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Parte I.




RESUMO

O pentilenotetrazol (PTZ) é um agente convulsivo amplamente utilizado
em modelos animais para investigacdes envolvendo crises convulsivas.
Embora haja um crescente numero de estudos envolvendo zebrafish adulto e
convulsdo, ndo ha até o momento uma caracterizagdo comportamental
detalhada do modelo de inducdo de crises por PTZ neste animal. Portanto, o
objetivo deste estudo foi realizar uma caracterizagdo detalhada das
manifestacdées comportamentais no modelo de convulsdo induzida por PTZ em
zebrafish adulto. Grupos de 12 animais foram submetidos, por imerséo, a
distintas diferentes concentragbes de PTZ (5, 7.5, 10 e 15 mM). O
comportamento convulsivo foi observado durante 20 minutos. Os animais
apresentaram os seguintes escores comportamentais: (0) nados curtos; (1)
aumento na atividade natatéria e na abertura opercular; (2) movimentos
erraticos e acelerados; (3) movimentos circulares; (4) convulsao clénica; (5)
convulsao tbénica; (6) morte. Os animais expostos a diferentes distintas
concentracbes de PTZ apresentaram diferentes distintos perfis convulsivos,
intensidades de convulsdo e laténcia para chegar aos escores. Apenas 0s
animais imersos na concentracao de 15 mM apresentaram maior tempo para
retornar ao comportamento normal apés a exposicdo ao PTZ. A mortalidade foi
de 33% e 50% para as concentragdes de 10 mM e 15 mM, respectivamente.
No intuito de avaliar abordagem perfil comportamental frente ao pré-tratamento
de um farmaco anticonvulsivo, 12 animais foram expostos a diazepam (DZP)
por 40 min e apos expostos ao PTZ (10 mM). O tratamento com DZP atenuou a
severidade da convulsdo, mas ndo o tempo necessario para retornar ao
comportamento normal. Levando em consideracao que este modelo baseia-se
na imersao direta do animal a uma solugcdo de PTZ, avaliamos também as
concentragbes cerebrais deste agente convulsivo. Além disso, investigamos
também uma possivel correlacdo entre a concentracdo cerebral de PTZ, o
tempo e a concentragao de exposicao. Os resultados decorrentes da exposicao
dos animais a 5 e 10 mM de PTZ, apontam para uma correlagao tempo e
concentracdo dependentes. Os resultados deste trabalho demonstram uma
caracterizagdo comportamental detalhada ao longo do tempo de exposigéo ao
PTZ, além de avaliar pela primeira vez a intensidade de convulsdo, tempo de
retorno ao comportamento normal e mortalidade dos animais. Além disso, pela
primeira vez foram determinadas as concentracées cerebrais deste composto
neste modelo de convulsdo em zebrafish adulto. Por fim, espera-se que tais
ferramentas comportamentais e de quantificacdo cerebral deste composto
possam ser uteis em futuras investigagcdes translacionais e estudos que
tenham como objetivo melhor compreender esta desordem.



ABSTRACT

Pentylenetetrazole (PTZ) is a common convulsant agent used in animal
models to investigate the mechanisms of seizures. Although adult zebrafish
have been recently used to study epileptic seizures, a thorough characterization
of the PTZ-induced seizures in this animal model is missing. The goal of this
study was to perform a detailed temporal behavior profile characterization of
PTZ-induced seizure in adult zebrafish. The behavioral profile during 20 min of
PTZ immersion (5, 7.5, 10, and 15 mM) was characterized by stages defined as
scores: (0) short swim, (1) increased swimming activity and high frequency of
opercular movement, (2) erratic movements, (3) circular movements, (4) clonic
seizure-like behavior, (5) fall to the bottom of the tank and tonic seizure-like
behavior, (6) death. Animals exposed to distinct PTZ concentrations presented
different seizure profiles, intensities and latencies to reach all scores. Only
animals immersed into 15 mM PTZ showed an increased time to return to the
normal behavior (score 0), after exposure. Total mortality rate at 10 and 15 mM
were 33% and 50%, respectively. Considering all behavioral parameters, 5, 7.5,
10, and 15 mM PTZ, induced seizures with low, intermediate, and high severity,
respectively. Pretreatment with diazepam (DZP) significantly attenuated seizure
severity. Finally, the brain PTZ levels in adult zebrafish immersed into the
chemoconvulsant solution at 5 and 10 mM were comparable to those described
for the rodent model, with a peak after a 20-min of exposure. The PTZ brain
levels observed after 2.5-min PTZ exposure and after 60-min removal from
exposure were similar. Altogether, our results showed a detailed temporal
behavioral characterization of a PTZ epileptic seizure model in adult zebrafish.
These behavioral analyses and the simple method for PTZ quantification could
be considered as important tools for future investigations and translational
researches.



ABREVIACOES

c-Fos — Proto-oncogéne de fatores de transcrigao

DAE(s) — Drogas anti-epilépticas

GABA — Acido gama-aminobutirico

GABAA — Receptor tipo A do neurotransmissor Acido gama-aminobutirico
GABAg — Receptor tipo B do neurotransmissor Acido gama-aminobutirico
GABAc — Receptor tipo C do neurotransmissor Acido gama-aminobutirico
I.P. - Intraperitonial

PTZ — Pentilenotetrazol

S.C. - Subcuténeo

SNC - Sistema Nervoso Central



INTRODUGAO

1. EPILEPSIAS

O termo epilepsia engloba um conjunto de disturbios que acometem o
sistema nervoso central (SNC), os quais apresentam crises epilépticas
recorrentes caracterizadas por descargas transitdrias, excessivas e
hipersincronicas das células nervosas (Fisher et al., 2005). A atividade
neuronal anormal durante as crises epilépticas pode acometer uma
determinada regido do SNC (convulsdo focal) ou ocorrer de forma
generalizada, afetando ambos hemisférios cerebrais. Dependendo da regido de
origem da crise convulsiva, o paciente pode apresentar manifestagdes visuais,
olfativas, auditivas, mneménicas, motoras, etc. Por essa vasta gama de
possibilidades autores descrevem esta desordem como “epilepsias” (Bell et al.,
2011; Caplan et al., 2008; Kavros et al., 2008).

Estima-se que aproximadamente 3% da populacdo mundial apresenta
epilepsias, sendo que cerca de 80% encontram-se em paises com baixo indice
de desenvolvimento humano (Newton e Garcia, 2012). Para o diagndstico das
epilepsias, considera-se: (i) histérico de ocorréncia de pelo menos uma crise
convulsiva; (ii) alteragdes cerebrais fisiolégicas e anatbmicas persistentes,
predispondo o paciente a futuras crises convulsivas; e (i) condigdes
associadas como: alteragdes psicoldgicas, cognitivas, neurobioldgicas, sociais,
aumento de agressividade, ansiedade, déficit de atengdo, confusdo mental,
depressao, déficit de memoria, entre outros (Fisher et al., 2005; Lin et al.,
2012).

Crises convulsivas sao sinais transitorios da ativagao excessiva do SNC.

Segundo Gowers (1881), esta hiperativagdo resulta da potenciagdo dos



mecanismos excitatorios, ou da falha dos mecanismos inibitérios do SNC. A
convulsdao é a principal manifestagao clinica que caracteriza as epilepsias
(Baraban, 2007; Lin et al., 2012). Para tanto, busca-se modelos animais desta
desordem visando o estudo dos mecanismos neuroquimicos e eletrofisioldgicos
envolvidos na génese e na manutengao das crises epilépticas, bem como o
desenvolvimento de farmacos que previnam tais manifestacao.
1.1. Modelos animais

Durante o ultimo século, diversos modelos animais foram desenvolvidos
na tentativa de mimetizar esta desordem e com o intuito de aprofundar o
conhecimento sobre as epilepsias. Apesar do frequente aparecimento de
diferentes modelos experimentais, geralmente cada modelo esta restrito a
algumas das caracteristicas desta ou daquela forma de epilepsia, sendo
improvavel estudar esta desordem em um unico modelo animal (Loscher,
2011). Neste sentido, a caracterizagao de multiplos modelos experimentais de
epilepsias ou de crises convulsivas permite uma compreensao mais ampla dos
fendmenos relacionados com esta desordem (Coppola and Moshe, 2012).

Inicialmente, os modelos foram classificados em genéticos e nao
genéticos (Loscher, 1984). O primeiro consiste na geracdo de crises
espontaneas geralmente relacionadas a alteragdes na formagédo e/ou no
desenvolvimento do sistema nervoso (Loscher, 1984). Tal abordagem permite
estudar a desordem de forma crénica, tendo em vista que ao decorrer do
desenvolvimento do animal ocorreram crises convulsivas recorrentes. Por outro
lado, esta mesma abordagem torna dificil o estudo da crise convulsiva em si, ja
que € complicado estipular um controle do inicio da manifestagdo. O segundo
consiste na submissdo do animal a estimulos quimicos ou elétricos, os quais

culminam em crises convulsivas (Stewart et al., 2012). Este tipo de abordagem



permite precisar o momento exato do inicio da manifestacdo, tendo em vista
que sera resultado da aplicacao pontual de um farmaco ou estimulo elétrico.
Dependendo do farmaco testado, pode ainda haver a subdivisdo em modelos
agudos ou cronicos. Dentre os modelos cronicos destacam-se o modelo de
LiCl-pilocarpina (Tang et al., 2011) e o modelo do acido cainico (Bloss e
Hunter, 2010). Ap6s a aplicagdo dos farmacos, os animais apresentam uma
crise prolongada, denominada de status epilepticus, o qual é seguido pelo
surgimento de crises recorrentes. Para os modelos agudos, encontra-se em
destaque o modelo do pentilenotetrazol (PTZ), o qual induz uma crise
convulsiva rapida com baixa mortalidade (Rubio et al., 2010). Ressalta-se que
utilizando compostos indutores de crises agudas, pode-se ainda gerar crises
cronicas através do método de abrasamento (“Kindling”) (Takechi et al., 2012).

