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RESUMO

Diversas doencas psiquiatricas e neuroldgicas sdo caracterizadas por apresentarem prejuizos
no funcionamento social, como os transtornos do espectro do autismo (TEA) e esquizofrenia
(SCZ). Neste estudo, realizamos uma triagem comportamental em diferentes periodos do
desenvolvimento do peixe-zebra em 6, 30, 70 e 120 dpf (dias pos-fertilizacdo) para estabelecer
um modelo de déficit de interacdo social induzido por &cido valpréico (VPA) na concentragdo
de 48 uM a fim de investigar o comportamento social, locomocdo, agressividade e ansiedade.
Para analisar o comportamento social cada peixe foi colocado num aquario experimental. De
um lado do tanque experimental, foi colocado um aquério vazio e; do outro lado, um aquéario
de tamanho idéntico com 15 animais, designados como "peixe estimulo"”. Quantificamos o
tempo de permanéncia do peixe experimental entre o lado do aquario "peixe estimulo™ em
relacdo ao aquario vazio. A locomoc¢do dos animais foi analisada avaliando os seguintes
parametros: distancia percorrida, velocidade média, niUmero de cruzamentos e o tempo gasto
em cada zona do aquério (superior versus inferior) foi considerado indice de ansiedade. Para
analisar a agressiviade os animais foram individualmente colocados em um aquéario experimental.
Um espelho foi colocado inclinado a 22,5 ° da parede do fundo do aquario, para que a borda
esquerda vertical do espelho toque a borda direita do aquario. Assim, quando o peixe virar para o
lado esquerdo do tanque sua imagem no espelho aparecerda mais perto, indicando preferéncia pelo
adversario. Nossos resultados demonstram que a exposicdo ao VPA induz mudancas na
atividade locomotora e ansiedade em diferentes periodos do desenvolvimento em peixe-zebra.
Além disso, os animais tratados com VPA apresentaram um déficit de interacdo social aos 70
dpf e 120 dpf. A exposicdo ao VPA ndo alterou a agressividade no estagio adulto aos 70 dpf e
120 dpf. Neste estudo, também investigamos a sinaliza¢do purinérgica em um modelo de
exposicdo embrionaria ao VPA, que induz déficit de interacdo social em peixe-zebra adultos.
Este estudo demonstra a primeira evidéncia de que a exposicdo embrionaria ao VPA pode
modular a hidrolise de nucleotideos e nucleosideo e a desaminagdo de adenosina em
membranas de encéfalo de peixe-zebra em 120 dpf. Além disso, analisamos os efeitos da
ocitocina, do agonista do receptor da ocitocina (carbetocina) e do antagonista do receptor da
ocitocina (L-368,899) na reversdo dos efeitos comportamentais induzidos pelo MK-801 em

peixe-zebra em relacdo ao comportamento social, tais como, mudancgas na interagdo social e



agressividade. Estes resultados sugerem o papel dos receptores NMDA e do sistema
ocitocinérgico na regulacdo do comportamento social e agressividade. Este estudo pode
contribuir para um melhor entendimento do comportamento social e da sinalizagdo purinérgica
sobre as principais desordens neuropsiquiatricas que afetam o comportamento social; como o
autismo e a esquizofrenia. Além disso, este estudo apresenta modelos de déficit de interagdo
social induzido pela exposicdo embrionéria ao VPA e exposicdo ao MK-801 em peixe-zebra
adulto. Estes achados também reforcam o envolvimento do sistema ocitocinérgico e 0 seu
potencial farmacologico sobre doencas que afetam o comportamento social.

Palavras-chaves: adenosina, acido valpréico, comportamento social, MK-801, ocitocina,

peixe-zebra.



ABSTRACT

Several psychiatric and neurological diseases are characterized by impairments in social
function, such as autism spectrum disorders (ASD) and schizophrenia (SCZ). In this study, we
conducted a behavioral screening at different times of zebrafish development at 6, 30, 70 and
120 dpf (postfertilization days) to establish a social interaction deficit model induced by
valproic acid (VPA) at 48 uM concentration to investigate social behavior, locomotion,
aggression and anxiety. To analyze the social behavior of each fish was placed in an
experimental tank. On one side of the experimental tank, an empty fish tank was placed; on
the other side, a tank of identical size held 15 zebrafish, which were designed the “stimulus
fish”. We quantify the time of the experimental fish from the side of the tank "fish stimulus" in
relation to empty tank. The locomotion of the animals was assessed by evaluating the
following parameters: distance traveled, average speed, number of crossings and the time
spent in each tank position (bottom vs. upper levels) was considered an index of anxiety. To
analyze the aggression the animals were individually placed in an experimental tank. A mirror
was placed at the side of the tank at an angle of 22.5° to the backwall of the tank so that the
left vertical edge of the mirror touched the side of the tank and the right edge was further
away.Thus, when the experimental fish swam to the left side of the tank, their mirror image
appeared closer to them. indicating preference for the opponent.Our results showed that
exposure to VPA induced changes on locomotor activity and anxiety in different periods of
development in zebrafish. In addition, VPA-treated animals presented a deficit in social
interaction to 70 dpf and 120 dpf. Exposure to VPA did not affect aggression in the adult stage
after 70 dpf and 120 dpf. This study also investigated the purinergic signaling in a model of
embryonic exposure to VPA, which induced deficit in social interaction in adult zebrafish.
This study demonstrates the first evidence that exposure to VPA in embryonic zebrafish in 120
dpf can modulate the hydrolysis of nucleotide and nucleoside and adenosine deamination in
zebrafish brain membranes. In addition, we analyzed the effects of oxytocin, the oxytocin
receptor agonist (carbetocin) and oxytocin receptor antagonist (L-368,899) on the reversal of
behavioral effects induced by MK-801 in zebrafish regarding behavior social, such as, changes

in social interaction and aggression. These results support the role of NMDA receptors and



oxytocinergic system in the regulation of social behavior and aggression. This study can
contribute to a better understanding of social behavior and purinergic signaling on the main
neuropsychiatric disorders that affect social behavior; autism and schizophrenia, as well as to
present social interaction deficit models induced by embryological exposure to VPA and
exposure to MK-801 in adult zebrafish. These findings reinforce the involvement of

oxytocinergic system and its pharmacological potential on diseases that affect social behavior.

Keywords: adenosine, MK-801, oxytocin, social behavior, valproic acid, zebrafish.
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1 INTRODUCAO

1.1 TRANSTORNOS DO COMPORTAMENTO SOCIAL

As espécies sociais sdo caracterizadas por formarem organizagdes que se sobrepde ao
comportamento individual. Estas estruturas organizacionais evoluiram em aspectos
psicoldgicos, neurais, hormonais, celulares e genéticos, constituindo o comportamento social,
ja que este contribui para a heranca genética e sobrevivéncia dos individuos (Cacioppo &
Decety, 2011). A investigacdo dos mecanismos biologicos envolvidos na base das estruturas
sociais, comportamento e processos é um elemento essencial para compreender o
comportamento humano, vida social, educacdo e saude (Cacioppo & Decety, 2011). Diversas
doencas psiquiatricas e neurologicas sdo caracterizadas por apresentarem prejuizos no
funcionamento social, como os transtornos do espectro do autismo (TEA) e esquizofrenia

(SCZ2), descritos a seguir.

1.1.1 AUTISMO

Os transtornos do espectro do autismo (TEA) compreendem um grupo heterogéneo e
complexo de condic¢des patoldgicas, incluindo as sindromes de Rett e Asperger, transtorno
invasivo do desenvolvimento e autismo (Kumar et al., 2012; Grzadzinski et al., 2013). O
termo TEA é usado para descrever um grupo de transtornos do desenvolvimento neurolégico

infantil, cujo aparecimento é geralmente antes de 3 anos de idade (Charman et al., 2008).
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O autismo é diagnosticado com base na historia clinica do paciente e normalmente é
definido por sintomas relacionados com o desenvolvimento: déficits de comunicacdo como
atrasos na linguagem, falta da lingua falada ou incapacidade de sustentar uma conversa,
irritabilidade, dificuldades na interacdo social como reciprocidade emocional, comportamentos
repetitivos, padrbes estereotipados e interesses restritos, incluindo a aderéncia inflexivel a uma
rotina especifica e interesses do tipo obsessivo (American Psychiatric Association, 2013;
Subramanian et al., 2015). Em termos de memoria, os individuos com autismo apresentam
uma disfuncdo na habilidade de processar informacdes complexas de carater verbal e visual,
porém apresentam habilidade de aprendizado associativo e memoria de trabalho verbal
(Williams et al, 2006). Embora deficiéncias motoras ndo sejam atualmente incluidas como
sintomas de diagndstico, varios estudos tém sugerido que anormalidades motoras podem servir
como uma caracteristica de identificacdo precoce do autismo (Landa & Garrett-Mayer, 2006).

