes of P1 metabotropic receptors (A;, Aza, Azp
and As) and reduces excessive neuronal activity through inhibitory
A; receptors, acting as an endogenous anticonvulsant (Fredholm
et al., 2001; Sebastido and Ribeiro, 2009). Adenosine modulates
the acetylcholine release through A; receptor-mediated inhibition
or by A;a receptor-mediated facilitation of release (Cunha, 2001).

In cholinergic neurotransmission, acetylcholine is synthesized
by cholineacetyltransferase in the presynaptic neuron, then re-
leased into the synaptic cleft and bound to muscarinic (metabotro-
pic) and nicotinic (ionotropic) acetylcholine receptors. After its
release, acetylcholine is degraded by the cholinesterases that
cleave acetylcholine into choline and acetate. Two different types
of cholinesterases are able to hydrolyze acetylcholine:acetylcholin-
esterase (AChE) (E.C.3.1.1.7) and butyrylcholinesterase (BuChE)
(E.C.3.1.1.8) (Soreq and Seidman, 2001). Cholinergic mechanisms,
in particular those related to the activation of muscarinic recep-
tors, regulate brain excitability and can promote and maintain syn-
chronous epileptiform discharges (Liu et al., 1994; Nagao et al.,
1996; Dickson and Alonso, 1997). Moreover, cholinergic agents,
such as pilocarpine, produce limbic seizures that are followed by
histopathological changes resembling that encountered in tempo-
ral lobe epileptic patients (Turski et al., 1989; Mello et al., 1993).

PHT and CBZ blocked the pilocarpine-induced increase on ATP,
ADP, and AMP hydrolysis in synaptosomes from hippocampus and
cerebral cortex in rats (Cognato et al., 2007). Moreover, CBZ inhib-
ited in vitro ATP hydrolysis from synaptosomal plasma membranes
(Horvat et al., 2006). GBP and other AEDs, when administered to-
gether with adenosine receptor antagonists, showed decreased ef-
fect in mice models of seizure (Zuchora et al., 2004). In rats, the
supraeffective dose of CBZ (100 mg/kg) inhibited the activities of
acetylcholinesterase (9.5%) and butyrylcholinesterase (24.7%)
whereas the effective dose of CBZ (25 mg/kg) did not alter acetyl-
choline degradation (Mizuno et al., 2000). Moreover, Sudha et al.
(1995) showed that PHT decreased acetylcholinesterase activity
in the hippocampus (50 and 75 mg/kg) and in the striatum
(75 mg/kg).

Zebrafish is a small freshwater teleost fish that has been used to
study learning and memory process, development, pharmacology,
toxicology, behavior, and teratology (Kosmehl et al., 2008; Bencan
et al.,, 2009; Gerlai et al., 2009; Ingham, 2009; Yang et al., 2009).
This specie has been used as a tool for the study of seizure and
to screen potential novel AEDs (Baraban et al., 2005; Baraban,
2007; Berghmans et al., 2007). NTPDase and ecto-5'-nucleotidase
activities have been characterized in zebrafish in our laboratory
(Rico et al., 2003; Senger et al., 2004). Acetylcholinesterase is en-
coded by a single gene and butyrylcholinesterase was not found
in zebrafish genome (Clemente et al., 2004). Other drugs used for
neurological disorder treatments were tested in vitro (haloperidol,
olanzapine, and sulpiride) and inhibited NTPDase and acetylcholin-
esterase activities whereas did not change ecto-5'-nucleotidase
activity in zebrafish brain (Seibt et al., 2009a,b). However, haloper-
idol significantly increased the acetylcholinesterase activity after
in vivo treatments (Seibt et al., 2009b).

Considering that zebrafish may be a model organism to study
human diseases and drug mechanisms, and purinergic and cholin-

ergic systems have been described in this specie, the aim of this
study was to evaluate the in vitro effects of different concentrations
of the antiepileptic drugs GBP, PHT, and CBZ on ectonucleotidase
and acetylcholinesterase activities of zebrafish brain.

2. Materials and methods
2.1. Animals

Adult wild-type zebrafish (Danio rerio) of both sexes were ob-
tained from a commercial supplier (Red Fish, RS, Brazil) and accli-
mated for 2 weeks before the experiments in a 50 | thermostated
aquarium filled with continuously aerated and unchlorinated
water. The fish were conditioned at 26+ 2 °C under a 14-10h
light/dark cycle photoperiod. The animals were maintained
healthy and free of any signs of disease and fed twice a day with
commercial food for fish. The use and maintenance of zebrafish
were according to the “Guide for the Care and Use of Laboratory
Animals” published by the US National Institutes of Health. The
protocol was approved by the Ethics Committee of Pontifical Cath-
olic University of Rio Grande do Sul (PUCRS) under the number
085/06-CEP.

2.2. Chemicals

PHT, GBP, CBZ, acetylthiocholine, 5,5'-dithiobis-(2-nitrobenzoic
acid) (DTNB), Trizma Base, EDTA, EGTA, sodium citrate, Coomassie
blue, bovine serum albumin, malachite green, ammonium molyb-
date, polyvinyl alcohol, nucleotides, calcium, and magnesium chlo-
ride were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
All other reagents used were from analytical grade.

2.3. In vitro treatments

PHT, GBP, and CBZ were tested at 10, 50, 100, 500, and 1000 pM.
PHT and GBP were diluted in deionized water. CBZ was diluted in
2% ethanol. Control treatments with equal volume of vehicle were
performed to exclude the ethanol effect on the enzyme activities.
Antiepileptic drugs were added to the reaction medium before
the preincubation with the enzyme and were maintained during
the enzyme assays.

2.4. Determination of ectonucleotidase activities

The brain membranes for the ectonucleotidase assays were pre-
pared as described previously by Barnes et al. (1993). For each
membrane preparation, a pool of five whole brains was obtained
and briefly homogenized in 60 vol. (v/w) of chilled Tris-citrate buf-
fer (50 mM Tris, 2 mM EDTA, 2 mM EGTA, pH 7.4) in a glass-Teflon
homogenizer. This homogenate was centrifuged at 1000g for
10 min and the pellet was discarded in order to remove cell debris.
The supernatant was centrifuged for 25 min at 40,000g. The resul-
tant pellet was frozen in liquid nitrogen and thawed in order to en-
sure the lysis of the brain membranes. The pellet was resuspended
in Tris-citrate buffer and centrifuged for 20 min at 40,000g. The fi-
nal pellet was resuspended and used in the enzyme assays. The
samples were maintained at 2-4 °C throughout preparation.

NTPDase and 5'-nucleotidase assays were performed as de-
scribed previously (Rico et al., 2003; Senger et al., 2004). Brain
membranes of zebrafish (3 pg protein for NTPDase and 5 pg pro-
tein for 5-nucleotidase) were added to the reaction medium con-
taining 50 mM Tris-HCl (pH 8.0) and 5mM CaCl, (for the
NTPDase activity) or 50 mM Tris-HCI (pH 7.2) and 5 mM MgCl,
(for the 5'-nucleotidase activity) at a total volume of 200 pl. The
samples were preincubated for 10 min at 37 °C and the reaction
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was initiated by the addition of substrate (ATP, ADP or AMP) to a
final concentration of 1 mM. After 30 min the reaction was stopped
by the addition of 200 1l 10% trichloroacetic acid and the samples
were kept on ice during 10 min. In order to determine the inor-
ganic phosphate released (Pi) 1 ml of a colorimetric reagent com-
posed of 2.3% polyvinyl alcohol, 5.7% ammonium molybdate, and
0.08% malachite green was added to the samples for 20 min (Chan
et al., 1986). The quantification of inorganic phosphate (Pi) re-
leased was determined spectrophotometrically at 630 nm and
the specific activity was expressed as nanomole of Pi released
per minute per milligram of protein. In order to correct non-enzy-
matic hydrolysis of the substrates we used controls with the addi-
tion of the enzyme preparation after the addition of trichloroacetic
acid. Incubation times and protein concentrations were chosen to
ensure the linearity of the reactions. All enzyme assays were per-
formed in at least four different experiments, each one performed
in triplicate.