Essa diversidade de modelos animais permitem a pesquisadores
estudarem desde alteragbes genéticas que levam a crises, como por exemplo
mutagdes em canais de K+ (Robbins e Tempel, 2012), até crises convulsivas
pontuais que individuos possam vir a ter durante a vida decorrente de periodos
de hipdxia-isquemia (Burns et al., 2012), glioma (Buckingham e Robel, 2013),
episddios de febre (Byler et al., 2013), etc. A crise convulsiva € um sintoma nao
s6é da epilepsia, mas de diferentes patologias tais como, a Doenga de
Alzheimer (Pandis and Scarmeas, 2012),a Doenca de Parkinson (Boison et al.,
2010), o Diabetes mellitus (Verrotti et al., 2012), entre outras. Os modelos
agudos de convulsdo, permitem estudar pontualmente este sintoma e
realizarem triagens de farmacos que inibam especificamente a crise convulsiva.
1.2. Pentilenotetrazol

O pentilenotetrazol € um agente convulsivo capaz de gerar tanto crises

agudas, quanto crénicas (método do abrasamento) (Takechi et al., 2012). Este



€ um dos compostos mais utilizados nos ultimos 60 anos com o propédsito de
desenvolvimento de drogas anti-epilipeticas (DAE) (Loscher, 2011).

Apds uma administragdo subcutanea (s.c.) ou intraperitoneal (i.p.) de
PTZ em roedores, os animais apresentam crises convulsivas ténico-clénicas
com duragao de 5 min (Brito et al., 2006). A agao convulsiva do PTZ deve-se
ao seu antagonismo nao competitivo sobre os receptores GABAa, diminuindo
assim a acgao inibitéria do GABA no SNC (Ramanjaneyulu e Ticku, 1984).

O GABA ¢ o principal neurotransmissor inibitério do sistema nervoso
central (Rowley et al., 2012). Ao ser liberado pelo neurénio pré-sinaptico, este
neurotransmissor atua em receptores ionotrépicos (GABAa e GABAc) (Laurie et
al., 1992; Perfilova e Tiurenkov, 2011) ou metabotrépicos (GABAg) (Bowery,
1997), localizados na pré- e na pds-sinapse. O GABA ao ligar-se no receptor
GABAA na poés-sinapse promove a abertura do canal ibnico do receptor,
permitindo o influxo de ions CI" e o efluxo de ions K* do neurdnio alvo,
resultando na sua hiperpolarizagdo (Sieghart e Sperk, 2002). A medida que o
PTZ atinge o sistema nervoso central, este se liga aos receptores GABAa
impedindo a agdo do GABA, consequentemente bloqueando o influxo de ions
CI e o efluxo de ions K* do neurénio (Ramanjaneyulu e Ticku, 1984). Devido a
sua agao antagonista sobre os receptores GABAa, o0 PTZ provoca um
desequilibrio no balango excitacao/inibicdo no SNC, resultando na
hiperexcitabilidade neuronal e gerando uma crise epiléptica generalizada
(Ferando e Mody, 2012).

Estima-se que 97% dos animais injetados com a concentragdo de 60
mg/Kg apresentem as seguintes manifestagbes (Loscher, 2011): score 1 —
clonismos faciais; score 2 — movimentacao de flexdo e extencao da cabecga;

score 3 — clonismos de patas; score 4 — respostas de orientagdo, onde o animal



permanece de pé apenas sobre as patas traseiras (“rearing”) seguido de
clonismos de patas e queda; e score 5 — crises tbnico/clénicas generalizadas
(Bao et al., 2011; Rauca et al., 2004). A laténcia média para a manifestacao
completa das crises é de aproximadamente 15 min apds a injegao (Brito et al.,
2006). Decorrente da alta reprodutibilidade do modelo de PTZ e facil
observagcdo da crise (visual), pesquisadores utilizam-no para testes de
compostos com potencial (Shorvon, 2009a; Shorvon, 2009b).
1.3. Refratariedade

Apesar do avango no tratamento das epilepsias e o desenvolvimento de
inimeros protocolos pré-clinicos nas ultimas décadas, persiste a busca por
farmacos que apresentem uma melhor eficacia e tolerabilidade (Loscher e
Schmidt, 2011). A utilizagdo de modelos animais de epilepsia ainda é uma
estratégia de primeira linha para a descoberta de novas drogas anti-epilépticas.

Atualmente, estima-se que 30% dos pacientes epilépticos sejam
refratarios aos tratamentos farmacoldgicos disponiveis (Kwan et al., 2010;
Loscher e Schmidt, 2011). Segundo Loscher, (2011), essa alta porcentagem de
refratariedade pode estar relacionada ao uso de apenas alguns modelos
animais para triagem de novas DAEs, os quais focam-se principalmente no uso
de roedores. Essa restricio resultaria em farmacos redundantes, com
respostas similares. Portanto, € de grande valia a caracterizagdo e
implementagcéo de novos modelos animais, que possibilitem novos achados e,
além disso, facilitem e diminuam o custo das triagens farmacoldgicas.
2. Zebrafish

O zebrafish (Danio rerio), conhecido popularmente por peixe-zebra ou
“‘paulistinha”, é um teledsteo de 2-4 cm pertencente a familia Cyprinidae, o qual

foi utilizado pela primeira vez para pesquisas cientificas por George Streisinger
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no Instituto de Tecnologia da Califérnia (EUA) (Grunwald e Eisen, 2002).
Devido ao seu ovo ser translucido e possuir um rapido desenvolvimento (2
meses), adquiriu aplicabilidade em estudos relacionados a biologia do
desenvolvimento e embriogénese (Lele and Krone, 1996; Stern e Zon, 2003).

Além disso, outras caracteristicas tornaram esta espécie extremamente
atrativa quando comparado a outros modelos animais, tais como mosca-das-
frutas (Drosophila melanogaster), rato (Rattus norvegicus) e camundongo (Mus
musculus). Dentre as vantagens apresentadas, destacam-se as seguintes:
pequeno espaco requerido para a manutencao; baixo custo; e praticidade para
triagens em larga escala (Lieschke e Currie, 2007).

Houve progresso consideravel no estudo da genética e da genémica do
zebrafish na ultima década. Em 2001, o Instituto Sanger comegou o
sequenciamento do genoma dessa espécie e identificagdo de regides
codificadoras (Stern e Zon, 2003; Vogel, 2000). O zebrafish possui diversos
genes evolutivamente conservados e apresenta um alto grau de homologia
com genes de mamiferos (Barbazuk et al., 2000; Lieschke e Currie, 2007).
Devido ao crescimento no numero de estudos utilizando esse vertebrado, foi
criada em 1994 uma rede de informagdes denominada ZFIN (http://zfin.org), na
qual laboratérios de diversos paises podem depositar informacdes acerca da
genética, histologia, anatomia, fisiologia e bioquimica dessa espécie.
Adicionalmente, o ZFIN disponibiliza também um manual de criagédo e
manutencdo em laboratério do zebrafish (Sprague et al., 2003).

Desde os anos 60 e principalmente na ultima década, o zebrafish tem
franca expansdo nas areas da bioquimica (Rico et al., 2011; Taylor et al.,
2004), das neurociéncias (Edwards e Michel, 2002), da farmacologia

(Goldsmith, 2004) e da biologia do comportamento (Blaser e Rosemberg, 2012;
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Egan et al.,, 2009; Gerlai, 2003; Guo, 2004; Rosemberg et al., 2012). Por
apresentar tamanho pequeno e facil absor¢édo de compostos diluidos em agua,
a quantidade em gramas das moléculas teste passa a ser uma fragao reduzida
daquela necessaria para roedores (Goldsmith, 2004). Isto facilita e reduz
custos dos processos de triagem em larga escala de possiveis compostos
terapéuticos (Rico et al., 2011; Stern e Zon, 2003). Outro ponto, é a utilizagdo
deste modelo animal como primeiro passo para estudar achados in vitro, o que
permite detalhar complexas interacbes exercidas por diferentes compostos,
assim como a relacdo dos mecanismos envolvidos no efeito promovido por
moléculas distintas em sistemas bioldgicos (Rico et al., 2011). A utilizagdo do
zebrafish como modelo animal em pesquisas relacionadas a doencas humanas
ja foi previamente descrita (Hammes et al., 2012; Hortopan et al., 2010a).

A necessidade de desenvolvimento de novas DAEs que venham a
diminuir a porcentagem de pacientes epilépticos refratarios demanda um
desafio na triagem de novos compostos anticonvulsivos e/ou antiepilépticos.
Isto enfatiza a necessidade do desenvolvimento de novos modelos animais de
convulsdao e epilepsia (Loscher, 2011). Como os modelos de roedores
apresentam um alto custo de manutengdo ou dificil manipulagdo genética,
organismos inferiores emergem como espécies Uteis para a triagem inicial de
farmacos ou mutagdes genéticas relacionadas com epilepsia (Berghmans et
al., 2007). Apesar de nos ultimos anos invertebrados (Caenorhabditis elegans e
a Drosophila melanogaster) fornecerem achados sobre epilepsia, a auséncia
de um sistema nervoso complexo limita sua aplicabilidade (Baraban, 2007).

Desta forma, o zebrafish emerge como um potencial modelo animal para
o estudo das epilepsias. Além de ser um vertebrado, apresenta homologia

fisiologica e similaridade dos constituintes da barreira hematoencefalica ao se
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comparar com humanos (Barbazuk et al., 2000; Eliceiri et al., 2011; Jeong et
al., 2008; Rico et al., 2010). Outro ponto a ser considerado é a disponibilidade
de utilizar este animal em uma abordagem ontogenética desta desordem.
2.1. Zebrafish larva e epilepsia

O ano de 2005 marca o inicio da aplicabilidade deste modelo animal
para estudos envolvendo epilepsia. Baraban et al.,, (2005) publicaram um
trabalho pioneiro no qual submeteram larvas de zebrafish a diferentes
concentracbes de pentilenotetrazol. O resultado foi visto como uma
manifestagdo convulsiva tonico-clénica. Além disso, os autores observaram
também uma elevada atividade eletroencefalografica epileptiforme no SNC das
larvas bem como o0 aumento na expressdao de sinalizadores de atividade
neuronal (c-fos). Apés este estudo, Berghmans et al., (2007) demonstraram a
primeira aplicabilidade deste modelo em triagens de compostos anti-
convulsivos. Utilizando o padrao convulsivo descrito por Baraban et al., (2005)
e 0 baixo espago ocupado pelas larvas, este grupo utilizou uma placa de 96
pocos, colocando um animal por poco e adicionando PTZ, ou PTZ+composto a
ser testado, realizando uma vasta triagem de compostos classicamente
aplicados a humanos. Tao importante quanto a aplicabilidade do modelo foram
os achados frente as respostas a DAEs classicos. O modelo de roedor induzido
por PTZ responde limitadamente a DAEs que atuam via sistema GABAérgico
(Loscher, 1984). Contudo neste estudo, além desta mesma resposta vista no
modelo de roedor, farmacos que atuam por outras vias, como por exemplo, a
glutamatérgica, também apresentaram resposta anticonvulsiva. Este achado
aponta para a possibilidade de realizar uma ampla triagem farmacoldgica com
um unico modelo de convulsdo, diferentemente do observado em roedores.