Por alguns autores o autismo, é considerado uma desordem encefalopética estatica sem
qualquer cura especifica e algumas intervencbes biomédicas podem ser eficazes (American
Psychiatric Association, 2013). No entanto, Dawson (2008) relata que o TEA claramente ndo é
uma doenca estatica, mas sim € caracterizada por alteragdes dindmicas no periodo p6s-natal
em relacdo ao cérebro e comportamento. O diagnéstico precoce oportuniza que criangas com
TEA se beneficiem com uma intervencdo terapéutica, pois o modelo tedrico proposto por
Dawson (2008) sugere a possibilidade de prevenir algumas manifestagbes de TEA,
aproveitando a plasticidade inicial do cérebro e potencializando modificacBes em circuitos de
recompensa no inicio do desenvolvimento (Dawson, 2008; Zwaigenbaum et al., 2013). A

apresentacdo clinica da doenca pode ser altamente heterogénea, pois alguns individuos
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apresentam um elevado nivel de deficiéncia intelectual, enquanto outros apresentam um nivel
médio ou superior de inteligéncia (Charman et al., 2011).

Ao longo das ultimas décadas, a prevaléncia do autismo teve um aumento expressivo,
podendo ser resultado das mudancas nos critérios de diagndstico e maior conscientizacao
global da doenca (Nightingale, 2012). Embora a etiologia permaneca desconhecida, existem
varios fatores envolvidos na etiopatogenia do autismo ou TEA, como prejuizo na resposta
imune, neuroinflamacdo, neurotransmissdao anormal, estresse oxidativo, disfuncdo
mitocondrial, toxinas ambientais e eventos estressores. Esses achados levaram a hipdtese de
gue um aumento na relacdo entre a excitacdo e a inibicdo sindptica durante um periodo critico
pode determinar um desenvolvimento disfuncional dos circuitos neurais, causando os sintomas
tipicos do TEA (Rubenstein & Merzenich, 2003; Gogolla et al. 2009).

O autismo possui uma alta herdabilidade (Dawson, 2008; Devlin et al., 2012). Fatores
genéticos sdo conhecidos por terem um papel no desenvolvimento de muitos transtornos do
desenvolvimento neuroldgico, incluindo TEA (Ginsberg et al.,, 2012). Um ndmero
consideravel de casos de autismo € frequentemente associado com uma série de disturbios
genéticos identificaveis, como a sindrome do X fragil (Rutter et al., 1994), esclerose tuberosa,
epilepsia e sindrome de Down (Kumar et al., 2012). No entanto, a maioria dos casos é
idiopéatica (Ginsberg et al., 2012). AlteracGes hereditarias que influenciam a expressdo génica
podem ser atribuidas a variagdo de sequéncia de DNA, bem como modificaces epigenéticas
(incluindo a metilacdo do DNA, modificacbes pos-traducdo de proteinas histonas e
silenciamento de RNA) (Coghlan et al.,, 2012), microdelecdes ou microduplicacoes,
conhecidas como variacbes do numero de copia (CNVs), que sdo anormalidades

cromossémicas submicroscopicas, variando em tamanho de algumas bases até cerca de 500
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kilobases (Feuk et al., 2006). Assim, o TEA parece resultar da interacdo de fatores genéticos e
ambientais no periodo pré-natal e pos-natal (Tchaconas & Adesman, 2013).

E estimado que o autismo possa afetar 1 em 150 criancas, sendo que os homens s&o
mais atingidos que as mulheres em uma proporcdo de 4:1 para o espectro como um todo
(Kuehn, 2007; Brugha et al., 2011; Kim et al., 2011; Fombonne 2003; 2009).

Embora até o momento ndo haja nenhum marcador genético especifico identificado
como responsavel pela condicdo, mutacdes genéticas tém sido observadas em todo o espectro
do autismo (Sebat et al., 2007). Varios genes de susceptibilidade ao autismo sdo estudados,
como o gene En-2, localizado no cromossomo 7, envolvido no desenvolvimento cerebelar
(Cheh et al., 2006), e o gene do transportador de serotonina SLC6A4 (Devlin et al., 2005).
Individuos com autismo podem apresentar um alelo variante, o alelo short SHTTLPR,
envolvido na transmissdao serotoninérgica (Devlin et al., 2005). Levitt & Campbell (2009)
analisaram o gene MET que codifica o receptor tirosina quinase € mostraram uma associagdo
genética com o autismo. Dawson (2008) sugeriu uma associacdo direta entre a variacdo
genética e o desenvolvimento atipico do cérebro no autismo.

MutacBes raras no gene da neuroligina 3 e neuroligina 4, as quais sdo proteinas
expressas nos neurénios, foram encontradas em individuos com autismo (Jamain et al., 2003).
SHANKS3 é outra proteina que esta envolvida na via da neuroligina e muta¢cdes na SHANK3
também foram encontradas (Durand et al., 2007). Muta¢des nos genes JARID1C (Adegbola et
al., 2008), HRAS (Hérault et al., 1993), SCN2A (Weiss et al., 2003), APC (Zhou et al., 2007),
NLGN4X, NLGN3 (Yan et al., 2005) eneurexina 1-beta (Feng et al., 2006) também tém sido

associadas com o autismo e disfuncéo cognitiva.
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A literatura recente sugere que os insultos iniciais genéticos e/ou ambientais que causam
0 autismo convergem para vias e processos celulares (Tchaconas & Adesman, 2013;
Subramanian et al., 2015). Estudos neuroquimicos em TEA apontam para o envolvimento de
varios sistemas de neurotransmissores, sendo que 0s sistemas serotoninérgico, gabaérgico,
colinérgico e glutamatérgico sdo intensamente investigados no autismo (Keller & Persico,

2003).

1.1.2 ESQUIZOFRENIA

A esquizofrenia € um transtorno psiquiatrico debilitante que prejudica o funcionamento
mental e social, afetando cerca de 1% da populacdo mundial (Nagai & Yamada, 2011). Os
sintomas apresentam-se de forma heterogénea e podem ser analisados em trés dominios:
sintomas positivos (alucinacGes, delirios e transtornos do pensamento), sintomas negativos
(déficits na interacdo social, expressdo emocional e motivacdo) e disfuncdo cognitiva
(prejuizos na atencdo, velocidade de processamento, aprendizagem verbal e visual, e memaria)
(Carpenter et al, 2013; Young & Geyer, 2015). A esquizofrenia geralmente se manifesta na
adolescéncia ou inicio da idade adulta através de um episddio psicotico. A base do
neurodesenvolvimento deste transtorno ganhou maior evidéncia nas Gltimas trés décadas
(Lewis & Levitt, 2002).

De acordo com Thompson & Levitt (2010), o processo fisiopatologico da
esquizofrenia ocorre em dois momentos: o disturbio comega na vida pré-natal ou perinatal,

com interrupcdo do desenvolvimento normal do cérebro (por exemplo, proliferacdo neuronal,
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migracdo) por fatores genéticos e/ou ambientais, tais como infeccdes virais, deficiéncia de
vitamina D e hipdxia (Byrne et al., 2007; McGrath et al., 2010). Posteriormente, adversidades
sociais na infancia e adolescéncia, tais como situacdes de bullying ou algum evento
traumatico, também podem promover o aparecimento de sintomas psicoticos (Varese et al.,
2012). Estes fatores podem agir sinergicamente com o consumo de cannabis, podendo
prejudicar o desenvolvimento neuronal, a deposicdo de mielina, e o equilibrio normal entre
vias inibitdrias e excitatérios. Desta forma, estas alteracdes, podem gerar déficits sociais e
cognitivos (Morgan et al., 2014) e, finalmente, o surgimento dos sintomas psicoticos (Insel,
2010).

Alteracbes em caracteristicas neuroanatdmicas sao relatadas em pacientes
esquizofrénicos, sendo que o achado mais comum € a diminui¢do do volume da substancia
cinzenta no giro temporal superior esquerdo e no lobo temporal medial esquerdo (Honea et al.,
2005). Atualmente, os principais sistemas neurotransmissores que tém sido implicados na
esquizofrenia sdo os sistemas dopaminérgico e glutamatérgico.