2.5. Determination of acetylcholinesterase activity

Zebrafish were euthanized and their whole brains were re-
moved by dissection. The brains (five whole brains for each sam-
ple) were homogenized on ice in 60 vol. (v/iw) of 50 mM Tris-
HCl, pH 8.0, in a glass-Teflon homogenizer. Acetylcholinesterase
activity was measured as the method described previously (Ellman
etal.,, 1961) determining the rate of hydrolysis of acetylthiocholine
(ACSCh, 0.8 mM) in 2 ml assay solutions with 100 mM phosphate
buffer, pH 7.5, and 1.0 mM DTNB. Samples containing protein
(10 pg) and the reaction medium described above were preincu-
bated during 10 min at 25 °C followed by starting of reaction with
addition of substrate. The hydrolysis of substrate was monitored
by the formation of thiolate dianion of DTNB at 412 nm every
30s for 2-3 min. The linearity of absorbance towards time and
protein concentration was previously determined. Acetylcholines-
terase activity was expressed as micromole of thiocholine (SCh) re-
leased per hour per milligram of protein. All enzyme assays were
performed in at least four different experiments, each one per-
formed in triplicate.

2.6. Protein determination

Protein was measured by the Coomassie blue method (Bradford,
1976) and bovine serum albumin was used as standard.

2.7. Statistical analysis

Results are expressed as means +S.D. Data were analyzed by
one-way ANOVA followed by Duncan post-hoc test, considering
P <0.05 as significant. SPSS 16.0 was used for statistical analysis.

3. Results

The in vitro effect of GBP, PHT, and CBZ (at concentrations rang-
ing from 10 to 1000 pM) was tested on acetylcholinesterase, NTP-
Dase, and ecto-5'-nucleotidase activities in zebrafish brain. CBZ
significantly decreased (32%; P < 0.05) ATP hydrolysis at 1000 pM
(285 +63.06 nmol Pimin ' mg ' of protein) when compared to
the ethanol group (419.54 + 111.17 nmol Pi min~! mg ' of protein)
(Fig. 1) whereas this drug did not alter both ADP and AMP hydro-
lysis (data not shown). The results demonstrated that CBZ inhib-
ited (25.2% and 38.7%, respectively; P < 0.05) acetylcholinesterase
activity at 500 uM (24.13 £5.35 umol SChh ! mg~! of protein)
and at 1000 uM (19.75 % 3.76 pmol SCh h~! mg ! of protein) when
compared to the ethanol group (32.25 * 6.49 pmol SCh h~! mg~! of
protein; Fig. 2).
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Fig. 1. In vitro effect of carbamazepine on ATP hydrolysis evaluated in different
concentrations (10-1000 uM). Bars represent the mean+S.D. The symbol (x)
indicates significantly difference when compared to the ethanol group. The specific
enzyme activity is reported as nanomole of inorganic phosphate released per
minute per milligram of protein.
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Fig. 2. In vitro effect of carbamazepine on acetylcholine hydrolysis evaluated in
different concentrations (10-1000 pM). Bars represent the mean + S.D. The symbol
(x) indicates significantly difference when compared to the ethanol group. The

specific enzyme activity is reported as micromole of thiocholine released per hour
per milligram of protein.
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Fig. 3. In vitro effect of phenytoin on AMP hydrolysis evaluated in different
concentrations (10-1000 uM). Bars represent the mean+S.D. The symbol (x)
indicates significantly difference when compared to the control group. The specific
enzyme activity is reported as nanomole of inorganic phosphate released per
minute per milligram of protein.
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PHT significantly increased (65%; P < 0.05 and 64.8%; P < 0.05)
AMP hydrolysis at 500 pM (31.31 # 7.42 nmol Pi min~' mg~" of pro-
tein) and 1000 uM (31.28 + 6.14 nmol Pi min~! mg~! of protein)
when compared to the control group (18.98 +3.98 nmol
Pimin 'mg ! of protein; Fig. 3). However, PHT did not change
ATP, ADP, and acetylcholine hydrolysis (data not shown). Similarly,
GBP did not alter ATP, ADP, AMP, and acetylcholine hydrolysis (data
not shown).

4. Discussion

The interactions of AEDs and ectonucleotidases have been
investigated and these drugs have demonstrated different effects
in several studies. Cognato et al. (2007) observed the in vitro and
in vivo effects of PHT, valproate, and CBZ on ectonucleotidase activ-
ities in synaptosomes from hippocampus and cerebral cortex of
rats. These results have shown that these drugs did not alter the
ectonucleotidase activities both in vitro and in vivo experiments
in hippocampus and cerebral cortex. However, the authors ob-
served that previous treatment with CBZ and PHT can modulate
plastic events associated to the nucleotidase activities preventing
the pilocarpine-induced increase on ATP, ADP, and AMP hydrolysis
(Cognato et al., 2007). Horvat et al. (2006) observed ecto-ATPase
inhibition in rat brain synaptosomal plasma membranes treated
with CBZ. This effect may represent a potential neuromodulatory
action of this drug given that by inhibiting ecto-ATPase activities,
CBZ may increase the extracellular ATP content and decrease the
production of adenosine.

Ectonucleotidases modulate activation of P2 or P1 receptors by
controlling extracellular concentrations of ATP and adenosine.
NTPDase family, which hydrolyzes both nucleoside triphosphates
and diphosphates, comprises cell-surface-enzymes with an extra-
cellular active site, anchored to the membrane via two transmem-
brane domains that are essential to catalytic activity and substrate
specificity (Grinthal and Guidotti, 2006; Robson et al., 2006). The
ectonucleotidase chain is also constituted by ecto-5'-nucleotidase,
which is able to promote the hydrolysis of nucleoside monophos-
phates to adenosine. Unlike NTPDases, ecto-5'-nucleotidase is at-
tached to the extracellular membrane by a glycosyl
phosphatidylinositol (GPI) anchor (Strdter, 2006).

Changes in membrane constituents can affect membrane-
bound enzymes activity. Cholesterol depletion from membranes
of NTPDasel-expressing cells reduces ATPase activity to the same
extent as solubilization does (Papanikolaou et al., 2005). Intra
and intermolecular oxidative cross-linking decreases ATPase activ-
ity (Chiang and Knowles, 2008). These results showed that changes
at the balance between stability and mobility of the transmem-
brane domains can alter NTPDase activity (Grinthal and Guidotti,
2006).