Outro ponto debatido pelos pesquisadores foi o fato de larvas de zebrafish
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frente a DAEs apresentarem sedagéo, gerando a duvida se o farmaco inibiu a
convulsao a nivel de SNC, ou apenas tornou o animal imével. Afrikanova et al.,
(2013), dando continuidade a este trabalho, demonstraram por intermédio de
técnicas eletrofisiolégicas que mesmo com potencial efeito sedativo os DAEs
testados impediram a convulsao a nivel de SNC.

Além disso, desenvolveu-se larvas de zebrafish modificadas
geneticamente que apresentaram crises recorrentes e refratarias (Baraban et
al., 2007; Bassuk et al., 2008; DiBella et al., 2009; Hortopan et al., 2010a;
Hortopan et al., 2010b; Teng et al., 2010; Teng et al., 2011).

2.2. Zebrafish adulto e epilepsia

Apesar dos grandes avangos disponiveis na literatura em relagdo a
utilizacao das larvas de zebrafish para estudar epilepsias, este modelo
apresenta algumas limitacbes devido ao estagio de desenvolvimento dos
animais. A epilepsia engloba uma série de modificagdes neuroquimicas (Rico
et al.,, 2011) e comportamentais (Blaser and Rosemberg, 2012; Cachat et al.,
2011; Lee et al., 2010; Rosemberg et al., 2011; Rosemberg et al., 2012), cujos
protocolos experimentais de estudo nao apresentam caracterizagao definida
para larvas de zebrafish. No que diz respeito ao peixe adulto, seu SNC é mais
desenvolvido sendo possivel avaliar parametros de funcionalidade dos
sistemas colinérgico (Rico et al., 2007), dopaminérgico e serotoninérgico
(Chatterjee e Gerlai, 2009), purinérgico (Rosemberg et al.,, 2008), e
glutamatérgico (Rico et al., 2010).. Além disso, existem ferramentas disponiveis
para avaliar ansiedade (Blaser e Rosemberg, 2012), agressividade (Oliveira et
al., 2011), perfil exploratério (Rosemberg et al., 2011) e memoaria (Lee et al.,

2010). Tais caracteristicas encontram-se alteradas em pacientes epilépticos.
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Decorrente destas caracteristicas Lee et al., (2010), observaram pela
primeira vez nado s6 os efeitos da imersdo do animal adulto em PTZ, mas
também o impacto da convulsdo sobre a memdria. Com isso, o zebrafish
deixaria de ser um modelo apenas para estudar efeitos de farmacos no limiar
de convulsao, mas poderia também ser utilizado para triagens de farmacos que
atenuariam outros sintomas apresentados pelos pacientes epilépticos.

No mesmo ano, Wong et al., (2010), publicou um trabalho medindo
alteracbes nos niveis de cortisol em peixes convulsionados e alteragdes
comportamentais motoras apds a exposicdo ao PTZ. Diferentemente da larva,
os autores observaram que as manifestagdes convulsivas eram muito mais
complexas em animais adultos. A larva apresenta movimentos acelerados
(score 1), movimentos circulares (score 2) e movimentos repetitivos seguidos
de queda e imobilidade (score 3). J& o adulto apresentou, aumento na
frequéncia de abertura opercular, elevacdo na atividade natatéria, movimentos
circulares, movimentos repetitivos, queda ao fundo do aquario e rigida
extensao do corpo. Contudo, diferente da larva, ndo havia demonstracao
eletroneurofisioldgica, tdo pouco estudos da expresséo de c-fos no SNC.

Decorrente disto, Pineda et al., (2011) demonstraram a atividade
eletrofisiolégica de animais adultos expostos a diferentes tempos e
concentracdes de PTZ. Neste mesmo ano, Siebel et al., (2011) demonstraram
que este animal poderia ser utilizado para estudar alteragcbes neuroquimicas
decorrentes das convulsdes ao avaliar alteragbes do sistema purinérgico em
animais expostos a diferentes concentragdes de PTZ. Ja em 2012, Stewart et
al., mostraram um aumento na expressao de c-fos a nivel de SNC de zebrafish
adultos imersos em PTZ. Contudo, diferente do trabalho de Baraban et. al.,

(2005), nédo havia ainda nenhuma definicdo de estagios de convulsao.
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Tal proposta foi vista no modelo de convuls&o induzido por acido cainico
em zebrafish adulto realizado por Alfaro et al., (2011). Neste trabalho, os
autores identificaram estagios convulsivos e os classificaram na forma de uma
escala de escores ao longo do tempo. Este achado facilita o entendimento da
convulsao, vide o grande sucesso do trabalho de Racine, (1972).

No ano de 2012, Demond et al. publicou um estudo unindo esses
achados, propondo um sistema de escore basico para estudar convulsao em
zebrafish. Apesar da boa perspectiva apresentada pelo trabalho, alguns pontos
ainda ficaram sem elucidacdo, tendo em vista que a escala proposta foi
baseada em diferentes agentes pro-convulsivantes com concentragdes unicas,

diferente do proposto por Baraban et al., (2005) e Alfaro et al., (2011).

Cabe enfatizar que dentre as questdes nao levantadas nos estudos
citados anteriormente destacam-se: (I) O sistema de escores proposto por
Desmond et al., (2012) enquadra-se neste modelo?; (Il) Qual a sequéncia de
manifestagbes ao longo do tempo apds a exposicdo ao PTZ?; (lll) Qual o
comparativo com larvas de zebrafish?; (IV) Como se caracteriza o perfil
convulsivo frente a diferentes concentragdes de PTZ?; (V) Qual a laténcia para
0s animais atingirem a convulsdo tonico-clonica?; (VI) Qual a estimativa de
tempo para o animal se recuperar das crises convulsivas apos a retirada da
solugao de PTZ?; (VII) Tendo em vista que este € um modelo de imersao do
animal em uma solucao de PTZ, a presencga deste farmaco no SNC do animal
depende do tempo e da concentragdo de exposicao? (VIII) Qual a taxa de

mortalidade para este modelo?
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3.0BJETIVO

3.1.0bjetivo geral

No intuito de responder tais perguntas, o objetivo deste trabalho foi

detalhar a crise convulsiva induzida por PTZ em zebrafish adulto através de

uma analise temporal das manifestacbes comportamentais convulsivas. Além

disso, determinar as concentracoes de PTZ no sistema nervoso central do

zebrafish adulto.

3.2.0bjetivos especificos

Definir os scores comportamentais de convulsdo neste modelo.
Avaliar a progresséo dos escores durante o tempo de exposigao a
diferentes concentracoes de PTZ.

Avaliar a laténcia para a convulsao ténico-clénica.

Identificar o tempo que os animais levam para retornar ao
comportamento basal apds a retirada do PTZ

Quantificar a mortalidade dos animais expostos as diferentes
concentragbes de PTZ até 7 dias apds a exposigao.

Quantificar a concentragao de PTZ no SNC do zebrafish, durante e

apos a exposicao as solugoes de 5 mM e 10 mM de PTZ.
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Parte Il.
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Abstract

Pentylenetetrazole (PTZ) is a common convulsant agent used in animal models to investigate the mechanisms of seizures.
Although adult zebrafish have been recently used to study epileptic seizures, a thorough characterization of the PTZ-
induced seizures in this animal model is missing. The goal of this study was to perform a detailed temporal behavior profile
characterization of PTZ-induced seizure in adult zebrafish. The behavioral profile during 20 min of PTZ immersion (5, 7.5, 10,
and 15 mM) was characterized by stages defined as scores: (0) short swim, (1) increased swimming activity and high
frequency of opercular movement, (2) erratic movements, (3) circular movements, (4) clonic seizure-like behavior, (5) fall to
the bottom of the tank and tonic seizure-like behavior, (6) death. Animals exposed to distinct PTZ concentrations presented
different seizure profiles, intensities and latencies to reach all scores. Only animals immersed into 15 mM PTZ showed an
increased time to return to the normal behavior (score 0), after exposure. Total mortality rate at 10 and 15 mM were 33%
and 50%, respectively. Considering all behavioral parameters, 5, 7.5, 10, and 15 mM PTZ, induced seizures with low,
intermediate, and high severity, respectively. Pretreatment with diazepam (DZP) significantly attenuated seizure severity.
Finally, the brain PTZ levels in adult zebrafish immersed into the chemoconvulsant solution at 5 and 10 mM were
comparable to those described for the rodent model, with a peak after a 20-min of exposure. The PTZ brain levels observed
after 2.5-min PTZ exposure and after 60-min removal from exposure were similar. Altogether, our results showed a detailed
temporal behavioral characterization of a PTZ epileptic seizure model in adult zebrafish. These behavioral analyses and the
simple method for PTZ quantification could be considered as important tools for future investigations and translational
research.
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Introduction

Epilepsy is a neurological disorder characterized by recurrent
spontaneous epileptic seizures associated with distinct neurobio-
logical and behavioral alterations [1]. One of the methods used to
investigate epileptic seizures in experimental models consists on
the analysis of the behavioral profile through a seizure stage-score
classification [2]. This characterization is well established in
rodents for seizures induced by electrical kindling Racine et al. [3]
and for chemoconvulsant drugs, such as kainate (KA), pilocarpine
and pentylenetetrazole (PTZ) [4]. Exposure to PTZ induces a
concentration-dependent sequence of stereotyped behavioral
changes that starts with orofacial movements and culminates in
clonus-like seizures in rodent models. This seizure model has been
widely used in the past 6 decades for discovery and development of
several antiepileptic drugs (AED), such as benzodiazepines,
valproate, gabapentine, etc [5,6,7]. Despite the advances in new
AED discovery, 30% of epileptic patients still suffer with refractory
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epilepsy [8,9]. Loscher et al. [5], in a critical review about the
current animal models of seizure and epilepsy employed to
discovery and development of new AED, pointed out that this high
refractoriness could be a result from using always the same pro-
convulsant focusing in rodent models.