A desregulacdo do sistema dopaminérgico desempenha um papel critico na psicose,
transtornos cognitivos, funcdo da recompensa anormal, e alteragdes no movimento, 0s quais se
manifestam na esquizofrenia (Bissonette & Roesch, 2016; Mier & Kirsch, 2016). As
evidéncias que relacionam a disfuncdo dopaminérgica com a esquizofrenia demonstram que
farmacos, como a anfetamina, que aumentam os niveis de dopamina, pioram 0s sintomas
psicoticos, enquanto que farmacos, como a reserpina, que diminuem os niveis de dopamina,
reduzem os sintomas psicéticos (Howes et al., 2012). Os agentes antipsicoticos atualmente
mais utilizados também validam esta hipétese: de fato, os primeiros farmacos com eficacia

terapéutica para controlar os sintomas positivos foram caracterizados como sendo antagonistas
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de receptores de dopamina D2. No entanto, a teoria dopaminérgica ndo € suficiente para
explicar todos os sintomas da esquizofrenia, ja que muitos antipsicoticos ndo tem efeito sobre
0s sintomas negativos e cognitivos. Além disso, alguns pacientes sao refratarios as estratégias
terapéuticas com base na utilizacdo de antagonistas do receptor de dopamina (Rial et al.,
2014).

Outra hipdtese para a patofisiologia da esquizofrenia é uma alteracdo na sinalizacéo
glutamatérgica, associada a uma diminuicdo da funcdo dos receptores de glutamato N-metil-d-
-aspartato (NMDA-R). Observou-se que antagonistas do receptor NMDA (por exemplo,
guetamina, fenilciclidina e MK-801) podem induzir diversos sintomas da esquizofrenia em
humanos (Itil et al., 1967; Lefevre et al., 2015). Além disso, estudos mostram que 0s niveis de
glutamato estdo alterados em pacientes com esquizofrenia (Poels et al., 2014). A teoria da
hipofuncdo glutamatérgica explica os sintomas positivos e também fornece uma explicacao
para 0s sintomas negativos e cognitivos da esquizofrenia (Neill et al., 2010). No entanto,
existem questdes a serem esclarecidas sobre o impacto dos NMDA-R sobre o funcionamento

do circuito global e os efeitos comportamentais dos NMDA-R.
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1.2 MODELOS FAMACOLOGICOS DE DEFICIT DE INTERACAO SOCIAL

1.2.1 ACIDO VALPROICO

O é&cido valproico (VPA) é utilizado como um farmaco anti-epiléptico e estabilizador do
humor. No entanto, a exposicdo pré-natal ao VPA em seres humanos tem sido associada com
um aumento da incidéncia de autismo, além de poder afetar o desenvolvimento do cérebro
fetal (Kim et al., 2011). O modelo de autismo utilizando VVPA foi desenvolvido com base na
observacao de que o tratamento da epilepsia ou transtorno bipolar em gestantes que utilizavam
VPA leva a um aumento da incidéncia de autismo em seus filhos (Williams & Hersh, 1997,
Werler et al., 2011). Este modelo também é de importancia clinica porque a exposi¢do ao VPA
durante o primeiro trimestre de gestacdo em seres humanos pode causar atrasos no
desenvolvimento (Genton et al., 2006; Bromley et al., 2008). Assim, diferentes periodos
gestacionais correspondem a janelas com distintas vulnerabilidades neuropatoldgicas e

disfungdes comportamentais da prole (Meyer et al., 2006).

A exposicdo ao VPA no dia 12,5 de gestacdo em roedores (Rodier et al., 1997) provoca
alteracdes no funcionamento de sistemas cerebrais e respostas emocionais (Schneider et al.,
2007). Diversos estudos relatam que ratos expostos ao VPA durante o periodo pré-natal
apresentam movimentos repetitivos estereotipados (Schneider et al., 2008), diminuicdo na
interacdo social (Schneider & Przewlocki, 2005), diminuicdo na preferéncia social por
novidade (Bambini-Junior et al., 2011), aumento da ansiedade, reforco nas respostas

relacionadas a aprendizagem de medo e prejuizo na extingdo da memoria de medo (Kim et al.,
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2013), sintomas semelhantes aos apresentados pelos pacientes humanos autistas. Um dos
principais focos de modelos animais de autismo é mimetizar os deéficits sociais da doenca
(Raza et al., 2015). Desta forma, 0 modelo animal de exposicdo ao VPA ¢é util para estudar os
mecanismos envolvidos nos transtornos que afetam o comportamento social (Ranger et al.,

2015).

Uma hipdtese para a patologia cerebral do autismo consiste na hiper-funcionalidade e
excessivo processamento neuronal em microcircuitos neuronais locais no cértex pré-frontal,
somato-sensorial e amigdala, levando a altera¢6es sociais e ambientais (Markram et al., 2007).
Além disso, este modelo animal de déficit de interacdo social com VPA sugere que 0 himero
de sinapses excitatorias nos circuitos corticais locais é reforcado em TEA (Rinaldi et al.

2008a, b).

Novos modelos animais para estudar os efeitos do déficit de interacdo social provaram ser
de valor por muitas razdes. O peixe-zebra ja esté estabelecido como um excelente modelo para
a biologia do desenvolvimento e neurociéncias (Norton et al., 2013). Portanto, é relevante
estabelecer um modelo experimental de déficit de interacdo social induzido por VPA em
peixe-zebra, tendo em vista que 0s mecanismos neuroquimicos e neurobiolégicos pelos quais

a interacdo social se desenvolve ainda ndo séo completamente conhecidos.
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1.2.2 MK-801

MK-801 é um antagonista ndo competitivo dos receptores NMDA de glutamato.
Estudos indicam que uma hipofuncdo nos receptores NMDA esta envolvida em transtornos
que afetam o comportamento social, como a esquizofrenia (Brenner et al., 2005; Rujescu et
al., 2006). Modelos animais que utilizam MK-801 apresentam prejuizos no comportamento
social, e este antagonista pode ser administrado para simular aspectos do autismo e

esquizofrenia (Neill et al., 2010; Seibt et al., 2011).

A administracdo de MK-801 em camundongos e peixe-zebra é descrita como um bom
modelo farmacologico para esquizofrenia (O'Neill & Shaw, 1999; Seibt et al., 2010; Lefevre et
al., 2015), ja que este antagonista induz tanto os sintomas positivos quanto os negativos da
doenca (Bickel & Javitt, 2009; Yu et al., 2011). Seibt et al. (2010; 2011) demonstraram que
peixe-zebra tratados com MK-801 apresentaram alteragdes comportamentais caracteristicas da
esquizofrenia, tais como prejuizos locomotores, déficits cognitivos e na interacdo social, que
foram revertidos por antipsicéticos. Desta forma, a sinalizacdo do receptor NMDA pode ser
usada como um alvo para aprofundarmos o conhecimento dos aspectos envolvidos na

interacdo social, bem como na modulacdo farmacolégica.

1.3 PEIXE-ZEBRA (Danio rerio)

O peixe-zebra esta firmemente estabelecido como um modelo de pesquisa para muitas
areas da biologia, genética, biologia do desenvolvimento, neurociéncias, medicina,

investigacdo de doencas humanas e para a descoberta e desenvolvimento de medicamentos
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(Liu & Leach, 2011; Matsui et al., 2014; Stednitz et al., 2015), oncologia, imunologia,
farmacologia e toxicologia (Jia & Meng, 2012; Lu et al., 2015). E um dos mais importantes
modelos de vertebrados e tem um papel cada vez mais expressivo na pesquisa (Xin et al.,
2012). O peixe-zebra, também conhecido como paulistinha ou zebrafish, € um pequeno
teledsteo (3-4 cm) que pertence a familia Cyprinidae, originario de plantacbes de arroz
adjacentes ao rio Ganges na India (Liu & Leach, 2011). O foco da pesquisa com peixe-zebra
inicialmente estava na area de biologia do desenvolvimento, devido as diversas vantagens, tais
como: rapido desenvolvimento, embrifes transparentes, fecundacdo e reproducdo externas,
requer pouco espago para manutencdo, baixo custo e facil observacdo comportamental
(Beliaeva et al., 2010; Fleming & Rubinsztein, 2011).

O genoma do peixe-zebra foi totalmente sequenciado sendo comparativamente mais
facil o rastreio genético em grande escala para investigar doencas humanas relevantes, como a
epilepsia, doenca de Alzheimer e doenca de Parkinson, doenca renal policistica e cancer
quando comparado com outros modelos animais, como ratos (Xia et al., 2012). Além disso,
mostrou-se que o0 genoma do peixe-zebra possui semelhangas com o genoma humano
(Barbazuk et al., 2000; Howe et al., 2013). Novas tecnologias e o conhecimento sobre o
genoma do peixe-zebra permitem o desenvolvimento e melhoria de estratégias sofisticadas
como a geracdo de mutantes, morfolinos e tecnologia de microarranjos (Xia et al., 2012;
Radev et al., 2015).