Our findings demonstrated that CBZ decreased NTPDase
whereas did not change ecto-5'-nucleotidase activities. A study
with human erythrocyte have shown that CBZ perturbed outer
moiety lipids inducing a disordering effect on the polar head
groups and acyl chains of the membrane lipid showing that CBZ
can lead interactions in membrane bilayer (Suwalsky et al.,
2006). Therefore, it is possible to suggest that the effects on NTP-
Dase activities induced by CBZ may be due to changes promoted
in the bilayer membrane. Previous studies from our laboratory
have shown that other drug classes, such as antidepressant (Pedr-
azza et al., 2007) and antipsychotic drugs (Seibt et al., 2009a) also
promoted different effects on NTPDase when compared with ecto-
5'-nucleotidase activities, probably by modifying plasma
membranes.

PHT did not change NTPDase while significant increase of ecto-
5'-nucleotidase activity was observed. Ecto-5'-nucleotidase has

several functions, including generation of adenosine leading to
the activation of adenosine receptors (Hunsucker et al., 2005). This
enzymatic effect may represent further ways by PHT modulate the
neuronal activity. Adenosine is known to be very effective in the
suppression of seizures. Binding of adenosine to the high affinity
A, receptor reduces excitability of the cells by modulation of Ca®*
and K fluxes and inhibits the release of various neurotransmitters,
such as glutamate, dopamine, serotonin, and acetylcholine (Boison,
2005, 2008).

Our results showed that CBZ and PHT can increase ATP and
adenosine levels, respectively. It is possible to suggest that these
effects are involved, at least partially, in the antiepileptic mecha-
nisms of these AEDs. Although it has been shown that adenosine
inhibits neurotransmission (Dunwiddie and Masino, 2001; Fred-
holm et al., 2005; Boison, 2008), some studies indicate that ATP
can also inhibit synaptic transmission (Yoshioka and Nakata,
2004; Nakata et al., 2005). The colocalization of A; and P2Y; recep-
tors in several regions in the brain suggests a potential heterodi-
merization and functional interaction mechanism between these
receptors. A;/P2Y; heterodimerization forms an ATP-sensitive
adenosine receptor and ATP can work as an A; agonist to inhibit
neurotransmission (Yoshioka and Nakata, 2004; Nakata et al.,
2005). Furthermore, a cross-talk of A;—-P2Y, receptors might be a
mechanism by which low and high concentrations of adenosine
or purines could regulate glutamate release (Tonazzini et al., 2007).

Acetylcholine is a neurotransmitter involved in essential brain
functions, including memory and learning (Shaked et al., 2008).
Acetylcholinesterase, the key enzyme that hydrolyzes and inacti-
vates acetylcholine, modulates also non-cholinergic functions,
such as glutamatergic and dopaminergic systems (Soreq and Seid-
man, 2001; Zimmermann and Soreq, 2006; Shaked et al., 2008).
Several studies have shown the cholinergic system is also involved
in the mechanisms related to epilepsy and acetylcholinesterase
inhibitors lead to an increase in acetylcholine levels inducing sei-
zures (Friedman et al., 2007; Pernot et al., 2009). Different studies
have demonstrated the effect of AEDs on acetylcholinesterase
activity and acetylcholine levels. Previous studies showed that cor-
tical injury and enhanced neural excitability are associated with
modifications in the isoform of acetylcholinesterase. The variation
in distribution patterns suggested a possible isoform shift of ace-
tylcholinesterase enzyme in epileptic brains from membrane ad-
hered AChE-S protein, located in cellular layers, to the soluble
AChE-R monomers, which may diffuse to extrasynaptic regions.
The results suggested an increased production of AChE-R mono-
mers, which may access the synaptic microenvironment and
potentially protect the epileptic tissue from cholinergic hyperexci-
tation (Zimmermann et al., 2008). In another study with rats,
chronic treatment with PHT (ranging from 5 to 75 mg/kg) did not
modify significantly the acetylcholinesterase activity in the motor
cortex, pyriform cortex, and olfactory bulb when compared to con-
trol group. On the other hand, PHT decreased acetylcholinesterase
activity in the hippocampus (50 and 75 mg/kg) and also in the stri-
atum (75 mg/kg) (Sudha et al., 1995). Likewise, in rats, acute treat-
ment with effective dose of CBZ (25 mg/kg) enhances acetylcholine
synthesis without affecting the degradation, increasing acetylcho-
line levels. The supraeffective tested dose of CBZ (100 mg/kg) de-
creased the activity of acetylcholinesterase and
butyrylcholinesterase and also inhibited acetylcholine synthesis,
reducing the levels of this neurotransmitter. Therefore, effective
dose of CBZ increased acetylcholine levels, which were reduced
by increasing of CBZ dose (Mizuno et al., 2000). It also has been re-
ported that CBZ had biphasic effects on acetylcholine release and
synthesis (Zhu et al., 2002).

Previous studies have shown the ICsq of CBZ for acetylcholines-
terase and butyrylcholinesterase activities were more than 300 pM
(Mizuno et al., 2000). The authors suggest that the inhibitory ef-
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fects of supraeffective CBZ concentrations on cholinesterase activ-
ities may not play a role in acetylcholine transmission (Mizuno
et al., 2000). In contrast, both toxic concentration of acetylcholine
receptor agonists, antagonists and cholinesterase inhibitor have
been shown to have proconvulsant activities, whereas low doses
of cholinesterase inhibitor reduced seizure activities (Bhattacharya
et al,, 1991; Cruickshank et al.,, 1994). This evidence supports the
hypothesis that drastic elevation of cholinergic function induces sei-
zure activity. The therapeutic ranges of serum concentration of CBZ
are from 15 to 45 uM (Loiseau and Duche, 1995). Our results showed
an inhibitory effect on acetylcholinesterase only at high CBZ concen-
trations (500 and 1000 pM). Therefore, the inhibitory effect on ace-
tylcholinesterase at these high doses of CBZ could promote an
increase of acetylcholine levels, which could induce a seizure activ-
ity ora neurotoxic effect promoted by CBZ high concentrations. Here,
the CBZ biphasic profile also was observed in purinergic system. Our
results demonstrated a trend to increase ATP hydrolysis in the pres-
ence of low doses of CBZ (10 and 50 t1M) and a decreased hydrolysis
of this neurotransmitter in high CBZ dose (1000 uM). Such results
demonstrate that CBZ induces a complex set of effects characterized
by a biphasic profile. Additional studies are required to verify the
invivo effect of the high CBZ doses in the seizure activity and puriner-
gic and cholinergic transmission.

These findings indicate that AEDs could show different pharma-
cokinetic profile depending on relevant end points, such as route of
administration, dose of the drug tested and animal model used in
the study. However, there are some limitations about the side ef-
fects and resistance developed of AEDs. The discovery and screen-
ing of new molecular targets and AEDs may increase the treatment
spectrum, which will be reached with pharmacology studies focus-
ing to this issue (Stefan and Feuerstein, 2007; Bialer and White,
2010; Luna-Tortés et al., 2010). In summary, this study highlight
that enzymes related to purinergic and cholinergic systems can
be modulated by antiepileptic drugs in zebrafish. Furthermore,
these findings can contribute to a better understanding about the
pharmacology of classical AEDs and their interaction with puriner-
gic and cholinergic neurotransmission.
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ABSTRACT

Adenosine exerts neuromodulatory functions with mostly inhibitory effects,
being considered an endogenous anticonvulsant. The hydrolysis of ATP by
ectonucleotidases is an important source of adenosine and adenosine deaminase
(ADA) regulates the concentration of this nucleoside through its deamination. In this
study, we tested the effect of pentylenetetrazole (PTZ)-induced seizures on
ectonucleotidases and ADA activities in adult zebrafish brain. Our results have
demonstrated that PTZ treatments did not alter ectonucleotidase and ADA activities
in membranes and soluble fraction, respectively. However, ecto-ADA activity was
significantly decreased in brain membranes of animals exposed to 5 mM and 15 mM
PTZ treatments when compared to the control group. Semiquantitative RT-PCR
analysis did not show significant changes after the PTZ exposure on ADA gene
expression. The decreased adenosine deamination observed in this study suggests a
modulation of extracellular adenosine levels during PTZ-induced seizures. Our data
support the use of zebrafish as model for studying purinergic signaling system, which
can be an interesting approach for the identification of pharmacological targets that

may increase the treatment spectrum to epilepsy.