In this context, the zebrafish (Danio rerio) emerges as a new
animal model to evaluate the effects of classical pro-convulsant
drugs in order to develop and characterize new AED [10-14].
This species exhibits several anatomic similarities and a high
genetic homology with mice and humans [15,16]. Moreover,
zebrafish presents a tight junction-based blood-brain barrier
similar to higher vertebrates, with substantial macromolecule
permeability, which makes this model an attractive organism for
high throughput screening applications and AED discovery
[17,18]. Furthermore, this model offers a potential non-discrim-
inatory screening for AED [13], in contrast to that for rodents
where usually seizures induced by PTZ were used to identify
anticonvulsants agents that acts mainly through GABA [19]. All
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these aspects contributes to an increased number of investigations
involving chemoconvulsant induced-seizures in zebrafish, and
epilepsy research through genetic models that are either suscep-
tible or resistant to seizures, and mutations associated with known
human epilepsy syndromes [20-29]. These investigations are
based mostly in Baraban et al. [20] study, which showed that
zebrafish larvae exposed to PTZ displays complex and stereotyp-
ical patterns of seizure behavior sequence, ictal- and interictal-like
electrical activity in immobilized animal, and ¢-fos expression in
brain regions. However, the use of adult zebrafish, which shows a
broader behavioral repertoire [30-33], with a fully developed
central nervous system (CGNS), when compared to zebrafish larvae
[34,35], could improve the currently protocols for new AED
research and to study the mechanisms underlying seizures.

Although electrophysiology pattern of PTZ induced seizure
activity [31], ¢-fos expression [32], and some behavioral analyses
have already been demonstrated in adult zebrafish exposed to
PTZ [22,36,37], questions regarding the behavioral profile of the
seizure pattern remain unanswered, such as: (I) Is the score system
proposed by Desmond et al. [35] for studying seizure in adult
zebrafish suitable for all behavior seizure manifestations in PTZ
model?; (II) What 1s the sequence of behaviors during the exposure
to PTZ?; (III) Are these manifestations similar to larvae?; (IV) Does
the seizure behavior profile change with alterations of drug
concentration?; (V) What is the latency to reach the clonus-like
behavior in distinct concentrations of PTZ exposure?; (VI) How
long does animals take to return to a normal behavior after PTZ
exposure?; (VII) Does the PTZ levels in the fish brain depends on
the concentration and time of exposure?; (VIII) What is the
mortality rate of fish exposed to PTZ at distinct concentrations?

In order to answer these questions, we performed a detailed
behavioral seizure analysis of PTZ-induced seizures in adult
zebrafish. Additionally, we performed a quantification of brain
PTZ levels during and after exposure to this chemoconvulsant
drug. All of these analysis were based on the pioneer work
performed by Alfaro et al. [21] where they characterized a
detailed seizure scale for kainic acid-induced epileptic seizures in
adult zebrafish.

Materials and Methods

Ethics Statement

All procedures with animal subjects have been approved by the
Ethic Committee for Use of Animals - CEUA from Universidade
Federal do Rio Grande do Sul (protocol number 22214).

Reagents

Pentylenetetrazole (P1Z) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Diazepam (DZP) was purchased from
Unido Quimica Nacional S/A (Pouso Alegre, MG, Brazil).
Acetonitrile and methanol were purchased from Merck® (Darm-
stadt, Hessen, Germany). Pure Ultra pure water was obtained
from a Millipore Corporate® Milli-Q water system (Billerica,
Massachusetts, USA). All HPLC components and software
ChemStation were from Agilent Technologies® Inc. Santa Clara,
California, USA.

Animals

Adult zebrafish (Danio rerio; 4 to 6 months-old, *50:50
male:female ratio) of heterogeneous wild-type stock (standard
short-fin phenotype) were obtained from a local commercial
supplier (Delphis, RS, Brazil). Animals were carefully weighted
and measured in order to select the ones with similar weight and
size (3512 mg and 2%+0.15 cm, respectively) to avoid putative
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variations of drugs pharmacodynamic and pharmacokinetic. Fish
were housed in 50-L aquariums (80-100 fish per aquarium) for at
least 2 weeks prior to the experiments in order to acclimatize to the
animal facility. All tanks were filled with non-chlorinated water
previously treated with 132 uL/L AquaSafe® (Tetra, VA, USA)
and kept under mechanical and chemical filtration at a targeted
temperature of 2622°C and water pH at 7.0 to 8.0 (system water).
The room illumination was provided by ceiling-mounted fluores-
cent lamps on a 14/10 light/dark photo period cycle (lights on at
7:00 am). Animals were fed twice a day with a commercial flake
fish food (Alcon BASIC®, Alcon, Brazil). All animals used in this
study were experimentally naive, healthy and free of any signs of
disease. They were maintained according to the National Institute
of Health Guide for Care and Use of Laboratory Animals (2011).

Treatments and Seizure Behavioral Characterization

To induce experimental epileptic seizures, animals (=12 in
each group) were individually exposed to 5, 7.5, 10, and 15 mM
PT7Z, readily dissolved in water. All PT'Z concentrations and the
time of exposure were based on previous reports in order to induce
clonus-like seizure responses [20,22,36,38,39]. The control group
was exposed to system water only. In order to investigate the effect
of a classical AED on PTZ-induced seizures in zebrafish, a
GABA, positive allosteric modulator diazepam (DZP) was used.
Two groups of animals were exposed to 75 pM DZP for 40 min in
a beaker containing a 0.5-L solution. Afterwards, the animals were
rapidly transferred to a beaker containing system water to remove
the excess of DZP. One group was further transfer to a tank with
system water to investigate the DZP sedative effect (DZP control
group) and another group to a similar tank containing 10 mM
PTZ solution (DZP/10 mM PTZ group). All conditions for DZP
experiments were previously set up by our group (data not shown).

The detailed behavioral seizure profile characterization was
performed during the same time frame each day (from 10:00 am to
4:00 pm). The apparatus consisted of a tank (20 cm widthx13 cm
heightx7 cm length) filled with 1.5 L of PTZ solution or system
water. In order to keep the same experimental conditions, animals
were randomly handled from their home tanks and individually
transferred to beakers filled only with system water for the same
period of DZP pretreatment (40 min). Animals were carefully
placed individually in the tanks and their behavioral seizure
activity was recorded for a single session of 20 min. At each
experiment a fish was placed individually into the determined
treatment solution, which was not used in subsequent experiments.
Assays were performed at three independent days with 4 animals
in each group per day. All experimental procedures were
performed on a silent room.

A webcam (Microsoft® LifeCam 1.1 with Auto-Focus) was
placed 30 cm from the testing tank to ensure good video recording
and to monitor the location and swimming activity of the fish. All
tank walls were coated with white background cover, in order to
avoid the reflex of the animal in the walls and in the tank bottom,
and to ensure a uniform background for the video analysis. To
boost the contrast between the background and zebrafish, two 60-
watts light bulbs were placed 50 cm behind the tanks. All
behavioral data were evaluated by two trained observers in a
blinded fashion (inter-rater reliability =0.92). All necessary
precautions were taken to ensure representative behavioral results
and also to avoid handling stress. Throughout the experiments, the
fish were gently transferred between home tanks, beakers, and
experimental apparatus. All fish were handled and tested at similar
way and the behaviors were recorded in the same room, which
kept the manipulation, water quality, and illumination uniform
and constant between trials.
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Epileptic Seizure Stage Score

The fish (n=6) were immersed into a PTZ solution (5-15 mM)
and monitored for 60 min to evaluate epileptic seizures-related
behavior. To characterize each stage, behavioral manifestations
were evaluated according to the literature [22,35,37] and the
sequence of behavioral manifestations was described using a
range from lower to higher concentration of PTZ tested in our
study. It is important to emphasize that random alterations in
behavioral induced by PTZ (e.g., jumping) were not considered.
For each stage, we assigned a specific score, described in Table 1

(see Video S1).

Washout Period and Survival Assessments

After PTZ exposure, we transferred the fish to an intermediary
beaker containing system water to eliminate all the residual PTZ
in contact with the animal. Immediately after, we than transferred
the fish to another beaker with a new clean system water to
evaluate the washout period. During the washout of P1Z, groups
were observed for more three hours, to determine the latency to
return to score 0. We considered that the animal fully returned to
the basal behavior when it reached the score 0 and remained in
this score until the end of the 3 hours. In order to access the
survival rate, the fish were individually transferred to 1 L recipient,
filled with system water. The water was renewed every 24 h and
the survival was assessed (the total time of this protocol was 168 h).
The Figure 1 illustrates the protocol used in this study.

Determination of PTZ Levels in the Zebrafish Brain

To quantify the PTZ levels that reached the zebrafish brain, we
performed experiments using high-performance liquid chroma-
tography equipped with an isocratic pump, diode array detector
(DAD), degasser and manual injection system. Chromatographic
separations were performed using a reverse-phase column
(250 mm x4 mm, 5 mm LiChrospher® 100 RP-18). The column
was protected by a guard column (4 x4 mm, 5 mm LiChrospher®
100 RP-18) and maintained at a temperature 22*2°C. The
mobile phase was a mixture of phosphate buffer 10 mM pH 6.9:
methanol: acetonitrile (60:35:5, v/v/v). The flow rate of 0.8 mL/
min was maintained isocratically, the DAD was set at 202 nm and
the total run time was 6 minutes.