Devido a sua capacidade de absorver os componentes diretamente da agua pelas suas
branquias e acumular em diferentes tecidos, este modelo tém sido muito utilizado em estudos

toxicologicos (Hill et al., 2005; Yang et al., 2009).
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Durante a Ultima década, muitos sistemas de neurotransmissao excitatorios e inibitorios
foram mapeados no sistema nervoso do peixe-zebra, tais como, sistemas dopaminérgico,
serotoninérgico, colinérgico, purinérgico, histaminérgico, nitrérgico, glutamatérgico,
glicinérgico e gabaérgico, enfatizando suas caracteristicas como alvos farmacoldgicos e
toxicoldgicos (Panula et al., 2010; Rico et al., 2011).

Ha um interesse crescente em utilizd-lo em estudos comportamentais, visando a
compreensdo da base genética do comportamento (Mikldsi & Andrew, 2006). O repertorio
comportamental do peixe-zebra € diversificado e permite a analise de uma série de parametros
(Miklési & Andrew, 2006) que podem ser facilmente observados e quantificados. Os aspectos
comportamentais incluem alteracdes na locomog¢do, como movimentos erraticos, distancia
percorrida, tempo de permanéncia, velocidade média e niUmero de cruzamentos (Giacomini et
al., 2016). Além disso, estudos avaliando caracteristicas comportamentais do peixe-zebra
foram desenvolvidos, envolvendo a andlise da atividade locomotora, agressividade, interacéo
social e aprendizado (Cognato et al., 2012; Karnik & Gerlai, 2012; Bailey et al., 2013). O
rapido aprendizado e o envolvimento de mecanismos evolutivamente conservados permitem a
caracterizacdo de eventos envolvidos na formagdo da memoria enquanto a clareza da resposta
aprendida garante que déficits cognitivos sejam facilmente identificaveis.

O peixe-zebra apresenta comportamentos sociais altamente complexos, assim esta
emergindo como um importante modelo vertebrado para estudos de neurodesenvolvimento e
investigagdo do comportamento social (Zimmermann et al.,, 2015). Uma caracteristica
marcante do seu comportamento € a interdependéncia dos membros do grupo, relagdes sociais

ordenadas e interagéo social (Kalueff et al, 2014).
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O peixe-zebra apresenta genes homodlogos aos de mamiferos, os quais estdo
relacionados a transtornos psiquiatricos. Alguns estudos analisaram genes envolvidos no
autismo e esquizofrenia, sendo que alguns desses também estdo presentes no peixe-zebra.
Morrow et al. (2008) analisaram a delecdo do gene c3orf58 implicado na etiologia do TEA. O
gene foi, portanto, nomeado DIAl (gene de delecdo do autismo-1). Aziz et al. (2011)
caracterizaram o DIAL implicado no TEA e esquizofrenia. O genoma do peixe-zebra codifica
dois genes estreitamente relacionados ao DIAL, DIAla e DIAlb (Aziz et al., 2011). Outros
genes relacionados sdo: AUTS2 (Oksenberg et al., 2013), 16p11.2 (Blaker-Lee et al., 2012;
Maillard et al., 2015), gene do X fragil e retardo mental (FMR1), gene da subunidade GABAA
B3 (GABRB3), SHANK3, TSC1, NEUROLIGINA3 e NEUROLIGINA4 (Wright &
Washbourne, 201; Zhang et al., 2015). Portanto, esses dados reforcam a utilizacdo do peixe-

zebra como modelo para investigar doencas que afetam o comportamento social.

1.4 OCITOCINA

A ocitocina € um horménio neuroenddcrino classico, mas nos Ultimos 20 anos,
emergiu como um influente horménio liberado no cérebro que pode dar inicio a um amplo
espectro de efeitos centrais (Baskerville & Douglas, 2010). A ocitocina é sintetizada
principalmente no hipotdlamo pelas células neurosecretoras do nucleo supraoptico e ndcleo
paraventricular, onde € transportada para a neuro-hipofise e liberada para o sangue. O receptor

de ocitocina é um polipeptideo de 389 aminoacidos, possui sete dominios transmembrana e faz
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parte da familia de receptores acoplados a proteina G. Quando a ocitocina se liga ao seu
receptor, inicia uma cascata de eventos intracelulares (Gimpl & Fahrenholz, 2001). O receptor
de ocitocina pode ligar-se a varias proteinas G, levando a diferentes efeitos funcionais, podem
ser acoplados a Gg/11 que leva a ativagao da fosfolipase CpB, acumulo de fosfatidilinositol-
1,4,5-trifosfato e mobilizacdo de Ca* intracelular. A ocitocina também pode acoplar-se a
Gilo, exercendo efeitos antiproliferativos. Evidéncias indicam que a ocitocina pode também
ativar a adenilato ciclase e aumentar o AMPc (Chaves et al., 2013).

Alteracbes no sistema da ocitocina podem ser associadas a diversos transtornos
neuropsiquiatricos, como, por exemplo, o autismo e esquizofrenia (Feifel et al., 2016;
Leckman et al., 1994). Modahl et al. (1998) relataram que a concentracdo plasmatica de
ocitocina é reduzida em criangas com autismo. Estudos também descobriram uma associa¢do
do gene do receptor da ocitocina e autismo (Wu et al., 2005; Jacob et al., 2007). Hollander et
al. (2007) demonstraram que a administracdo intravenosa de ocitocina reduz os
comportamentos repetitivos e aumenta a compreensdo do afeto em individuos com TEA.
Além disso, Rubin et al. (2010) demonstrou que niveis séricos elevados de ocitocina tém sido
associados com sintomas positivos menos graves de psicose e com maior comportamento pro-
social em pacientes com esquizofrenia.

Em peixes, a ocitocina tem efeitos sobre a resposta social, mudancas de sexo
socialmente induzidas, vocalizacfes relacionadas a reproducdo, comportamento de corte e
comportamento social (Goodson & Bass, 2000; Black et al., 2004). A isotocina, também
encontrada em teledsteos, € homologa a ocitocina, mas estd associada com o equilibrio
osmotico interrenal e idnico (Chou et al., 2011). No peixe, as células produtoras de ocitocina

estdo localizadas na area predptica, enquanto que nos mamiferos, as células produtoras de
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ocitocina localizam-se no nucleo paraventricular (PVN) e hipotalamo anterior (Eaton &
Glasgow, 2006).

Braida et al. (2012) demonstraram que a ocitocina e vasopressina em peixe-zebra
aumentaram o comportamento social e reduziram a resposta de medo ao predator, indicando
um papel neuromodulatério nestes comportamentos complexos. Além disso, Filby et al.

(2010) mostraram uma reducéo da agressividade apds tratamento com vasopressina.

1.5 SISTEMA PURINERGICO

No sistema purinérgico, o0 ATP e seus metabolitos, ADP, AMP e adenosina, produzem
uma grande variedade de efeitos fisiologicos que ndo estdo necessariamente relacionadas com
0 seu papel no metabolismo energético.

Drury & Szent-Gyorgyi, em 1929, demonstraram pela primeira vez as potentes agdes
extracelulares do ATP e adenosina sobre o0 coragdo e vasos sanguineos coronarios. A hipotese
da sinalizacdo purinérgica, com o ATP como molécula responsavel pela transmissdo nao
adrenérgica e ndo colinérgica, no musculo liso do intestino e da bexiga foi proposta por
Burnstock em 1972.

Os nucleosideos e nucleotideos derivados de purinas atuam como moléculas
sinalizadoras extracelulares em varios tecidos e estdo envolvidos em muitos mecanismos
neuronais e ndo neuronais e em eventos de curta e longa duragéo, incluindo respostas imunes,
inflamacéo, dor, agregacdo plaquetaria, vasodilatacdo mediada pelo endotélio, proliferacéo e

morte celular (Burnstock, 2014). A sinalizacdo purinérgica esta envolvida no trauma, epilepsia,
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doencas neurodegenerativas, desordens neuropsiquiatricas e do humor e cancer (Burnstock, 2012;
2015). O ATP pode ser liberado nos terminais pré- e pos-sinapticos. Esta liberacdo pode
ocorrer tanto como um mecanismo fisiolégico ou em resposta a danos celulares, como hipdxia
e injurias (Burnstock, 2008).

A acdo dos derivados das purinas se da através dos receptores purinérgicos. A base
para distinguir dois tipos de purinoceptores identificados como P1 (para adenosina) e P2 (para
ATP e ADP) foi descrita por Burnstock em 1978 (Burnstock, 1978). Diversas evidéncias tém
demonstrado o importante papel desempenhado por essas moléculas no SNC (Dunwiddie &
Masino, 2001).