Keywords: Adenosine; Adenosine deaminase; ectonucleotidases; seizures;

pentylenetetrazole; zebrafish.

Abbreviations:  adenosine  deaminase  (ADA); nucleoside  triphosphate

diphosphohydrolase (NTPDase); pentylenetetrazole (PTZ).

38



1. Introduction

Spontaneous and recurrent seizures characterize epilepsy (Fisher et al.,
2005), which is one of the most common neurological diseases worldwide (Elger and
Schmidt, 2008). These epileptic seizures occur due to an imbalance between
synaptic excitation and inhibition that results in hypersynchronous electrical activity of
neuronal networks (Boison and Stewart, 2009). The zebrafish is a small freshwater
teleost which is becoming widely used in genetic, toxicological, behavioral, and
neurochemical studies (Lieschke and Currie, 2007; Gerlai et al., 2009; Grossman et
al., 2010; Siebel et al., 2010). Also, the genome of this fish is well-characterized and
shares many similarities with the human genome (Barbazuk et al., 2000). Studies
have demonstrated that zebrafish larvae and adults could be potential models to
study seizures (Baraban et al., 2005; Berghmans et al., 2007; Wong et al., 2010).
Zebrafish larvae exposed to PTZ, a convulsant agent, presented stereotyped
behavioral, electrographic, and molecular changes, similar to the alterations reported
in rodent seizure models (Baraban et al., 2005). Furthermore, exposure to PTZ,
caffeine, and picrotoxin in adult zebrafish also leads to seizure-like behavioral
responses (Wong et al., 2010). As reported in rodent models, chemically-induced
seizures in zebrafish can be suppressed by classical antiepileptic drugs, such as
valproate, diazepam, and carbamazepine (Baraban et al., 2005; Berghmans et al.,
2007).

Adenosine, which is a modulator of neuronal activity, is effective in seizure
suppression and neuroprotection (Cunha, 2005; Lado and Moshé, 2008). This
nucleoside regulates many physiological and pathophysiological processes through

activation of G protein-coupled receptors named Ai, Aza, Az, and Az, (Fredholm et
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al., 2001; Ribeiro et al., 2003). Anticonvulsant properties of adenosine are mediated
mainly by activation of A; receptors, which reduces the presynaptic neurotransmitter
release and stabilizes the postsynaptic membrane potential (Dunwiddie and Masino,
2001; Fredholm et al., 2001). Several studies have shown the anticonvulsant action
of adenosine and its analogues in different seizure models (Malhorta and Gupta,
1997, 1999; Zuchora et al., 2001; Borowicz et al., 2002). Extracellular adenosine can
be provided by its cellular release or as a result of ATP hydrolysis by
ectonucleotidases, such as NTPDases and ecto-5-nucleotidase (Zimmermann,
2001). ATP is a signalling molecule that acts as a neurotransmitter and/or
neuromodulator through ionotropic P2X and metabotropic P2Y receptors (Ralevic
and Burnstock, 1998; Cunha and Ribeiro, 2000). The NTPDases family members are
cell surface-located enzymes that hydrolyze both tri- and diphosphonucleosides
whereas ecto-5'-nucleotidase hydrolyzes nucleoside monophosphates producing the
nucleoside adenosine (Zimmermann, 1996, 2001). Therefore, ectonucleotidases
control ATP, ADP, AMP and adenosine levels, modulating nucleotide and
nucleoside-mediated signaling (Abbracchio et al., 2009). Extracellular adenosine
concentrations can be also regulated via cell transporters, phosphorylation to AMP
by adenosine kinase or deamination to inosine by ADA (Latini and Pedata, 2001).
ADA catalyzes the adenosine deamination both in the cytosol and at the cell surface
(Franco et al., 1997). Beyond its enzymatic function, ADA interacts with adenosine A;
receptors, allowing the high-affinity binding of adenosine, facilitating the signal
transduction through these receptors (Ciruela et al., 1996). Biochemical and
molecular studies have already characterized NTPDase, ecto-5-nucleotidase, and
ADA in zebrafish brain (Rico et al., 2003; Senger et al., 2004; Rosemberg et al.,

2007, 2008).
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Several studies have reported that seizure episodes can alter
ectonucleotidase pathway. Late and prolonged changes in nucleotide hydrolysis
were reported after status epilepticus induction by pilocarpine and kainate or PTZ-
kindling model (Bonan et al., 2000a, b). After induction of pilocarpine model, it has
been observed an increase in ectonucleotidase activities, which was suppressed by
previous treatment with antiepileptic drugs (Cognato et al., 2007). In addition, an
enhancement in ADA activity was observed in PTZ-kindled mice (llhan et al., 2005,
2006). Despite the important role of the ectonucleotidases and ADA activities on the
regulation of adenosine levels, little is known about the behavior of these enzymes
during acute epileptic seizures. Considering that zebrafish may be a suitable model
organism to evaluate seizure-induced changes in neurochemical parameters and that
adenosine is an important endogenous anticonvulsant, the aim of this study was to
evaluate the effect of PTZ-induced seizure episodes on ectonucleotidase and ADA
activities in zebrafish brain, which are enzymes involved in the adenosine production

and degradation.

2. Materials and methods

2.1 Animals

Adult wild type zebrafish (Danio rerio) of both sexes were obtained from a
commercial supplier (Red Fish, RS, Brazil) and acclimated for 2 weeks before the
experiments in a 50 L thermostated aquarium filled with unchlorinated water
constantly aerated. Fish were kept at 26+2 °C under a 14 -10 h light/dark cycle

photoperiod and fed three times daily with commercial fish flake. The use and
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maintenance of zebrafish were according to the “Guide for the Care and Use of
Laboratory Animals” published by the US National Institutes of Health. The protocol
was approved by the Ethics Committee of Pontifical Catholic University of Rio

Grande do Sul (PUCRS) under the number 09/00117-CEUA.

2.2 Materials

Trizma base, ammonium molybdate, polyvinyl alcohol, malachite green,
nucleotides, adenosine, EDTA, EGTA, sodium citrate, Coomassie blue G, bovine
serum albumin, calcium chloride, and PTZ were purchased from Sigma (St. Louis,
MO, USA). Magnesium chloride, phenol, and sodium nitroprusside were purchased
from Merck (Darmstadt, Germany). TRIzol, SuperScript™ Il First-Strand Synthesis
SuperMix, Taq Platinum, GelRed and Low DNA Mass Ladder were purchased from

Invitrogen (Carlsbad, CA, USA). All other reagents used were from analytical grade.