The PTZ determination was based on the method previously
described by Soto-Otero et al. [40]. Each independent experiment
was performed using a pool of three whole brains of animals from
the PTZ groups (5 mM and 10 mM) after the exposure of
2.5 min, 20 min, and after 60 min PTZ washout. Briefly, the

Pentylenetetrazole-Induced Seizures in Zebrafish

animals underwent cryoanesthesia and euthanized by decapita-
tion. The cranial skulls were excised; the brains were removed and
rapidly homogenized in 1 mL of cold PBS using a glass—Teflon
homogenizer in ice. The samples (=4 per group) were
centrifuged at 13.500 g for 5 min at 4°C in 1.5 mL tubes, and
the supernatants were collected for PTZ analysis. Nine hundred
microliters of supernatant was treated with 5.0 mL of dichloro-
methane. The tube was mixed for 30 s, an excess of ammonium
sulfate was added with calibrated spatula and the tube contents
were mixed again for 30 s. The samples were centrifuged at 800 g,
the organic phase was separated and totally dried with nitrogen at
room temperature. Following, the dried samples were reconstitut-
ed with 100 pL of the mobile phase and 20 pL was injected into
HPLC. Standard curve measures (1-75 pg/mL) can be accessed
in Figure S1.

Statistics

Non-parametric data of seizure scores were expressed as median
* interquartile range. Scatter plots were designed to enable the
analysis of variance across time performed by Friedman test
followed by Dunn’s Multiple Comparison test as post hoc.
Cumulative frequency was determined using the percentage of
animal that reached each score across time for the respective
treatment tested. The area under the curve (AUC), latency, and
washout period were represented as mean £ S.E.M and analyzed
by the one-way ANOVA followed by the Bonferroni’s test as post
hoc. Student’s ¢ test was used to compare the DZP/10 mM PTZ
and 10 mM PTZ groups. The PTZ quantification in brain were
expressed as mean = S.E.M and analyzed by two-way ANOVA
followed by Bonferroni’s test post-hoc. The survival time was
compared among groups using the log-rank test of trend. In all
analyses, the significance level was taken as p=0.05.

Results

The behavioral analysis shown that the control group exhibited
spontaneous usual swimming movements consisted by repeated
short swims (data not shown). On the other hand, animals
immersed into PTZ solution presented behavioral epileptic
seizures, classified in different scores as shown in Table 1.
Figure 2A depicts the temporal behavioral profile of animals
exposed to different PTZ concentrations. There was a rapid score
progression in the first 5-min period for 10 and 15 mM PTZ
(Friedman test, p<<0.0001; Dunn’s Multiple Comparison test,
$<0.05). Therefore, in order to perform an analysis across time,
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Table 1. Score phenotype of the PTZ seizure model in adult zebrafish.
SCORE Behavior phenotype
0 Short swim mainly in the bottom of the tank.
1 Increased swimming activity and high frequency of opercular movement.
2 Burst swimming, left and right movements, and erratic movements.
3 Circular movements.
4 Clonic seizure-like behavior (abnormal whole-body rhythmic
muscular contraction).
5 Fall to the bottom of the tank, tonic seizure-like behavior (sinking to the bottom of
the tank, loss of body posture, and principally by rigid extension of the body).
6 Death.
All behavior phenotypes present in video S1 defined by scores.
doi:10.1371/journal.pone.0054515.t001
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Figure 1. Experimental protocol schematic representation. The methodological approach used to evaluate the epileptic seizure-like behavior
(experimental conditions, exposure periods, washout period, and survival evaluation after behavioral tests).

doi:10.1371/journal.pone.0054515.g001

the first 5 min and the remaining 15 min were divided into 30 s
and 150 s intervals, respectively. Animals immersed into the
higher concentrations (10 and 15 mM) reached scores 4 and 5
faster than animals exposed to lower concentrations (5 and
7.5 mM) of PTZ. Animals immersed into 5 mM PTZ showed
repetitive low scores (1 and 2) during the first 5-min and only
presented scores 4 and 5 in the last 15-min period. Animals
exposed to 7.5 mM PTZ presented an intermediate profile
between 5 mM and higher concentrations, alternating from scores
3 to 3, starting at 210 to 1200 s (Friedman test, p<<0.0001; Dunn’s
Multiple Comparison test, p<<0.05).

The time necessary to reach score 5 were: 1050 s for 5 mM;
600 s for 7.5 mM; 240 s for 10 mM; and 180 s for 15 mM.
Furthermore, the animals immersed into 10 and 15 mM PTZ
showed a rapid change from scores 0-2 to score 4 (16.66 and
58.33%, respectively) (Figure 2B). The score 5 was not observed in
all animals treated with lower concentrations (only 83.33% and
75% of animals reached this score at 7.5 mM and 5 mM,
respectively). Scatter plot representations were performed in order
to see each animal behavioral seizure profile across time described
in the score curves (Figure S2).

The analysis of the score curves (Figure 2A) suggests that there
are three different moments for the PTZ-induced seizures in
zebrafish. In the first moment (0 to 150 s), higher PTZ
concentrations induced seizures with score 4; in the second (150
to 300 s), PTZ at 7.5 mM induced seizures with scores 3—4; and in
the third (300 to1200 s), all PTZ concentrations induced seizures
with scores 3-5 (Figure S3A). In order to evaluate the seizure
intensity across time in these three moments, we measured the
area under score curve for each animal for each PTZ concentra-
tion (Figure 2C). In the first interval (0-150 s), animals from
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15 mM PTZ group presented higher seizure intensity than
10 mM PTZ and both concentrations displayed higher seizure
intensity when compared to 5 and 7.5 mM (one-way ANOVA, F
[4,59] = 44.56, p<<0.0001; Bonferroni test, p<<0.05). In the second
interval (150-300 s), the seizure intensity was lower in 5 mM PTZ
group when compared with other groups (one-way ANOVA, F
[4,59] =28.12, p<<0.0001; Bonferroni test p<<0.05). In the last
interval (3001200 s), animals from 15 mM PTZ group showed a
higher seizure intensity when compared to 5 and 7.5 mM PTZ
(one-way ANOVA, F [4,59] =20.10, p<<0.0001; Bonferroni test,
$<<0.05). Figure S3B shows the seizure intensity during the total
time of observation (1200 s).

Animals immersed into 15 mM PTZ solution showed lower
latency to the first episode of seizure score 4 when compared to
animals immersed into 5 and 7.5 mM PTZ. In addition, animals
exposed to 5 mM PTZ presented higher latency to the score 4
when compared to all other concentrations (one-way ANOVA, F
[4,59] =49.43, p<<0.0001; Bonferroni test, p<<0.05), (Figure 2D).
In the washout period only 15 mM PTZ group required a longer
time to return to score 0, when compared to other concentration
groups (one-way ANOVA; F' [4,59] =21.16, p<0.0001; post-hoc,
$<<0.05) (Figure 3).

As shown in Figure 4, higher PTZ levels in the brain were found
in animals exposed to 10 mM PTZ when compared with 5 mM
PTZ (two-way ANOVA, concentration effect, F [1,12] =152.4,
$<<0.0001). Additionally, there was a peak of PTZ in the brain
after 20-min of exposure. Similar levels were observed after a 2.5-
min exposure and after a 60-min removal from the PTZ solutions
(two-way ANOVA, time effect, F [2,12]=176.9, p<<0.0001).
There was a positive interaction between exposure time and PTZ
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Figure 2. Behavioral profile of PTZ-induced seizures in adult zebrafish. The main characteristic seizure behavior induced by 5-15 mM PTZ
and DZP/10 mM PTZ treatments during 20 min (n=12). (A) Seizure score (only the highest score reached was consider in each interval) and
cumulative frequency (B). Data are represented as median = interquartile range and as the animal index (%) that reached the scores across time,
respectively. (C) Seizure intensity during distinct moment tests (0-150, 150-300, and 300-1200 s) evaluated by the area under curve observed for
each treatment. (D) Latency to score 4 onset. Data from seizure intensity and latency are represented as mean = S.E.M and analyzed by one-way
ANOVA followed by Bonferroni’s test as post-hoc. Distinct letters indicate statistical differences among PTZ-treated groups (gray bars). The DZP/
10 mM PTZ is represented as black bars and compared to 10 mM PTZ group by the Student’s t test. *indicates significant difference between groups.
doi:10.1371/journal.pone.0054515.9g002

concentration (two-way ANOVA, time X concentration effect: /'
[2,12] =52.41, p<<0.0001; Bonferroni test, p<<0,01).

After the DZP pretreatment, fish remained immobilized
during the initial 7 min of observation. Afterwards, fish began
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Figure 3. Latency to score 0 during the washout period. Data are
represented as mean * S.EM and analyzed by one-way ANOVA
followed by Bonferroni's test as post-hoc. Distinct letters indicate
statistical differences among PTZ-treated groups (gray bars). The DZP/
10 mM PTZ is represented as black bars and compared to 10 mM PTZ
group by Student’s t test with no statistical difference.
doi:10.1371/journal.pone.0054515.9003

to present short movements in the bottom of the tank and, after
15 min the motor activity was recovered, being similar to the
control group. Two out of 12 animals immersed into DZP died
during observation (data not shown). Zebrafish from DZP/
10 mM PTZ group presented different temporal seizure profile
compared with 10 mM PTZ group (Figure 2A). In 5 min, all
animals exposed to 10 mM PTZ reached scores 4 and 5.
However, 66% of animals exposed to DZP/10 mM PTZ
presented scores 1 and 2, 16% reached score 3 and 16%
exhibited score 0. In the last 15 min, animals exposed to 10 mM
PTZ presented an alternation between scores 4-5. On the other
hand, fish pretreated with DZP presented scores from 2 to 5
(Friedman test, p<<0.05; Dunn’s Multiple Comparison test,
$<<0.05). As the cumulative curve shows, 16.66% of animals
exposed to 10 mM PTZ and 41.66% of animals exposed to
DZP/10 mM, did not present score 3 prior to the first score 4.
The time required to reach score 1-5 is shown in the Figure 2B.
Score 5 was observed in 58.33% of the animals pretreated with
DZP, and exhibited lower seizure intensity during the entire
observation (Student’s ¢ test, #<<0.0001), (Figure 2C and S3). The
DZP/10 mM PTZ group presented longer latency than the
10 mM PTZ group to reach the score 4 (Student’s ¢ test,
$<<0.0001), (Figure 2D). Concerning the washout period
(Figure 3), the time to return to score 0 was similar for animals
treated with DZP/10 mM PTZ and 10 mM PTZ.