O ATP é reconhecido como um neurotransmissor, pois € sintetizado e armazenado em
terminais sinapticos e liberado apos estimulo destes terminais. Além disso, esse nucleotideo é
considerado uma molécula chave na sinalizacdo presente no SNC, e recebe maior atencédo
devido ao seu papel como mensageiro durante diferentes eventos fisiologicos e patoldgicos
(Tu & Wang, 2009). O ATP também atua como um co-transmissor sendo liberado com outros
neurotransmissores classicos no sistema nervoso periférico e central, apesar das proporcoes
apresentarem variacdo entre as espécies e o0s tecidos e em diferentes condicBes de
desenvolvimento e processos fisioldgicos e patoldgicos. Esse nucleotideo é liberado
juntamente com a noradrenalina, neuropeptideo Y, acetilcolina, o0xido nitrico, glutamato,
dopamina e serotonina (Burnstock, 2009).

O ATP exerce suas funcOes através da ativacdo de receptores purinérgicos do tipo P2.
Este grupo de purinoreceptores é subdivido em duas familias distintas de acordo com a base
do mecanismo de acdo, farmacologia e clonagem molecular (Burnstock & Kennedy, 1985;

2011). A primeira familia é constituida pelos receptores P2X, 0s quais sdo ionotropicos e estdo
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distribuidos em neurdnios, células gliais e no musculo liso (Burnstock, 2006). A segunda
familia é constituida pelos receptores metabotropicos P2Y, acoplados a proteina G e
apresentam uma ampla distribuicdo nos tecidos (Burnstock & Knight, 2004; Burnstock, 2010).
Os receptores do tipo P2X estdo divididos em sete membros (P2X1.7) que séo ligados a canais
ibnicos, e quando ativados levam a abertura de um poro na membrana celular que permite a
passagem dos ions Na', K* e Ca'. Estes receptores interagem com Varios receptores
ionotrépicos, incluindo receptores colinérgicos nicotinicos, receptores GABAAs € receptores
NMDA. Os mecanismos para estas interacdes parecem ser mediados pela fosforilacdo destes
receptores, através da acio de cinases ativadas por Ca*? intracelular (Burnstock, 2010). Até o
presente momento, foram descritos oito membros na familia de receptores P2Y (P2Y1, P2Y2,
P2Y4, P2Y6, P2Y11, P2Y12, P2Y13 e P2Y14) (Burnstock & Kennedy, 2011).

A clonagem e caracterizacdo molecular dos receptores P2X em peixe-zebra ja foram
realizadas (Diaz-Hernandez et al., 2002). Kucenas & colaboradores (2003) mostraram que a
subunidade P2X possui nove membros, sendo seis ortdlogos a genes dos receptores P2X de
mamiferos, dois paralogos em peixe-zebra e um gene que ainda precisa ser devidamente
classificado (Kucenas et al., 2003). Os subtipos dos receptores P2X do peixe-zebra contém
residuos altamente conservados, 0s quais sdo encontrados em subunidades de mamiferos.

Apos ser liberado no espaco extracelular e exercer suas acgdes via receptores
especificos, o ATP pode ser metabolizado pela acdo de ecto-enzimas que fazem a conversdo
deste nucleotideo até adenosina (Fredholm, 2011; Bonan, 2012). A acdo da adenosina se da
através da ativacdo de receptores purinérgicos, do tipo P1 acoplados a proteinas G. Estes
receptores sdo divididos em 4 subtipos de acordo com suas caracteristicas, tais como estrutura

molecular, distribuicéo tecidual e afinidade pelo seu ligante. Sao eles: o receptor A1, Aza, Az
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e As. Os receptores A; e Az se ligam a familia das proteinas Gij, responsaveis pela inibicdo da
producdo do segundo mensageiro AMP ciclico (AMPc). Os receptores Aza e Azg estimulam a
producdo de AMPc via ativacdo de proteinas Gs. A porcdo N-terminal do receptor esta voltada
para 0 meio extracelular e a porcdo C-terminal esta voltada para o lado citosélico da
membrana plasmatica (Fredholm, 2011). A caracterizacao dos receptores A1, Aza1, Aza2 € Az
foi realizada em peixe-zebra (Capiotti et al., 2011).

A adenosina extracelular ¢ um importante neuromodulador do sistema nervoso e
desempenha um papel crucial na excitabilidade neuronal e na transmissao sinaptica e nao-
sinaptica, modulando a liberacdo de neurotransmissores, as respostas pos-sinapticas e a acdo
de outros sistemas além de proteger o organismo em caso de isquemia e injdrias (Lane et al.,
2011; Sperlagh & Vizi, 2011). Devido a este papel neuromodulador, a adenosina esta
envolvida na regulacdo de importantes mecanismos no SNC, podendo participar na regulacédo
do sono, cognicdo, memdria e nocicepcdo (para revisao Burnstock et al., 2011). Além disso, ja
foi sugerido que esse nucleosideo pode estar relacionado com a patofisiopatologia de algumas
doencas neurodegenerativas e neuropsiquiatricas, visto que os niveis de adenosina no cérebro
se encontraram alterados em doenca de Alzheimer, doenca de Parkinson, epilepsia e
esquizofrenia (Kovacs et al., 2013).

Sao poucos os estudos que investigam o envolvimento do sistema purinérgico no
autismo. Wyatt et al. (2013) mostraram que o receptor P2X4 esta envolvido nas anormalidades
fenotipicas, como fungdes sociocomunicativas, semelhantes as observadas em outros modelos
murinos de TEA. Assim, os receptores P2X4 podem ser alvos para distarbios associados com
transtornos do desenvolvimento neurologico. Além disso, Masino e colaboradores (2011;

2013) relataram uma relagdo entre a adenosina no sistema nervoso central e autismo em
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termos de sintomas e comportamentos, demonstrando o envolvimento da adenosina no

comportamento social (Masino et al., 2011).

1.5.1 ECTONUCLEOTIDASES

Os nucleotideos extracelulares podem ser hidrolisados por uma variedade de enzimas
sollveis ou localizadas na superficie da célula, possuindo seu sitio ativo voltado para 0 meio
extracelular denominadas ectonucleotidases (para revisdo Bonan, 2012). Diversas enzimas
constituem o grupo das ectonucleotidases, formado por quatro familias de enzimas: Ecto-
nucleosideo trifosfato difosfoidrolases (E-NTPDases), Ecto-nucleotideo
pirofosfatase/fosfodiesterase (E-NPPs), fosfatases alcalinas e Ecto-5’-nucleotidases (E- 5'NT)
(Robson et al., 2006; Abbracchio et al. 2009). Desta forma, as ectonucleotidases contribuem
para o0 controle da disponibilidade de ligantes (ATP, ADP, AMP e adenosina) para 0S
purinoreceptores e, conseqlientemente, a extensdo e a duracdo da ativacdo destes receptores
(Chen & Guidotti, 2001).

As E-NTPDases podem hidrolisar nucleosideos 5 -trifosfatados e nucleosideos 5°-
difosfatados com ampla preferéncia, distribuicdo em diferentes tecidos e localizagdo celular
(Robson et al., 2006; Bonan, 2012). Os membros da familia das NTPDases sdo codificados
por oito genes diferentes, chamados de genes ENTP. Dos oito membros descritos até o
momento, quatro estdo localizados na membrana celular com o sitio ativo voltado para o0 meio
extracelular (NTPDases 1, 2, 3 e 8). As NTPDases 5 e 6 se localizam intracelularmente, porém

sdo secretadas apOs expressdo heterdloga. As NTPDases 4 e 7 apresentam localizacdo
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intracelular com o sitio ativo voltado para o ldmen de organelas citoplasmaticas
(Zimmermann, 2000; Robson et al., 2006). Os membros desta familia diferem em relacdo a
preferéncia pelo substrato; neste caso, nucleosideos 5°-tri e difosfatados.

A Ecto-5-NT desfosforila nucleosideos monofosfatados ndo ciclicos, atraves da
hidrolise da ligacdo fosfodiéster de 5 -ribonucleotideos, levando a formacdo do
correspondente ribonucleosideo e fosfato. A principal funcdo em animais é a hidrélise de
AMP até adenosina (para revisao Bonan, 2012). As Ecto-5-NT apresentam uma ampla
distribuicdo tecidual sendo a principal enzima responsavel pela formacdo extracelular de
adenosina (Zimmermann, 2000).