2.3 In vitro assays

Different concentrations of PTZ (2.5, 5, and 15 mM) were tested on

ectonucleotidase and ADA activities. PTZ was diluted in deionized water and added

to the reaction medium before the preincubation with the enzyme and was

maintained through the enzyme assays.
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2.4 PTZ model

To induce seizures, zebrafish were individually exposed to 2.5, 5, and 15 mM
PTZ in a 250 ml beaker. PTZ treatments were chosen based on previous study with
zebrafish (Baraban et al., 2005). The animals were submitted to the treatment for 20
minutes and the behavior was classified according each stage: stage | — increased
swimming activity (2.5 mM), stage Il — circling swimming behavior (5 mM) and stage
Il — clonus-like seizures followed by loss of posture (fish falls to one side and
remains immobile for 1-3 s) (15 mM) as previously reported for zebrafish larvae
(Baraban et al., 2005; Berghmans et al., 2007) and adults (Wong et al., 2010).
Control group animals were maintained in a 250 ml beaker with tank water for the

same period and conditions as the PTZ -treated groups.

2.5 Preparation of soluble and membrane fractions

Brain samples were obtained as described previously (Rico et al., 2003;
Senger et al, 2004; Rosemberg et al, 2008). First, zebrafish were
cryoanaesthetized, euthanized, and brains were removed by dissection (Wilson et
al., 2009). Samples were then further homogenized in a glass-Teflon homogenizer
according to the protocol for each enzyme assay. For NTPDase and ecto-5'-
nucleotidase assays zebrafish brains were homogenized in 60 vol. (v/iw) of chilled
Tris—citrate buffer (50mM Tris—citrate, 2mM EDTA, 2mM EGTA, pH 7.4). For ADA
experiments, brains were homogenized in 20 vol. (v/iw) of chilled phosphate buffered
saline (PBS), with 2 mM EDTA, 2 mM EGTA, pH 7.4. The brain membranes were

prepared as described previously by Barnes et al. (1993). In brief, the homogenates
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were centrifuged at 800 x g for 10 min and the supernatant fraction was
subsequently centrifuged for 25 min at 40 000 x g. The resultant supernatant and the
pellet obtained corresponded to the soluble and membrane fractions, respectively.
For soluble ADA activity experiments, the supernatant was collected and kept on ice
for enzyme assays. The pellets of membrane preparations were frozen in liquid
nitrogen, thawed, resuspended in the respective buffers and centrifuged for 20 min at
40 000 x g. This freeze—thaw-wash procedure was used to ensure the lysis of the
brain vesicles membranes. The final pellets were resuspended and used for enzyme

assays. All samples were maintained at 2-4'C throughout preparation.

2.6 Ectonucleotidase assays

NTPDase and 5’-nucleotidase assays were performed as described previously
(Rico et al., 2003; Senger et al., 2004). Zebrafish brain membranes (3 ug protein for
NTPDase and 5 ug protein for 5-nucleotidase) were added to the reaction mixture
containing 50 mM Tris—HCI (pH 8.0) and 5 mM CacCl, (for the NTPDase activity) or
50 mM Tris—HCI (pH 7.2) and 5 mM MgCI; (for the 5’-nucleotidase activity) at a total
volume of 200 pL. The samples were preincubated for 10 min at 37 °C before starting
the reaction by the addition of substrate (ATP, ADP or AMP) to a final concentration
of 1 mM. The reaction was terminated after 30 min with 200 L trichloroacetic acid at
a final concentration of 5%. The samples were chilled on ice for 10 min and 1 ml of a
colorimetric reagent composed of 2.3% polyvinyl alcohol, 5.7% ammonium
molybdate, and 0.08% malachite green was added in order to determine the
inorganic phosphate released (Pi) (Chan et al., 1986). The quantification of Pi

released was determined spectrophotometrically at 630 nm and the specific activity
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was expressed as nmol of Pi min™' mg™ of protein. In order to correct non-enzymatic
hydrolysis of the substrates, controls with the addition of the enzyme preparation
after the addition of trichloroacetic acid were used. All enzyme assays were

performed in at least five different experiments, each one performed in triplicate.

2.7 Adenosine deaminase assays

Ecto- and cytosolic-ADA activities were determined as described previously
(Rosemberg et al., 2008). The brain fractions (5-10 pg protein) were added to the
reaction mixture containing 50 mM sodium phosphate buffer (pH 7.0) and 50 mM
sodium acetate buffer (pH 5.0) for soluble and membrane fractions, respectively, in a
final volume of 200 puL. The samples were preincubated for 10 min at 37 °C and the
reaction was initiated by the addition of substrate (adenosine) to a final concentration
of 1.5 mM. The reaction was stopped after 75 min (soluble fraction) and 120 min
(membrane fraction) by the addition of 500 pl phenol-nitroprusside reagent (50.4 mg
of phenol and 0.4 mg of sodium nitroprusside/ml). ADA activity was determined
spectrophotometrically by measuring the ammonia produced over a fixed time using
a Berthelot reaction as previously reported (Weisman et al., 1988). In order to
correct non-enzymatic hydrolysis of the substrates controls with the addition of the
enzyme preparation after mixing with phenol-nitroprusside reagent were used. The
reaction mixtures were immediately mixed to 500 pl of alkaline-hypochlorite reagent
(sodium hypochlorite to 0.125% available chlorine in 0.6M NaOH) and vortexed.
Samples were incubated at 37°C for 15 min and the colorimetric assay was carried
out at 635 nm. Incubation times and protein concentrations were chosen in order to

ensure the linearity of the reactions. The ADA activity was expressed as nmol of NH3
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min~' mg™" of protein. All enzyme assays were performed in at least five different

experiments, each one performed in triplicate.

2.8 Protein determination

Protein was measured by the Coomassie blue method (Bradford, 1976) using

bovine serum albumin as a standard.

2.9 Reverse transcription-polymerase chain reaction (RT-PCR)

The expression of ADA-related genes adal, ada2.1, ada2.2, and adal was
analyzed by a semiquantitative reverse transcription polymerase chain reaction (RT-
PCR) assay. TRIzol® reagent (Invitrogen) was employed to isolate total zebrafish
brain RNA in accordance with manufacturer instructions. The purity of the RNA was
spectrophotometrically quantified by calculating the ratio between absorbance values
at 260 and 280 nm. Afterwards, all samples were adjusted to 160 ng/uL and cDNA
species were synthesized with SuperScriptTM First-Strand Synthesis SuperMix Kit
(Invitrogen, USA), following the supplier's instructions. The B-actin primers were
designed as described previously (Chen et al., 2004). Primer sequences of ADA-
related genes were designed and PCR reactions were performed according to
Rosemberg et al. (2007). PCR products were separated on a 1.0% agarose gel with
GelRed 10x and visualized with ultraviolet light. The fragment lengths expected for
the PCR reactions were confirmed using Low DNA Mass Ladder and B-actin was

determined as an internal standard. Band intensities were analyzed by optical
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densitometry using the software ImageJ 1.37 for Windows after running all PCR

products in a single gel.

2.10 Statistical analysis

Results were expressed as means = S.E.M. Data were analyzed by one-way
ANOVA followed by Duncan post-hoc test. P values < 0.05 were considered as

significant.