Only animals under the highest concentration (15 mM) died
(score 6) during exposure time and washout period. In the entire
experiment, mortality rate was 33.33% and 50% at 10 mM and
15 mM, respectively. Log-rank test for trend indicates a different
survival profile between these treatments (X*[1]=16.20,
$<<0.0001), and Hazard Ratio assumes that the mortality rate
occurred 2.25 faster at 15 mM than at 10 mM PTZ. All other
treatments, including the DZP pretreatment, had 100% of survival
(Figure 5). After 72 h, survival was stable for all treatments (data
not shown).
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Figure 4. Quantification of the PTZ levels in the brain. The
concentration of PTZ in the brain was determined as ng PTZ/mL sample
at 5 mM (gray bars) with values of 1.885, 3.175, 1.612, and 10 mM (blue
bars) with values of 3.222, 7.905, and 2.870, after 2.5 and 20-min of PTZ
exposure, and after 60-min washout. Data are expressed as mean *
S.E.M and analyzed by two-way ANOVA followed by Bonferroni’s test as
post-hoc. Distinct letters indicate statistical difference within the same
group at different periods, (lower case letter for 5 mM and capital
letters for 10 mM) whereas the asterisks (*) indicates significant
difference between both PTZ groups for each time.
doi:10.1371/journal.pone.0054515.g004
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Figure 5. Survival evaluation. Kaplan-Meier plot representing the
animal index (%) that survived in 3 distinct periods: | - PTZ exposure; Il —
Washout period; lll - survival evaluation in each 24 h after behavioral
experiment procedures. Data are analyzed using the log-rank test for
trend to compare groups. *Indicate significant differences from 100%
survival, whereas the symbol (#) represents statistical difference profile
between 10 and 15 mM PTZ groups.
doi:10.1371/journal.pone.0054515.g005

Discussion

In the current study, we described a detailed behavioral
characterization of the adult zebrafish epileptic seizure model
induced by PTZ. In the past decade, Baraban et al. [20]
demonstrated that PTZ elicits seizures in zebrafish larvae. More
recently, several studies have extended this model to adult
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zebrafish, using three main analyses: electrophysiological evalua-
tion in immobilized animals [39], ¢-fos expression in the CNS [37],
and behavioral endpoint parameters [22]. However, a detailed
description of the behavioral sequence profile of PTZ-induced
seizures in free-swimming zebrafish has not been performed. To
our knowledge, this is the first study to describe a temporal
behavioral characterization of PTZ-induced seizures and to
measure PTZ levels in the brain of adult zebrafish. Both
parameters may contribute to make this model useful not only
for new AED discovery, but also to elucidate the molecular,
neurochemical, and cellular mechanisms underlying seizures.

Among the different methodological approaches described in
the literature to define seizure stage-scores, we decided to use a
wide range of PTZ concentrations, similarly to the method
purposed for larvae zebrafish PTZ model [20] and adult zebrafish
KA model [21]. This approach of using different concentrations of
PTZ was probably the main reason why distinct scores of seizures
were different from what was previously suggested by Desmond
et al. [35]. In his study, the authors presented a score system based
mostly on one concentration of pro-convulsant drugs exposure
(11 mM PTZ, 250 mg/L caffeine, and 0.17 mM picrotoxin).
Likewise, we found that exposing the zebrafish to high PTZ
concentration, such as 10 mM, our seizure score 3 was skipped,
jumping directly from score 2 to 4, in some animals. Similar results
can be verified in rodent models when they are injected with high
doses of PTZ [40]. Moreover, Desmond et al. [35] define the
initial score as freezing and hyperventilation (score 1). At any point
the authors described circular behavior and/or whirlpool-like
swimming as an independent manifestation from clonic-like
seizure. On the other hand, like Baraban et al. (2005), we defined
the initial increased activity with hyperventilation as score 1. To
better clarify each seizure stage, we divided the scores 3 and 4
from Desmond et al. [35] (circular and/or spiral swimming, rapid
movements from left to right, erratic movements, abnormal
spasm-like muscular contractions, rapid whole-body clonic-like
convulsions and tonic seizures with rigid extension of the body, loss
of body posture, sinking to the bottom of the tank, spasms for
several minutes, respectively), into score 3 (circular and/or spiral
swimming), score 4 (clonic seizure-like behavior), and score 5 (fall
to the bottom of the tank, loss of body posture, and tonic seizure-
like behavior) (Table 1). This distinction is crucial since each of
these stages were reached in a clearly independent time-period,
when zebrafish were exposed to the lowest PTZ concentration
tested (5 mM). Additionally, not every animal reached the score 5
with 5 mM and 7.5 mM PTZ, showing that clonic-like seizure
behavior occurs independently from tonic-like seizure behavior.
Since the score 3 in zebrafish larvae exposed to PTZ [20] is
defined as a clonus-like convulsion leading to loss of body posture
for 1-3 s, we could not use this score for the adult animal. All these
manifestations in larvae occur almost at the same time probably
because to its immature CNS. What is define as a immobility in
larvae can be interpreted as a rigid and extended body posture
(tonic-like seizure) that occur independently from clonus-like
convulsion behavior in adult zebrafish. Our data also shows that
animals rapidly assume left-to-right and erratic movements in the
beginning of the behavioral manifestations (score 2) and prior to
the circular movements (score 3). However, it is important to
emphasize that the animals return to lower scores during PTZ
exposure, even after reaching score 5.

Temporal profiles of seizure behavioral manifestation induced
by PTZ present a different sequence of score from KA model [21].
The KA score 3, whirlpool-like swimming, corresponds to our
score 1; and the score 5, rapid whole-body clonus-like convulsions,
correspond to our score 4. This difference may suggest that it is not
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possible to apply a single stage-score behavior characterization for
distinct chemoconvulsant. Nevertheless, animals that received the
highest dose of KA or highest concentration of PTZ evolved
directly from score 2 to 4, showing that a temporal behavioral
profile occurs in different epileptic seizures models.

Seizure intensity was quantified as the area under curve
(Figure 2C) in order to measure how fast the animals reach scores
4 and 5 and remain at these scores. Our results show that this
parameter increased with PTZ concentration exposures.

In rodent models, the latency to clonic seizure-like behavior is
used in screening studies of new AED discovery [41,42]. However,
our results indicate that the analyses of several parameters, rather
than only one, could provide a better and reliable instrument that
could be used for screening new drugs. Animals exposed to
7.5 mM PTZ or 10 mM PTZ presented similar latency to reach to
score 4, but different seizure intensities (Figures 2D and 2C).
Additionally, the seizure score curve and the cumulative curve of
animal exposed to 7.5 mM PTZ were variable, but the total
seizure intensity was similar to > mM and different from 10 mM
(Figures 2B and 2A). Therefore, these four above-mentioned
parameters (score curve, cumulative curve, intensity and latency)
would be the foremost method to interpret behavior in different
seizure models.

Despite the described well absorption of PTZ by zebrafish,
formal HPLC measurements of PTZ in the brain have never been
reported for this model [13]. In our study, PTZ brain levels denote
a concentration exposure-dependence, presenting a positive
interaction between concentration and time of immersion.
Additionally, the PTZ brain level of 3.2 ng/mL (1 mL = 3-brain
pool) appears to be closely correlated with the first score 5 plateau
(Figure 2A). Importantly, our quantification profile was similar to
rodent models where a peak of PI'Z concentration in the brain is
followed by its decreased to the initial levels without reaching zero
concentration after 1 h of exposure [40,43].

Another aspect to be considered is the recovery time after PTZ
exposure. Our focus was not to elucidate a post-ictal period from
an electrophysiological point of view, but to characterize only the
behavioral phenotype of seizures induced by PTZ. We measured
the time to return to score 0 and to remain at this score phenotype
for 3 h after to remove from the PTZ solution. Our results showed
that animals exposed to 5-10 mM exhibited similar time to return
to score 0 and similar brain levels of P1Z at 2.5 min post-exposure
and after a 60-min washout, even though they presented a
completely different epileptic seizure profile. Rodent models show
important neurochemical changes during the ictal and post-ictal
periods induced by PTZ. Those changes could be related to a post-
ictal depression after seizure clonus-like behavior, a period when
the CNS remains refractory to further seizure activity [43,44,45].
This could explain why, even with detectable levels of PTZ in the
brain, the fish returned to the normal behavior. Further studies
should be performed to explain why the behavior returns to score
0 at a similar time for all PTZ concentration, except for 15 mM.

Distinctly from seizure intensity, we defined seizure severity as
the sum of seizure intensity, latency to return to score 0, and
mortality rate. We observed that the severity of PTZ-induced
seizure at 15 mM is higher than 10 mM, despite of similar
intensity profiles. The higher severity of seizure induced by
15 mM PTZ is associated with longer latency to return to score 0
and mortality rate of 50%. PTZ at 10 mM induced seizures with
an intermediary severity, with mortality rate of 33%. On the other
hand, 5 and 7.5 mM PTZ induced seizures with lower severity
and no changes in total intensity, latency to return to score 0 or
mortality rate. Although 15 mM PTZ appears to be a good
concentration to study seizure severity, the increase in mortality
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rate is an important limiting factor in epileptic seizure models [44].
However, in the work published by Pineda et al. [39], where fish
were exposed to 15 mM PTZ for only three minutes, the authors
mentioned that the mortality rate was zero. Moreover, they also
showed that during a continuous exposure to 15> mM PTZ for
90 min, the neuronal activity increased up to 35 min, and only at
90 min of exposure the recording amplitude reversed approxi-
mately to the pattern of flat-line EEG, indicative of brain death.