No peixe-zebra, estudos demonstraram a presenca de uma NTPDase e uma Ecto-5"-NT
em membranas encefalicas. Estas duas enzimas foram caracterizadas como cétion-
dependentes, apresentando atividade maxima a temperatura de 37 °C, pH 6timo entre 7,2 e
8,0, Km na faixa do micromolar e uma ampla especificidade por outros nucleotideos (Rico et
al., 2003; Senger et al., 2004). Estudos do nosso laboratério identificaram a presenca de trés
isoformas diferentes de NTPDase 2 (NTPDase2mv, NTPDase2mg, NTPDase2mq) em
encéfalo de peixe-zebra (Rico et al., 2006). A co-localizacdo da NTPDases 1 e 2 ja foi descrita
em células de retina de peixe-zebra (Ricatti et al., 2009) e a NTPDase 3 foi caracterizada em
neurdnios sensoriais desta espécie (Appelbaum et al., 2007). A NTPDase4, duas isoformas da
NTPDase5, sendo NTPDase5_ms e NTPDase5_me, NTPDase6 e NTPDase8 também ja foram
identificadas nesta espécie (Rosemberg et al., 2010). A hidrdlise dos nucleotideos em peixe-
zebra adultos aumenta em funcdo da concentracdo de proteina e a formacdo de produto

mostra-se linear na taxa de 3-10 pg de proteina para cérebro e figado e de 3-5 pg de proteina
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para coracdo. O perfil da expressdo génica foi realizado, demonstrando a presenca de
diferentes niveis de transcritos das NTPDases em cérebro, coracdo e figado desta espécie
(Rosemberg et al., 2010).

Al-Mosalem et al. (2009) avaliaram as atividades ADPésica e ATPasica da NTPDase
em plasma sanguineo de pacientes autistas. Um aumento na hidrolise de ADP foi observado
em plasma sanguineo em criancas autistas, enquanto que a hidrélise de ATP pela NTPDase foi
semelhante em comparacao aos pacientes do grupo controle. Conforme Dorneles et al. (2008),
este poderia ser um importante mecanismo de protecdo para aumentar a concentracdo de
adenosina. Naviaux e colaboradores (2014) verificaram que a terapia antipurinérgica foi capaz
de reestabelecer o comportamento social num modelo de TEA. Assim, o metabolismo das

purinas € uma importante via a ser investigada.

1.5.2 ADENOSINA DESAMINASE

O controle da sinalizacdo adenosinérgica pode ser exercido pela captacdo de adenosina
via transportadores bidirecionais, seguida pela fosforilagio do AMP intracelular pela
adenosina quinase (AK) ou desaminacdo pela adenosina desaminase (ADA) (Fredholm et al.,
2007).

O nivel intracelular é regulado pelo equilibrio de diversas enzimas. A adenosina é
formada pela acdo de uma 5’-nucleotidase seletiva para AMP e, esta via é controlada
principalmente pela quantidade de ATP e ADP. Portanto, um fator importante para determinar

a taxa de formacdo de adenosina através deste caminho € a taxa relativa de hidrolise de ATP e
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sintese de adenosina. Estas sdo determinadas, por sua vez, pela taxa de utilizacdo da energia e
da disponibilidade de substrato, principalmente o oxigénio, reduzido na sintese de ATP
(Fredholm & Lerner, 1982).

Dessa forma, a ADA é uma enzima envolvida no metabolismo de purinas, responsavel
pela desaminacdo hidrolitica de adenosina a inosina e amoénia. Como resultado de sua
atividade enzimatica, a ecto-ADA contribui para a concentragdo de adenosina na fenda
sinaptica (Martinez-Navio et al., 2010). Existem diferentes membros de ADA que incluem
ADAL, ADA2, e uma sequiéncia de aminoacidos similar chamada de adenosina desaminase-
like (ADAL) (Maier et al., 2005).

Em relacdo aos diferentes membros de proteinas relacionados a ADA, tem sido
demonstrado que quase todas as atividades da ADA em humanos sao atribuidas a ADAL
(Zavialov & Engstrom, 2005). Apesar da sua localizacdo intracelular, ADAL1 também atua
como uma ecto-ADA, clivando adenosina extracelular (Franco et al., 1997).

Rosemberg e colaboradores (2007) demonstraram a existéncia de diferentes genes
relacionados a ADA, com um padrdo de expressdo em diversos tecidos em peixe-zebra. Além
disso, Rosemberg e colaboradores (2008) descreveram a cinética enzimatica e propriedades da
desaminacgdo de adenosina a partir do encéfalo de peixe-zebra e a presenca de atividade da
ADA nas membranas encefalicas, sugerindo a existéncia de uma ecto-ADA em peixe-zebra.
Assim, sugeriu-se que a desaminacdo da adenosina no SNC de peixe-zebra promovida por
diferentes membros da familia da ADA pode ser um elemento-chave para o controle da

adenosina/inosina no meio intracelular e extracelular (Rosemberg et al., 2008).
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Uma hipédtese para 0 mecanismo patolégico do desenvolvimento de sintomas autistas seria
uma deficiéncia de adenosina desaminase (Okada et al., 1999; Benvenuto et al., 2009).
Estudos demonstraram que uma reducdo dos niveis de adenosina produz sintomas
comportamentais e fisioldgicos tipicos do autismo. Em roedores e humanos, foi demonstrado
que o aumento dos niveis de adenosina pode melhorar comorbidades encontradas no autismo
(Masino et al., 2013). Freitag et al. (2010) sugeriram um possivel papel das variantes de
ADORAZ2A na expressao fenotipica em TEA. Os receptores de adenosina podem ser novos

alvos para o tratamento dos comportamentos repetitivos em autismo (Tanimura et al., 2010).
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2 OBJETIVOS

2.1 OBJETIVO GERAL

O objetivo deste estudo é estabelecer um modelo animal de déficit de interacéo social
induzido por VPA em peixe-zebra e avaliar a participacdo do sistema de neurotransmissao
purinérgica. Além disso, investigar no modelo de déficit de interacdo social induzido por MK-

801 em peixe-zebra a influéncia da ocitocina por meio de analise comportamental.

2.2 OBJETIVOS ESPECIFICOS

- Padronizar e analisar as diferentes respostas comportamentais caracteristicas do autismo
induzidas por VPA, como: locomocdo, interacdo social e agressividade no 6°, 30°, 70° e 120°

dpf;

- Determinar a atividade enziméatica e a expressdo génica das E-NTPDases, ecto-5'-
nucleotidase e ADA em membranas e homogenato de encéfalo de peixe-zebra submetidos ao

modelo de déficit de interagdo social induzido por VPA na idade de 120 dpf;

- Analisar o metabolismo do ATP em encéfalo de peixe-zebra submetidos ao modelo animal

de déficit de interagdo social induzido por VPA, através da cromatografia liquida de alta

eficiéncia (HPLC) em encéfalo de peixe-zebra na idade de 120 dpf;
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- Analisar os niveis de glutamato, serotonina, dopamina e seus metabdlitos em peixe-zebra
submetidos ao modelo animal de déficit de interacdo social induzido por VPA, através da
cromatografia liquida de alta eficiéncia (HPLC) em encéfalo de peixe-zebra na idade de 120

dpf;

- Analisar os efeitos da ocitocina na interacdo social em peixe-zebra adultos submetidos ao

modelo de déficit de interacdo social induzido por MK-801;

- Analisar os efeitos do agonista (Carbetocina) e do antagonista (L-368,899) do receptor de
ocitocina na interagdo social em peixe-zebra adultos submetidos ao modelo de déficit de

interacdo social induzido por MK-801;

- Analisar os efeitos da ocitocina na agressividade em peixe-zebra adultos expostos ao MK-

801,

- Analisar os efeitos do agonista (Carbetocina) e do antagonista (L-368,899) do receptor de

ocitocina na agressividade em peixe-zebra adultos expostos ao MK-801.
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Changes in social behavior are associated with brain disorders, including mood disorders, stress, schizophrenia,
Alzheimer's disease, and autism spectrum disorders (ASD). Autism is a complex neurodevelopmental disorder
characterized by deficits in social interaction, impaired communication, anxiety, hyperactivity, and the presence
of restricted interests. Zebrafish is one of the most social vertebrates used as a model in biomedical research, con-
tributing to an understanding of the mechanisms that underlie social behavior. Valproic acid (VPA) is used as an
anti-epileptic drug and mood stabilizer; however, prenatal VPA exposure in humans has been associated with an
increased incidence of autism and itcan also affect fetal brain development. Therefore, we conducted a behavioral
screening at different periods of zebrafish development at 6, 30, 70, and 120 dpf ( days postfertilization) after VPA

Keywords:
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Zebrafish exposure in the early development stage to investigate social behavior, locomotion, aggression, and anxiety. VPA
Locomotion (48 uM) exposure during the first 48 hpf (hours postfertilization) did not promote changes on survival, morphol-
Anxiety ogy, and hatching rate at 24 hpf, 48 hpf, and 72 hpf. The behavioral patterns suggest that VPA exposure induces
Autism

changes in locomotor activity and anxiety at different developmental periods in zebrafish. Furthermore, a social
interaction deficit is present at 70 dpfand 120 dpf. VPA exposure did not affect aggression in the adult stage at
70 dpf and 120 dpf. This is the first study that demonstrated zebrafish exposed to VPA during the first 48 h of de-
velopment exhibit deficits in social interaction, anxiety, and hyperactivity at different developmental periods.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Several psychiatric and neurological disorders are characterized by
alterations in the social domain (Kennedy and Adolphs, 2012). Impair-
ments in social behavior abilities are considered features associated to
mood disorders, stress, anxiety, schizophrenia, Alzheimer's disease,
and autism spectrum disorders (American Psychiatric Association,
2013; Burns, 2006; Djukic and McDermott, 2012; Mahoney et al.,
2014; Pelphrey et al., 2011; Rapin and Tuchman, 2008).