3. Results

The in vivo effect of PTZ (2.5, 5, and 15 mM) was tested on NTPDase, ecto-5'-
nucleotidase, and ADA activities in adult zebrafish brain. The animals remained
exposed to PTZ treatments for 20 minutes, enough time for all animals reach stage |
— increased swimming activity (2.5 mM), stage Il — circling swimming behavior (5
mM) and stage lll — clonus-like seizures followed by loss of posture (15 mM) (data
not shown). Our results have demonstrated that PTZ treatment in all doses tested did
not alter ATP, ADP, and AMP hydrolysis in zebrafish brain membranes (Table 1). In
contrast, PTZ inhibited ecto-ADA activity (22.38% and 29.55%, respectively; P<0.05)
at 5 mM (10.61 + 2.07 nmol of NHz min™' mg™" of protein) and at 15 mM (9.63 + 0.77
nmol of NHz min™" mg™" of protein) when compared to the control group (13.67 + 1.81
nmol of NHz min™ mg™ of protein) (Fig. 1A). However, the soluble ADA activity was
not altered by PTZ exposure (Fig. 1B).

In order to elucidate whether PTZ has any direct effect on these enzymes that

could influence the in vivo experiments, we also tested the in vitro effect of PTZ on

47



NTPDase, ecto-5-nucleotidase and ADA activities. No changes were observed in the
enzyme activities in the presence of this drug (data not shown). Semiquantitative RT-
PCR experiments were performed to verify whether the PTZ treatments have altered
the expression of ADA-related genes. The results did not show significant effects of

the PTZ treatments on ADA gene expression in zebrafish brain (Fig. 2).

4. Discussion

The findings of the present study demonstrated that ecto-ADA was altered in
zebrafish brain during PTZ exposure. Soluble ADA, NTPDase, and 5 -nucleotidase
activities did not show significant changes. The decreased ecto-ADA activity
suggests the existence of a modulation of extracellular adenosine levels during PTZ-
induced seizures.

Besides the adenosine release, the hydrolysis of ATP by ectonucleotidases is
another important source of extracellular adenosine. This enzymatic pathway
includes the NTPDase family, which promotes ATP and ADP hydrolysis, and 5'-
nucleotidase, which cleaves AMP to adenosine (Zimmermann, 2001). Therefore, this
enzyme cascade has a dual function, because it removes the excitatory signaling
molecule ATP and concomitantly generates the nucleoside adenosine, which has
important inhibitory effects (Abbracchio et al., 2009). Our study showed that
NTPDase and 5'-nucleotidase activities were not altered during acute seizures
induced by PTZ. Previous studies reported changes in ectonucleotidase activities at
different periods after chemically-induced seizures. In brain samples of adult rats, the
adenine nucleotide hydrolysis was increased in different times (45 min, 5h, 12h) after

quinolinic acid-induced seizures (Nicolaidis et al., 2005) and at 7 days after
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pilocarpine-induced epilepsy (Cognato et al., 2007). After a single convulsive PTZ
injection in rats, no differences in ATP, ADP and AMP hydrolysis were observed on
ectonucleotidase activities from synaptosomal-enriched fractions. However, after
PTZ-kindling, an increased ATP hydrolysis in the rats that were more resistant to
seizure development was reported (Bonan et al., 2000b). The authors suggest that
recurrent seizures could lead to late and prolonged changes in ectonucleotidase
activity, which is not observed after a single seizure episode (Bonan et al., 2000b).
Therefore, our findings are in agreement with this hypothesis since a single PTZ
exposure did not show significant changes in ATP, ADP, and AMP hydrolysis in
zebrafish. In addition, our results demonstrated that ADA activity is altered during a
single PTZ exposure, suggesting a modulation of adenosine levels, which may
represent a compensatory response in order to promote a neuroprotective and
anticonvulsant effect of adenosine.

Studies report that the extracellular adenosine levels rises markedly during
epileptic seizures. In rats, hippocampal adenosine levels increased following seizures
produced by bicuculline, kainic acid, and PTZ (Berman et al., 2000). In humans with
intractable complex partial epilepsy, microdialysis measurements demonstrated that
seizures increase extracellular adenosine range and also that the adenosine levels
remain elevated above basal values after the seizure episodes (During and Spencer,
1992). These findings support the hypothesis that adenosine has been implicated in
the arrest of seizures and postictal refractoriness (During and Spencer 1992; Boison,
2005). As previously reported, besides the cell uptake, and phosphorylation to AMP,
extracellular adenosine concentrations can be regulated through its deamination
(Latini and Pedata, 2001). Studies suggest an important role of this mechanism

during pathophysiological conditions (Lloyd and Fredholm, 1995), since the inhibition
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of adenosine deamination has been shown an effective anticonvulsant strategy in
diverse epilepsy models (Dupere et al., 1999; Southam et al., 2002).

In this study, we showed that PTZ treatments significantly decreased ecto-
ADA activity, whereas did not change adenosine deamination in soluble fraction.
Previous studies reported that the regulation of adenosine levels in intracellular and
extracellular fractions in the zebrafish brain might be promoted by distinct ADA
members (ADA1, ADA2, and ADAL), which have diverse gene expression pattern
and activity properties (Rosemberg et al., 2007, 2008) and might contribute in
different manners for the regulation of adenosine levels. Adenosine deamination has
been attributed mainly to ADA1 activity, a typical cytosolic enzyme that also acts as
an ecto-ADA, cleaving extracellular adenosine (Franco et al., 1997; Zavialov and
Engstrém, 2005). Together with ADA1l, the ADA2 enzyme also contributes to
adenosine deamination. However, it seems to act specifically in the extracellular
fraction (Zavialov and Engstrom, 2005; Zavialov et al., 2010). Beyond its enzymatic
function, there is evidence that ecto-ADA is bound with adenosine receptors,
modulating their affinity (Ciruela et al., 1996; Herrera et al., 2001). Although the
ADAL functionality still remains unclear, the presence of ADAL mRNA transcripts in
zebrafish brain (Rosemberg et al., 2007) might indicate a possible role for this ADA
member in this species. Considering that the inhibition of adenosine deamination
caused by PTZ exposure was observed exclusively for the ecto-ADA activity, our
results suggest that ADA-related members are differentially modulated by PTZ
treatments.

Previous study from our group has already reported the expression profile of
ADA-related genes (adal, ada2.1, ada2.2, and adal) in zebrafish brain (Rosemberg

et al., 2007). Our RT-PCR results showed that PTZ-induced seizures did not interfere
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in the expression of these ADA-related genes. Therefore, the decreased adenosine
deamination observed cannot be associated with alterations in transcriptional pattern
of ADA family enzymes. Since no direct effect of PTZ on the enzyme activities was
shown by in vitro assays, as well as any alterations in transcriptional pattern of ADA-
related genes were observed, we suggest that the modulation of ADA activities might
involve posttranslational events. Rosemberg et al. (2007) showed that the ADA-
related enzymes have putative regulatory sites for posttranslational mechanisms,
such as phosphoylation/desphosphorylation. Therefore, further studies are required
to evaluate the role of these mechanisms in the modulation of ADA activity of
zebrafish.