Besides the article mentioned above, the first publication of
adult zebrafish and PTZ used 10 mM PTZ and exposure time of
10 min repeated 3 times (total 30 min) [36]. Following this
publication, Wong et al. [22] tested 11 mM PTZ for 20 min;
Siebel et al. [38] used distinct concentrations (2.5 mM, 5 mM and
15 mM) during 20 min; and Stewart et al. [37] exposed the fish to
11 mM PTZ solution for 20 min. However, no data regarding
mortality rate were addressed by any of these publications. Here
we show that the amount of PTZ brain levels depend on the
exposure time to this drug. The increase in severity for 15 mM
PTZ may be attributed to the longer exposure time-period. So, we
decided to use 20 min of PTZ exposure and the range of 5, 7.5, 10
and 15 mM PTZ based mostly on these previous literature, aiming
to perform a detailed seizure behavior characterization for future
studies of this model. As our data showed similar low severity for 5
and 7.5 mM, smaller concentrations (2.5 and 3.75 mM) were not
used. This approach of using 20 min and a low concentration of
exposure, could be interesting to neurochemical mapping the
seizure, since the dopaminergic and serotoninergic [46], cholin-
ergic [47], purinergic [48], and glutamatergic [16] systems have
been already described in adult zebrafish.

Due to the great variability of the seizure induced by 7.5 mM
PTZ, confirmed by the scatter plot (Figure S2) and the mortality
rate of 15 mM, we chose the concentrations of 5 and 10 mM to
quantify the levels of PTZ in the brain. Since the mortality rate of
10 mM PTZ induced-seizure were similar to 6 mg/kg KA
injection [14] and lower than 15 mM PTZ in adult zebrafish,
we decided to use 10 mM PTZ concentration to test all
parameters of seizure severity, such as, score curve profile, and
latency to reach score 4. These parameters were also tested, when
fish are pretreated with a classical anticonvulsant, DZP, to test this
behavioral tools for future use in AED research. We observed a
decrease in seizure severity in the pretreatment with DZP when
compared with 10 mM PTZ treatment alone. The difference in
seizure severity for pretreatment with DZP and for all PTZ
exposure concentrations could be mathematically demonstrated
by the area under the curve analysis, providing a very suitable
analysis tool for future AED research. Although the latency to
return to score 0 was not affected, it is important to mention that
DZP pretreatment presented zero mortality rate.

It is important to point out that the large volume of compounds
used in this study (what could be seen as a disadvantage when
compared to rodent models), is direct correlated to our main
objective. To perform a behavior characterization, a large space is
necessary not only for the animals display any behavior alteration,
but also to be easier for the observer to detect such alterations.
Nevertheless, based on our work, future researchers will be able to
have a detailed temporal behavioral repertoire in a smaller volume
of PTZ (0.3 L should be enough to perform the same analysis).
Considering this small volume or even the intra-peritoneal
injection of drugs in adult zebrafish (e.g. MK-801 and DNQX
[21]), the amount of AED to be used in future studies may be
insignificant when compared to rodent models. Furthermore, the
maintenance of zebrafish to investigate the effects of possible
anticonvulsant drugs, and mechanisms underlying seizures in
future experiments (e.g., behavioral tasks, neurochemical changes,

PLOS ONE | www.plosone.org

Pentylenetetrazole-Induced Seizures in Zebrafish

neuronal reorganization and activity) makes zebrafish a lot
cheaper and faster than rodent models.

To date, electrophysiology recording in freely swimming adult
zebrafish is still a challenge. Despite the studies performed by
Pineda et al. [39,49], the actual EEG methodology is restricted to
anesthetized and immobilized animal, making it impossible to
correlate the electrophysiological data with the behavior manifes-
tation. We hope that, as soon as new technical approaches emerge
to record neuronal activity in freely swimming animal, our
behavioral characterization can be used as a background for
mapping neuronal activity during the different seizure stages based
on the scores proposed by this study.

Conclusion

In summary, our results described a detailed temporal charac-
terization of the stage-score manifestations of adult zebrafish
exposed to distinct PTZ concentrations. We thoroughly described
important parameters, such as score curve profile, cumulative score
frequency, seizure intensity, latency to score 4 onset, scatter plot
score curve, latency to return to score 0, mortality rate and seizure
severity. Furthermore, we showed, for the first time, that P1'Z brain
levels depend on PTZ concentration and exposure time, exhibiting
similar profile to rodent models of PTZ injection. Therefore, the
behavioral analyses and the simple method for PI'Z quantification
described here could be considered as important tools for future
investigations and translational researches.

Supporting Information

Figure S1 PTZ standard curve. The figure shows the: A)
HPLC chromatogram of PTZ detection for different concentra-
tions (1-75 pg/mL); B) linear correlation plot of area for each
PTZ concentration.

(TIFF)

Figure S2 Scatter plot score curve for the experimental
groups. The figure depicts the higher score reached by each
animal from 5-15 mM PTZ and DZP/10 mM PTZ groups
during the observation time. Each symbol corresponds to its
respective animal at each group (2= 12). Each symbol represents
the profile of a single animal during each interval analyzed and the
animal is limited to only one treatment.

(TIFF)

Figure S3 Comparative score curves. (A) Overlap of all
treatment curves to clarify the 3 moments in the score curves. (B)
Seizure intensity for total observation time. Data are represented
as mean = S.E.M and analyzed by one-way ANOVA followed by
Bonferroni’s test as post-hoc. Distinct letters indicate statistical
difference between PTZ-treated groups (gray bars). The DZP/
10 mM PTZ is represented as black bar and compared to 10 mM
PTZ group by Student’s ¢ test. The asterisks (¥) indicates significant
difference between both groups.

(TIFF)

Video S1 Epileptic seizure stage-score induced by PTZ
in adult zebrafish. The video demonstrates the representative
behavioral scores (0-6) exhibited by zebrafish exposed to 10 mM PTZ.
(AVI)
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Figura S2.
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Figura S3.
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Video S1. Online:

http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.005451
5
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DISCUSSAO

O presente estudo descreve uma caracterizacdo detalhada do
comportamento convulsivo do zebrafish ao ser imerso em pentilenotetrazol.
Além disso, foi determinada a concentracao de PTZ no SNC do zebrafish.

No intuito de realizar uma caracterizagdo comportamental convulsiva do
zebrafish adulto imerso em PTZ, optou-se pela estratégia utilizada por Baraban
et al., (2005), e Alfaro et al., (2011). Nestes dois trabalhos foi utilizado um
gradiente de concentragbes do agente quimioconvulsivo e, consequentemente,
a interpretacéo dos scores n&o foi similar ao estudo de Desmond et al., (2012).

Tabela 1 — Scores de convulsédo de zebrafish ja descritos na literatura:

Autor: Desmond et al. Baraban et al. 2005 Alfaro et al. Mussulini et al. 2013
2012 2011
Score 1 Initial freezing with Initially fish were Immobility and Increased swimming
hyperventilation observed to hyperventilation  activity and high
dramatically increase  of the animal. frequency of opercular
their swim activity movement.
Score 2 Hyperlocomotion Rapid “whirlpool-like”  Whirlpool-like Burst swimming, left and
circling swim swimming right movements, and
behaviour erratic movements.

Score 3 Clonic seizures Clonus-like Rapid Circular movements.

convulsions movements
leading to a loss of from right to
posture, e.g. fish falls left.

to one side and

remains immobile for

1-3s

Score 4 Tonic seizures Abnormal and Clonic seizure-like
spasmodic behavior.
muscular
contractions.

Score 5 Death Rapid whole- Fall to the bottom of the
body clonus- tank Tonic seizure-like
like behavior
convulsions.

Score 6 Sinking to the Death.
bottom of the
tank and
spasms for
several
minutes.

Score 7 Death.
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Conforme visto na tabela 1 e no Video S1, além dos 5 scores descritos
por Desmond et. al., (2012), no presente estudo os animais apresentaram
movimentos circulares apds a hiperlocomogao e anteriormente a convulsao
clénica. Isto pode estar relacionado ao fato de Desmond et al., (2012), terem
baseado seu sistema de escores em apenas uma concentracédo de PTZ (11
mM). No presente estudo, na concentragdo de 10 mM de PTZ percebe-se que
nem todos o0s animais apresentaram movimentos circulares, passando do
escore 2 para o 4 (16.66%). A porcentagem de animais que apresentaram
movimentos circulares quando imersos em 15 mM de PTZ é ainda menor
(41.66%), ressaltando desta maneira a importancia de se utilizar um gradiente
de concentracdo ao caracterizar escores de convulsdo de compostos pro-
convulsivos. Além disso, os animais apresentaram, inicialmente, aumento da
atividade locomotora e da frequéncia da abertura opercular, e ndo um periodo
de imobilidade. Esta imobilidade é vista apenas no modelo de acido cainico,
diferentemente do modelo de PTZ em larva, o qual denota um aumento de
atividade inicial Baraban et. al.,, (2005). Outro ponto a ser levado em
consideracao é a sequéncia diferente de manifestacdes ao se comparar com o
modelo de &cido cainico e PTZ em zebrafish adulto. Embora tenha sido
pioneiro o trabalho de Desmond et. al., (2012), ao propor uma tabela de
escores genérica como base para estudos de modelos de convulsdo em
zebrafish, o que pode ser observado posteriormente é que essa tabela nao
pode ser aplicada nos modelos de convulsdo de zebrafish adulto
(nomeadamente PTZ e acido cainico). Portanto, emerge a necessidade de
detalhar o comportamento do zebrafish frente a imersdo de possiveis

compostos pro-convulsivos, (Afrikanova et al., 2013).
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As limitacdes também aparecem ao se comparar os escores de
zebrafish para larva e adulto, pois percebe-se diferencas marcantes no
comportamento geral. Por exemplo, a larva apresenta apenas 3 escores de
convulsdo e manifestacdes clonicas e tbnicas ocorrendo praticamente ao
mesmo tempo. Ja no adulto, temos 5 escores convulsivos (6° escore € a morte
do animal) e neste caso, como pode ser visto pelos resultados obtidos dos
grupos 5 mM e 7.5 mM (Figura 2B do artigo), tais manifestagées em zebrafish
adulto ocorrem em tempos de exposicao diferentes. Isto esta provavelmente
relacionado ao fato do animal adulto possuir um SNC mais desenvolvido em
relacdo a larva ( Desmond et al., 2012; Muller and van Leeuwen, 2004).