Autism spectrum disorders (ASD) comprise a heterogeneous group
of neurodevelopmental disorders, which include Asperger's disorder,
pervasive developmental disorder, childhood disintegrative disorder,
Rett's disorder, and autism disorder {Grzadzinski et al, 2013). Autism

Abbreviations: ASD, autism spectrum disorders; dpf, days postfertilization; 5-HTT,
serotonin transporter; VPA, valproic acid.
* Corresponding author at: Avenida Ipiranga, 6681, Predio 12D, sala 301, 90619-900
Porto Alegre, RS, Brazil.
E-mail address: chonan@pucrs.br (C.D. Bonan).

http://dx.doi.org/10.1016/j.ntt.2015.10.002
0892-0362/© 2015 Elsevier Inc. All rights reserved.

is a complex neurodevelopmental disorder characterized by core symp-
toms related to stereotyped movements of behavior, deficits in social in-
teraction, impaired communication, anxiety, hyperactivity, and the
presence of restricted interests (Canitano, 2014; Schneider and
Przewlocki, 2005). ASD has several forms and levels of severity; the clin-
ical presentation of core symptoms can be heterogeneous because autis-
tic patients exhibit moderate to severe symptoms, as well as different
intellectual (Charman et al, 2011) and language profiles (Tager-
Flusberg and Caronna, 2007). ASD are highly heritable (~90%) and are
considered the most heritable brain disorder in humans (Constantino
et al., 2013; Zafeiriou et al., 2013). Multiple genes, several cellular path-
ways and disordered molecular pathways (Pinto et al., 2014) have been
implicated in the development of autism. Furthermore, environmental
factors may also contribute to the risk of ASD (Banerjee et al., 2014;
Persico and Bourgeron, 2006; Raff, 2014).

Currently, the neurological, behavioral, and genetic bases of autism
represent a major problem for researchers because of the uncertainty
of the origin of this neuropathology. Animal models of brain disorders
are essential for the investigation of neuropathology development and
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provide a basis for new therapeutic approaches. The most commonly
studied animal models use rodents; however, data indicate that several
aspects of almost all brain disorders that can be studied in rodents can
be modeled in zebrafish because this teleost is an excellent tool not
only for basic research but also for the study of translational neurosci-
ences (Kalueff et al, 2014; Miller and Gerlai, 2011). Zebrafish have
been proposed as a model of Alzheimer's disease (Nery et al.,, 2014;
Newman et al., 2014), schizophrenia (Seibt et al,, 2011), drug abuse
(Collier et al., 2014), and other brain disorders (Kalueff et al., 2014;
Siebel et al., 2013). Zebrafish represent an useful model because they
are one of the most social vertebrates used in biomedical research
(Saverino and Gerlai, 2008). A remarkable feature of their behavior is
the interdependence of the group members, which exhibits ordered so-
cial relationships and social interaction (Kalueff et al., 2014; Gerlai,
2014). Gerlai et al. (2000) identified preferences of animals for a
group of animals of the same species. It is important to consider that
these behaviors can change throughout zebrafish development (Buske
and Gerlai, 2011). Furthermore, some behavioral assays for complex so-
cial interactions are easier to perform in zebrafish (Maaswinkel et al.,
2013; Mahabir et al., 2013; Miller and Gerlai, 2011). Therefore, zebrafish
represent an animal model that can significantly contribute toward un-
derstanding the mechanisms that underlie social behavior (Grossman
et al., 1997; Morrison and Bellack, 1987).

Valproic acid {VPA) is extensively used as an antiepileptic and mood
stabilizing drug; however, prenatal VPA exposure in humans has been
associated with an increased incidence of autism, and it can also affect
fetal brain development and decrease social interaction in rodents
(Kim et al., 2011; Markram et al., 2007; Schneider and Przewlocki,
2005). VPA exposure produces similar patterns of abnormal develop-
ment across species (Menegola et al., 1998; Petrere et al., 1986). This
is a well-established animal model used to induce autism because it
causes morphological and behavioral changes associated with the path-
ophysiology of autism (Arndt et al., 2005; Markram et al., 2007; Rodier
etal., 1997; Schneider and Przewlocki, 2005); these symptoms predom-
inately include alterations in social behavior, such as deficits in social in-
teraction and anxiety symptoms.

Therefore, we conducted a behavioral screening at different pe-
riods of zebrafish development at 6, 30, 70, and 120 dpf (days
postfertilization) after VPA exposure in the early development stage
to investigate social behavior, locomotion, aggressiveness, and
anxiety.

2. Materials and methods
2.1. Animals

Adult wild type zebrafish were maintained and bred according to
standard procedures in an automated re-circulating system (Tecniplast,
Buguggiate, VA, lItaly) at a density of 1.5 fish per liter with a constant
light-dark cycle (14-10 h) (Westerfield, 2000). For breeding, females
and male (1:2) were placed in breeding tanks overnight and were sep-
arated by a transparent barrier that was removed after the lights were
turned on the following morning. Embryos were collected after
15 min and transferred to sterile 6-well cell culture plates (20 embryos
per well); the embryos were maintained in incubators at 28.5 °C with a
controlled 14:10 h light-dark cycle. The embryos were maintained on
Biochemical Oxygen Demand (BOD) incubators until 7 dpf at a density
of 7 ml per larva. They were then immediately transferred to a tank
with a density of one larva per 60 mL. When the animals reached the
age of 30 dpf, they were maintained in a density of one animal per
200 mL until adulthood. The light and temperature control was per-
formed in accordance with the previously described parameters
(Westerfield, 2000). Survival assessments and general morphology
were analyzed daily by visual inspection of the embryo under a dissec-
tion scope monitored under an inverted stereomicroscope.

2.2, Pharmacological treatment

Valproic acid (Sigma Aldrich, St. Louis, MO, USA) at a concentration
of 48 pM diluted in water was administered in selected embryos from
0 to 48 h postfertilization (48 hpf). For the treatment, we used six
wells that contained 15 embryos per well in 12 mL of VPA (treated
group) or water (control) plates.

2.3. Analysis of VPA levels in treatment medium by ICP-MS

The levels of VPA in treatment medium for 48 h were assessed by in-
ductively coupled plasma mass spectrometry (ICP-MS). The water of
treatments were diluted (20 x) with saline solution and filtrated for
analysis (0.22 pm filter). The chromatographic parameters used were
based on the method described by Gao etal. (2011). Briefly, 5 pl of dilut-
ed samples was injected into the UHPLC 1290/MS 6460 TQQQ — Agilent
(all UHPLC components and software MassHunter were from Agilent
Technologies®, Santa Clara, CA, USA). Chromatographic separation
was performed using a Zorbax SB-C18 (4.6 x 50 mm 2.1 um column).
The flow rate of methanol:10 mM ammonium formate containing
0.1% formic acid (80:20, v/v) was 0.4 ml/min with a column tempera-
ture at 35 °C. VPA was detected using electrospray positive ionization
and selected ion monitoring (SIM) for m/z = 143.1.