Wong et al. (2010) showed that caffeine, a nonselective antagonist of
adenosine receptors, was able to induce robust seizure-like behavior in adult
zebrafish. This result is in agreement with our suggested hypothesis that adenosine
signaling is related with epileptic seizures in zebrafish. Despite the extensive use of
rodents, zebrafish has being increasingly recognized as an important model
organism to study the neurobiology of epilepsy (Baraban, 2007; Hortopan et al.,
2010). Recent studies have shown the antiepileptic effects of valproic acid in the
adult zebrafish, which coincides with reduced heat shock protein 70 (HSP70) mRNA
expression, preventing learning impairment promoted by PTZ treatment (Lee et al.,
2010). In addition, PTZ-induced seizures result in a massive reduction in cell
proliferation in wide-ranging areas of the zebrafish developing brain (Kim et al.,
2010). Several behavioral, electrographic, molecular, and endocrine responses to
induced-seizures have being characterized in this species (Baraban et al., 2005;
Berghmans et al., 2007; Wong et al., 2010) and these tools can also be a tempting

strategy for further studies related to epileptic seizures in zebrafish.
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In summary, our findings showed that adenosine deaminase activity is altered
during PTZ-induced seizures whereas ectonucleotidase activities are not affected by
this condition. Such effects have showed that the catabolism of adenosine may be
modulated by seizure development in zebrafish. These results clearly contribute to
the demonstration that the enzyme pathway involved in the control of adenosine
levels may participate of the mechanism of seizure induction and development.
Furthermore, our data suggest that the use of zebrafish as model of the adenosine
signaling system can be an interesting approach for the identification of

pharmacological targets that may increase the treatment spectrum to epilepsy.
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Figure Legends

Figure 1: Effect of PTZ treatments (2.5, 5, and 15 mM) on membrane-bound (A) and
soluble (B) ADA activity from zebrafish brain. Bars represent the mean + S.E.M. The
symbol (*) represents a significant difference from control group (one-way ANOVA,
followed by Duncan test as post hoc, P<0.05). The specific enzyme activity is

reported as nmol of NHz min™" mg™ of protein.

Figure 2: Effect of PTZ treatments (2.5, 5, and 15 mM) on ADA gene expression
pattern. The figure shows B-actin, adal, adal, ada2.1, and ada2.2 expression in adult
zebrafish brain (A) and the enzyme/B-actin mRNA ratios obtained by optical
densitometry analysis (B). The results were expressed as optical densitometry of the
ADA-related genes versus B-actin expression (mean = S.E.M) of four independent

replicate RT-PCR experiments.

Table 1: Effect of PTZ treatments on ectonucleotidase activities in adult zebrafish

brain membranes

Group n ATP ADP AMP
Control 5 4759+ 101.6 68.6 £13.4 12.83+2.3
2.5 mM 5 421.3+92.1 64 + 8.5 11.14+1.7
5mM 5 419.2 £ 87.7 72.2+14 1220+ 1.6
15 mM 5 488.5+104.5 68.2+£11.7 13.07+1.3

The specific activity was expressed as nmol Pi. min~".mg™ protein.
Data are expressed as mean = S.E.M.
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Figure 2
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CAPITULO 4

CONSIDERACOES FINAIS
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A epilepsia encontra-se hoje entre as principais doengas neuronais cronicas.
Conforme a Organizagdo Mundial de Saude existem em torno de 50 milhdes de
pacientes epilépticos no mundo, sendo que de 0,4 a 1% da populagdo mundial tem o
que se considera epilepsia ativa, ou seja, apresenta convulsdes recorrentes ou
necessita de tratamento crénico (Pitkanen, 2010). Os farmacos antiepilépticos
constituem a principal opgdo no tratamento da epilepsia. Alternativas néo-
farmacoldgicas (cirurgias, dieta cetogénica, entre outras) sdo viaveis em poucos
casos e aplicadas somente quando o uso de farmacos nao é efetivo (Duncan et al.,
2006).

Individuos com epilepsia apresentam predisposicao cronica a ocorréncia de
crises convulsivas, causadas por descargas subitas, excessivas e sincrbnicas em
um grupo neuronal (Fisher et al., 2005; Elger & Schmidt, 2008). Os mecanismos que
envolvem a ocorréncia dessas descargas neuronais nao estdo completamente
esclarecidos. Sabe-se que ocorre o aumento subito de sinapse excitatéria e falhas
nos mecanismos inibitérios, que podem envolver alteracdes em propriedades
neuronais intrinsecas, como instabilidade da membrana, disfun¢cdes nos canais
idnicos, e capacidade neuronal de manter e propagar o estimulo (Elger & Schmidt,
2008). Os farmacos antiepilépticos atuam impedindo essas descargas neuronais
excessivas. Agem principalmente reduzindo a excitabilidade elétrica das membranas
celulares, controlando canais de Na® e através da potencializacdo da
neurotransmissdo inibitéria gabaérgica (Rogawski & Ldscher 2004a,b). Assim, os
medicamentos antiepilépticos sdo paliativos, atuam prevenindo convulsées, mas nao
impedem o agravamento da doenca e ndo tem efeitos na epileptogénese, ou seja,
ndo impedem a epilepsia decorrente de insultos como traumatismos e hipoxia (Bialer
& White, 2010). Mesmo com o desenvolvimento de novos farmacos nos ultimos
anos, ainda ndo se tem um tratamento totalmente eficaz que controle a
epileptogénese e ndo cause efeitos adversos. Além disso, em torno de 30% dos
pacientes epilépticos ndo respondem aos tratamentos farmacoldgicos disponiveis
(Stefan & Hopfengértner, 2009).

Para que se possa obter o efetivo controle da epilepsia é necessario o melhor
entendimento dos mecanismos envolvidos na predisposicdo a ocorréncia de
descargas neuronais descontroladas e no mecanismo de acdo dos farmacos
antiepilépticos. E necessaria a melhor caracterizacdo do envolvimento de diferentes

vias de sinalizagdo nos processos que envolvem a epilepsia. ldentificando os
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mecanismos envolvidos, pode-se, por exemplo, buscar novos alvos de acdo para
farmacos antiepilépticos. Os sistemas purinérgico e colinérgico sdo importantes vias
de sinalizagdo no SNC, estando amplamente distribuidos e envolvidos em diversos
mecanismos de controle neuronal (Zimmermann, 2008). Disfungbes no sistema
colinérgico ja estdo evidentemente relacionadas a diferentes patologias (Alzheimer,
Parkinson, déficit de atencdo e distarbios de ansiedade, entre outros), e mais
recentemente vem se estabelecendo a ligacdo do sistema purinérgico com algumas
doencas humanas, como neurodegenerativas e inflamagédo (Zimmermann, 2008;
Khakh & Burnstock, 2009).

A sinalizacdo através da ACh pode promover a excitabilidade neuronal e
também descargas neuronais excessivas, caracteristicas de crises convulsivas.
Esse efeito ocorre principalmente através da ativagdo de receptores muscarinicos
(D’Antuono, 2007). A ativagcdo do sistema colinérgico pode levar a liberacao
excessiva de glutamato, causando convulsdes (Friedman et al., 2007). A AChE é
fundamental no controle da sinalizacdo colinérgica, uma vez que a inativacdo da
ACh ocorre fundamentalmente através de sua hidrolise (Zimmermann & Soreq,
2006). A injegcao, em hipocampo de camundongos, de inibidor da AChE, induziu
crises convulsivas cronicas e mostrou que a ativacédo focal do sistema colinérgico
pode causar epilepsia (Pernot et al., 2009). Em ratos, tratamentos com inibidor da
AChE causaram status epilepticus e posterior ocorréncia crénica de convulsdes
(Furtado et al., 2011).