Conforme visto na Figura 2 do artigo o perfil comportamental dos
animais é diferente para cada concentracao de exposi¢ao ao PTZ. No intuito de
melhor compreender essa diferenca e até mesmo para uma aplicabilidade
estatistica mais profunda, desenvolveu-se um método para quantificar a
intensidade da crise convulsiva. Considerando que a intensidade esta
relacionada com a velocidade que um animal chega ao score 4 e 5, e 0 quanto
ele se mantem nesses escores, ao avaliarmos a area sobre a curva na Figura
2A de cada animal, havera um valor matematico maior para animais expostos a
15 mM de PTZ. Por outro lado, os animais que demoraram a apresentar
escores 4 e 5 e que retornaram aos escores iniciais, tais como aqueles imersos
em 5 mM de PTZ, apresentaram um valor matematico inferior.

Ao sobrepor as curvas presentes na Figura 2A (Figura S3), e comparar
0s peixes imersos em todas as concentragdes de exposicao, foi possivel
visualizar trés momentos com perfis distintos de convulsdo. Com essas
observacodes calculou-se as respectivas intensidades para cada animal em sua

concentragao correspondente de exposigdo. Como pode ser visto na Figura 2C
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no intervalo entre 0-150 segundos os animais do grupo PTZ 15 mM
apresentaram intensidade elevada, enquanto o grupo 10 mM intermediaria e os
outros dois grupos intensidade baixa. No intervalo de tempo 150-300s, apenas
0s peixes imersos em 5 mM apresentaram uma intensidade menor do que os
animais expostos as outras concentragdes. No terceiro e ultimo momento,
todas as concentragoes induziram intensidade de crise muito similares entre si.
Sendo assim, os animais apresentaram um perfil comportamental e uma
intensidade de crise diferente em cada concentragao testada. Provavelmente
esse perfil se deve a chegada de PTZ ao SNC que depende do tempo e da
concentragdo de exposi¢cao de pentilenotetrazol (Figura 4).

Embora foi observado esse perfil convulsivo diferente em cada grupo,
em relacdo a laténcia para score 4 ndo houve diferenca estatistica entre as
concentragdes de 7.5, 10 e 15 mM de PTZ (Figura 2D). Isto pode ser resultado
da variabilidade vista nos peixes imersos na concentragcao de 7.5 mM, na qual
uma fragéo dos animais chega ao score 4 proximo ao intervalo de tempo dos
animais expostos a 10 mM, enquanto outra parte dos animais leva mais tempo
para chegar no mesmo score (Figura 2B). Por outro lado, os animais expostos
as concentragdo de 10 mM e 15 mM apresentam um perfil comportamental
similar (Figura S2). Ambos os grupos apresentam pequena diferenga nos dois
primeiros minutos de convulsdo, o que justifica a diferente intensidade vista no
primeiro intervalo de tempo de convulsdo (0-150 s). Baseando-se nessas
observagdes pode ser sugerido que talvez o parametro de laténcia ndo seja tao
eficaz para medir diferengas convulsivas neste modelo, e que uma abordagem
mais completa das manifestagbes convulsivas seja essencial em triagens de

DAEs ao utilizar o zebrafish adulto.



37

Em relacdo ao periodo poés-ictal, € importante ressaltar que foi feita
somente uma analise comportamental e nao eletrofisiolégica, estimando o
tempo que os animais levariam para retornar a um comportamento basal (score
0) apos ser retirado das solugdes de PTZ. Nao houve diferenga entre os grupos
5-10 mM de PTZ (Figura 3). Contraditoriamente, ao avaliar a concentracao de
PTZ no SNC, os animais tanto do grupo 5 mM, quanto do grupo 10 mM,
apresentaram concentracoes similares as vistas no periodo convulsivo para
cada concentragdo de exposigcado respectiva de PTZ (Figura 4). Estudos
envolvendo o uso de roedores injetados s.c. com PTZ, apresentam um pico de
chegada no sistema nervoso central, levando horas para que as concentragdes
de PTZ ndo sejam mais detectadas. Uma hora apds a inje¢do as
concentracdes sao similares as vistas no momento da convulsdo, mas neste
periodo os animais ndo apresentam crises motoras (Ramzan and Levy, 1985;
Soto-Otero et al.,, 1987). Isto resulta-se de que um SNC submetido a
convulsdes apresenta, apdés as mesmas, mudangas neuroquimicas relevantes
(Yonekawa et al., 1980). Tais mudangas levam a depressao do SNC ap6s um
periodo de hiperativacao, tornando-o refratario a novas crises mesmo na
presenca de concentragbes convulsivas de PTZ (Goodman et al., 1953;
Ramzan and Levy, 1985; Yonekawa et al., 1980). Por este motivo mesmo
apresentando niveis de PTZ no SNC suficientes para iniciar as convulsées, o
zebrafish apresenta um comportamento normal 1 h apds ser retirado do PTZ.

Ao avaliar a mortalidade dos animais procurou-se distinguir intensidade
e severidade da crise convulsiva. Doravante, definiu-se severidade como um
conjunto entre intensidade, laténcia para o retorno ao comportamento basal e
mortalidade da crise induzida por uma determinada concentracdo de exposi¢cao

de PTZ. Neste contexto, os animais expostos a concentragdo de 15 mM de
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PTZ apresentaram uma crise de alta severidade (50% de mortalidade). Os
animais imersos na concentracdo de 10 mM de PTZ apresentaram uma crise
de severidade intermediaria (33% de mortalidade). Ja os animais imersos nas
concentracdoes de 7.5 mM e 5 mM de PTZ apresentaram uma crise de baixa
severidade (0% de mortalidade). Embora a alta mortalidade em modelos de
convulsdo seja um fator limitante para futuros testes neste modelo (Goodman
et al., 1953), é importante ressaltar que os 50% de mortalidade vistos nos
animais expostos a concentragdo de 15 mM de PTZ sao provavelmente
resultantes do tempo de exposigao que foi utilizado nesse estudo (chegada de
PTZ ao cérebro é tempo dependente). Em registros eletrofisiolégicos realizados
por Pineda et. al., (2011), ndo houve mortalidade nos animais que foram
expostos apenas por 3 min a 15 mM de PTZ. Diferente deste estudo
mencionado anteriormente, nesse trabalho optou-se por utilizar 20 min porque
outros trabalhos utilizaram esse tempo (Lee et al., 2010; Siebel et al., 2011;
Stewart et al., 2012; Wong et al., 2010), e o perfil de comportamento visto neste
tempo engloba os 3 minutos iniciais, servindo desta forma como base
comportamental para ambos os tempos.

Finalmente, como um Uultimo ponto deste estudo, testou-se as
ferramentas comportamentais propostas frente a utilizacdo de um farmaco anti-
convulsivo classico em uma concentragdo que induzisse uma mortalidade
relevante, mas ndo uma alta severidade. Neste contexto, os animais foram
imersos em diazepam e posteriormente submetidos a concentracdo de 10 mM
de PTZ. Os resultados demonstraram que as ferramentas testadas foram
sensiveis a utilizagao do farmaco anti-convulsivante, mas nao houve diferengas

no tempo necessario para o animal retornar ao nado normal.
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CONCLUSAO

Os resultados deste estudo permitiram uma caracterizagdo temporal
detalhada das manifestagcdes comportamentais do zebrafish adulto ao serem
imersos em diferentes concentragdes de um agente convulsivante amplamente
utilizado para induzir convulsbes agudas (PTZ). Neste estudo, descreveu-se
curva de perfil comportamental de exposicao ao PTZ, curva cumulativa de
escores, intensidade das crises convulsivas, laténcia para o score 4, laténcia
para retorno ao score 0 apds a retirada da solucdo de PTZ, taxa de
mortalidade, e compreensao da severidade das crises convulsivas. Além disso,
foi determinada pela primeira vez que as concentracdes cerebrais do PTZ no
zebrafish adulto com curvas de tempo e concentracdo de exposicao
dependente, indicando um perfil similar ao visto em trabalhos com roedores.
Esse trabalho permitira futuras analises comportamentais em trabalhos que
utilizem esse modelo como propdsito para a busca de novos farmacos
anticonvulsivantes. Além disso, o trabalho otimizou um método de
quantificacao cerebral de PTZ. Os resultados apresentados nessa dissertagcéo

sirvem de base para futuras pesquisas translacionais.
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PERSPECTIVAS

Podemos dividir nossas perspectivas em 3 focos:

O primeiro poderia vir a ser uma abordagem neuroquimica e molecular
das modificagcdes que ocorrem no SNC do peixe apés ele ser retirado da
solucdo de PTZ. Valendo-se de sistemas de neurotransmissores ja
caracterizados neste animal, pretendemos mapear mapear temporalmente a
convulsao do ponto de vista neuroquimico.

O segundo seria realizar abordagens comportamentais. Tendo em vista
que o peixe-zebra ja apresenta ferramentas para avaliar alteragdes a nivel de
ansiedade, agressividade e memoaria, seria interessante submeter animais que
convulsionaram aos protocolos destes testes. Neste ponto, poderiamos utilizar
uma escala de tempo logo apdés a convulsdo, ou ver o impacto no
comportamento do animal apés um a dois meses da convulsdo. Humanos que
convulsionam jovens podem vir a apresentar alteragdes comportamentais na
fase adulta, e buscar por farmacos que atenuem as crises convulsivas e essas
alteragdes comportamentais seria de grande valia.

O terceiro tende a ser o ponto mais dificil por ser o mais carente em
relagdo ao peixe-zebra. E de extremo interesse mapear a convulsdo do ponto
de vista eletrofisiolégico. Contudo, as técnicas até o momento sé possibilitam
avaliar a mesma de forma generalizada e ndo como ela ocorre em diferentes
estruturas e como ela se propaga até tornar-se generalizada.

Partindo dessas premissas, gostariamos de avaliar o sistema
GABAérgico, as alteragdes comportamentais e se possivel a eletrofisiologia

durante e apds a convulsao induzida por PTZ em peixe-zebra adulto.
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