Em nosso estudo, testamos o efeito in vitro de diversas concentragdes (10-
1000 uM) de carbamazepina, fenitoina e gabapentina na atividade da AChE, em
membranas cerebrais de peixe zebra. A fenitoina e a gabapentina ndo causaram
efeito na atividade enzimatica. A carbamazepina, nas concentragdes 500 uM
(25,2%) e 1000 puM (38,7%), diminuiu a hidrélise de ACh. A faixa terapéutica de
concentracdo sérica de carbamazepina esté entre 15 a 45 yM (Loiseau & Duche,
1995). Nossos resultados mostraram efeitos inibitérios da carbamazepina na
atividade da AChE apenas em altas concentragdes (500 e 1000 yM). Esses dados
indicam que altas concentragbes de carbamazepina podem levar ao aumento dos
niveis de ACh, uma vez que inibem sua degradacgdo. Essa elevagdo nos niveis de
ACh pode ter efeitos neurotoxicos, além de causar crises convulsivas (Friedman et
al., 2007).
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No sistema purinérgico, o ATP atua como um neurotransmissor excitatério
(principalmente ativando receptores P2X) e também tem envolvimento na
proliferagéo, crescimento e diferenciagcdo celular (atuando em receptores P2Y)
(Fields & Burnstock, 2006; Burnstock, 2008). Imediatamente apds algum insulto,
como traumatismo ou hipdxia, ocorre a elevada liberagdo de ATP, que atua como
um sinalizador, ativando mecanismos de defesa (Abbracchio et al., 2009). O ATP
liberado em resposta a uma atividade neuronal pode ser rapidamente degradado
pelas ectonucleotidases, gerando o neuromodulador inibitério adenosina (Burnstock,
2008). Assim, o ATP tem propriedades excitatorias, mas € também substrato para a
producdo de um modulador com efeitos inibitorios. As ectonucleotidases, familia de
enzimas que inclui as NTPDases e a 5'nucleotidase, sdo responsaveis pela
regulacdo dos niveis de ATP e adenosina, controlando a sua agdo e modulando o
sistema purinérgico. Estdo localizadas na superficie celular e atuam especificamente
na hidrélise de nucleotideos (Yegutkin, 2008).

Considerando que as ectonucleotidases controlam o0s niveis do
neurotransmissor excitatério ATP e do neuromodulador inibitério adenosina, essas
enzimas tornam-se importantes na epilepsia. Diversos estudos verificaram
alteragcdes na atividade destas enzimas em modelos animais de crises convulsivas e
epilepsia. A inducdo de epilepsia através de tratamentos com pilocarpina e &cido
cainico causou alteracdes tardias e prolongadas na atividade das ectonucleotidases
(Bonan et al., 2000a). Em ratos submetidos ao modelo kindling com PTZ, ndo houve
alteragbes enzimaticas ap0s uma Unica convulsdo, porém apds a ocorréncia de
diversas crises, foi verificado o aumento da hidrélise de ATP (Bonan et al., 2000b).
Crises convulsivas sucessivas provocaram o0 aumento na atividade das
ectonucleotidases por até 48 horas em soro de ratos tratados com PTZ. ApGs uma
Unica crise convulsiva, foi verificado o aumento da atividade dessas enzimas por até
24 horas (Bruno et al., 2002, 2003).

Estudos mostram que farmacos antiepilépticos podem alterar a atividade
enzimatica das ectonucleotidases. Em nossas analises, a carbamazepina (1000 uM)
inibiu a hidrolise de ATP e a fenitoina (500 e 1000 yM) aumentou a hidrélise de
AMP. A alteragéo provocada pela carbamazepina coincide com os efeitos verificados
por Horvat et al. (2006), que evidenciou a inibigdo induzida por carbamazepina na
atividade in vitro das Ecto-ATPases em sinaptossomas cerebrais de ratos. Em

modelos in vivo, a carbamazepina e a fenitoina preveniram o aumento induzido por
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pilocarpina na hidrélise de ATP, ADP e AMP em sinaptossomas de hipocampo e
cortex cerebral de ratos. O 4cido valproico impediu o aumento da hidrélise de ATP e
ADP em sinaptossomas de hipocampo (Cognato et al., 2007). O aumento na
hidrélise de AMP induzida pela fenitoina pode indicar um potencial mecanismo de
acdo desse farmaco antiepiléptico. A 5-nucleotidase tem papel importante na
producdo de adenosina, e 0 aumento na sua atividade pode levar a maior producao
desse nucleosideo neuroprotetor (Robson, 2006).

A acdo neuroprotetora da adenosina foi verificada ha mais de 20 anos,
quando estudos mostraram que seus niveis aumentavam rapidamente durante
crises convulsivas e contribuiam para o término da convulsdo (Dragunow et al.,
1985; Dragunow, 1991; During & Spencer,1992). A adenosina apresenta acao
anticonvulsivante principalmente através da ativagdo de receptores A;. A ativacdo
desses receptores leva & inibicdo de canais de Ca®* e & diminuigéo da liberagdo de
diversos neurotransmissores, principalmente glutamato, dopamina, serotonina e
acetilcolina (Fredholm et al., 2005; Boison, 2007).

Devido as promissoras propriedades anticonvulsivantes da adenosina, assim
como a importéancia das ectonucleotidases e da ADA no controle dos niveis desse
modulador, consideramos importante o0 estudo da atividade dessas enzimas em
crises convulsivas induzidas por PTZ em peixe zebra. Nossos resultados mostraram
que ndo houve alteracdo enziméatica nas ectonucleotidases e na ADA intracelular.
Porém, houve diminuigdo significativa na hidrélise de adenosina extracelular. Os
testes in vitro ndo mostraram alteragdes de atividade em nenhuma das enzimas. A
significativa diminuicdo na degradacdo de adenosina verificada em nossos
experimentos pode sugerir a ocorréncia de modulagdo extracelular dos niveis de
adenosina durante crises convulsivas em peixe-zebra. Além disso, esse resultado
estd de acordo com estudos que verificaram niveis aumentados de adenosina
durante crises convulsivas (During & Spencer,1992).

Durante a realizagdo desse estudo verificamos que farmacos antiepilépticos
podem alterar a atividade in vitro das ectonucleotidases e da AChE, demonstrando
sua influéncia nos sistemas purinérgico e colinérgico. Esses resultados sugerem a
importancia da realizacdo de estudos in vivo para o melhor entendimento da acéo
dos farmacos antiepilépticos nestes importantes sistemas de neurotransmissao.

A auséncia de altera¢Bes nas atividades enziméticas das ectonucleotidases

apds crise convulsiva induzida por PTZ estd de acordo com estudos prévios que
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observaram aumento na hidrélise de nucleotideos apds crises convulsivas
recorrentes, sem verificar alteracdes ap6s um Unico episédio. Esses resultados
sugerem a ocorréncia de adaptagdes duradouras nas ectonucleotidases, que levam
ao aumento da hidrélise de ATP e consequiente producédo de adenosina, mostrando
que essas enzimas podem ter um importante papel neuromodulador na
epileptogénese (Bonan et al., 2000a,b; Bruno et al.,, 2002,2003). A inibicdo da
hidrolise extracelular de adenosina verificada em nosso modelo de crise convulsiva
enfatiza a ocorréncia da modulacdo dos niveis desse nucleosideo, levando ao
aumento de sua acdo inibitoria, que impede a propagacao das descargas neuronais
excessivas, contribui para o término da crise convulsiva e previne a epileptogénese
(Fedele et al., 2008; Li et al., 2008).
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ANEXO
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