2.4. Behavioral assessment

2.4.1. Locomotion and anxiety

The locomotor activity and anxiety of the animals were evaluated at
6 dpf, 30 dpf, 70 dpf, and 120 dpf. The 6-dpf larvae were individually
placed in a 24-well plate filled with 3 ml of system water for locomotor
performance analysis during a 5-min session following 1-min of accli-
mation. The performance was video recorded using a digital HD web-
cam (Logitech, Newark, CA, USA) for automated analysis (ANY-Maze,
Stoelting Co., Wood Dale, IL, USA). The total distance traveled, mean
speed, number of crossings, and absolute turn angle were considered
the main parameters of locomotion, whereas the entries in the outer
area represented a parameter of anxiety. At 30 dpf, 70 dpf, and
120 dpf, the animals were individually placed in the test tank
(30 cm x 15 cm x 10 cm, length x height x width) and maintained
for 30 s prior to the video recording as previously described (Gerlai
et al,, 2000). The locomotor activity was video recorded for 5 min after
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Fig. 1. Effect of VPA exposure on zebrafish embryos. Kaplan-Meier survival comparison for
groups throughout the experiment showed no effects at 24 hpf, 48 hpf, and 72 hpf (log-
rank (Mantel-Cox) test) that were not statistically significant when individual compari-
sons were performed (A) and no morphological changes at 24 hpf (B), 48 hpf (C) and
72 hpf (D).
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Fig. 2. VPA levelsin treatment medium over 48 h of exposure. The asterisk (*) indicates a
significant difference compared with the control group (p < 0.05). Statistical comparison
of the data was performed by one-way ANOVA followed by Tukey’s test.

the habituation period and simultaneously analyzed using ANY-Maze
recording software (Stoelting Co., Wood Dale, IL, USA). The tank was di-
vided into equal sections with four vertical lines and one horizontal line,
and the following behavior patterns were measured: the number of
crossings (vertical and horizontal lines), distance traveled and mean
speed. The time spent in each tank position (bottom vs. upper levels)
was considered an index of anxiety. This task exploits the natural ten-
dency of zebrafish to spend most of the time at the bottom when intro-
duced to a novel environment and then gradually extend the swimming
range, over a period of minutes, to include the upper portions of the test
tank (Levin et al., 2007). A longer time spent in the bottom and less time
spent in the top part of the tank indicates increased anxiety (Levinetal.,
2007).

2.42. Social interaction

The social interaction of the animals was evaluated at 70 and 120 dpf
because the zebrafish exhibit preference for its conspecifics. Each fish
was placed in an experimental tank (30 cm x 15 cm x 10 cm, length =
height x width). On one side of the experimental tank, an empty fish
tank was placed; on the other side, a tank of identical size held 15
zebrafish, which were designed the “stimulus fish”. The experimental
fish was allowed to acclimate to the experimental tank for a 30 s period,
after which behavior was video recorded over a period of 5 min. To
quantify fish preference between the “stimulus fish” side of their tank
in detriment of the empty tank, the experimental fish tank was divided
in four equal sections. The zones 1 and 2 of the tank correspond to the
segments closer to the conspecific school and the zones 3 and 4 are con-
sidered to the segments closer to the empty tank. The amount of time
the experimental fish spent on each zone was measured using ANY-
Maze recording software (Stoelting Co., Wood Dale, IL, USA) (Gerlai
et al., 2000).

2.4.3. Aggression

The aggression of the animals was evaluated on 70 dpfand 120 dpf.
The mirror test was used to measure aggression (Gerlai et al., 2000;
Moretz et al., 2007). Each fish was placed in an experimental tank
(30 cm x 15 cm x 10 cm, length x height x width). A mirror
(45 cm = 38 cm) was placed at the side of the tank at an angle of
2257 to the back wall of the tank so that the left vertical edge of the mir-
ror touched the side of the tank and the right edge was further away.
Thus, when the experimental fish swam to the left side of the tank,
their mirror image appeared closer to them. A test fish was added to
the tank and was allowed acclimate for 60 s; the aggressive behaviors
that a fish conducted toward its mirror image were subsequently re-
corded over a period of 5 min. The vertical lines divided the tank into
four equal sections and allowed the number of entries to each section
made by the fish to be counted. Entry to the left-most segment indicated
preference for proximity to the “opponent”, whereas entry to the right-
most segments implied avoidance. The amount of time the experimen-
tal fish spent in each segment was measured using ANY-Maze recording
software (Stoelting Co., Wood Dale, IL, USA).

2.5. Statistical analysis

Survival throughout the first 72 h was analyzed by Kaplan-Meier
test. The ICP-MS data were analyzed by one-way ANOVA followed by
Tukey's test. The behavioral assessment data were expressed as the
mean = standard error of the mean (S.EM.) and analyzed by indepen-
dent Student's t-tests, Multivariate analysis of variance (MANOVA) and
analysis of variance (ANOVA). The « value determined is 5% to indicate
different means between groups.

3. Results

We investigated the effect of VPA (48 pM) exposure during the first
48 h of development (48 hpf) on survival, morphology, and hatching
rate at 24 hpf, 48 hpf, and 72 hpf. Survival rates were analyzed by
Kaplan-Meier test and results indicated no significantdifference on sur-
vival rate when groups were compared (log-rank (Mantel-Cox) test
p > 0.05 n = 85) (Fig. 1A). VPA exposure did not promote significant
changes in the morphology at 24 hpf, 48 hpf, and 72 hpf, respectively
(Fig. 1B-D). We observed the normal appearance of the animals treated
with VPA when compared to the control group, suggesting that per-
ceived behavioral effects are not due to morphological changes. We ob-
served that there was no significant alteration in the hatching rate of
animals treated with VPA and the control group (data not shown).

In order to investigate if VPA levels alter during the exposure we an-
alyzed VPA levels at treatment medium at 0 h, 24 h, and 48 h (hours) of
exposure. As demonstrated in Fig. 2, the VPA levels decreased at 48 h of
the treatment, suggesting that VPA was absorbed by the embryos.

Table 1
Locomotion parameters for VPA-treated and control groups at different ages.
Age Parameters of locomotor activity Control group VPA group pvalue
Means + S.EM. n Means £+ SEM. n
6 dpf Distance traveled 07 £0.1m 38 1.6+04m 38 p=005
Mean speed 02 +0.03 cmys 0.5+ 0.1cm/s
Number of line crossings 28535 70+ 143
30 dpf Distance traveled 16 £0.1m 17 224+02m 17 p=005
Mean speed 05 £ 0.04 cmy's 0.7 £0.1cm/s
Number of line crossings 1376 £ 107 169.8 £ 11.1
70 dpf Distance traveled 3+£02m 32 27+£02m 32 p=005
Mean speed 1 £ 0.08 cmy/s 0.9 £ 0.07 am/s
Number of line crossings 2336 £ 1452 214.8 = 1458
120 dpf Distance traveled 26 £01m 26 25+02m 26 p=005
Mean speed 0.8 + 0.04 cry/s 0.8 +£ 0.07 amn/s
Number of line crossings 202 =141 186 £ 16.2

Data are expressed as mean + SEM.
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3.1. VPA exposure results in differential changes in locomotor activity and
anxiety expressed at different ages in zebrafish

VPA (48 pM) exposure during the first 48 h of development (48 hpf)
induced significant changes in the parameters of locomotor activity and
anxiety behavior at different developmental periods: 6 dpf, 70 dpf, and
120 dpf. Different parameters of zebrafish locomotor activity were eval-
uated and measured in the tank test. The same tank used to measure lo-
comotor activity was also used to identify the index of anxiety, which
was determined by the time spent in the bottom portion of the test tank.

MANOVA was performed in order to analyze the parameters related
to locomotor activity {distance traveled, mean speed, and number of
line crossings) simultaneously, and investigate the correlation between
these parameters. At 6 dpf, the results of MANOVA presented a signifi-
cant correlation between parameters of locomotor activity (F = 2.62,
num df = 3, den df = 74, p < 0.05) (Table 1). The locomotion at 6 dpf
of the animals treated with VPA exhibited an increase in the distance
traveled (1.6 + 0.4 m) compared with the control animals (0.7 +
0.1 m) (Table 1). There was also an increase in the mean speed
(0.5 £ 0.1 cm/s) compared with the control animals (0.2 + 0.03 cm/
s) (Table 1). The number of line crossings increased (70 £ 14.3) com-
pared with the control animals (28.5 4 3.5) (Table 1). Regarding to
anxiety-related parameter, ANOVA showed that there were significant
differences in the means between groups (F = 5.56, num df = 1, den
df = 76, p<0.05) (Table 2). The entries in the outer area also increased
(35.8 &+ 7.2) compared with the control group (15.1 £ 1.7) (Table 2).
However, we did not identify changes in the absolute turn angle or ro-
tations (data not shown).

At 30 dpf and 70 dpf, the results of MANOVA showed no significant
correlations between the parameters of locomotor activity (F = 1.35,
num df = 3, den df = 32, p>0.05and F = 0.32, num df = 3, den
df = 58, p > 0.05, respectively) (Table 1). Furthermore, the anxiety-
related parameter showed no significant differences at 30 dpf, in the
mean between the groups (F = 3.75, num df = 1, den df = 34,
p=0.05 (Table 2). However, at 70 dpf, it has been observed differences
in the means between groups (F = 5.05, num df = 1, den df = 60,
p < 0.05) (Table 2). The time spent in the bottom portion of the test
tank increased (268.5 + 4.0 s) compared with the control group
(2489 + 7.95) (Table 2).

At 120 dpf, the results of MANOVA did not present a significant cor-
relation between parameters of locomotor activity (F = 2.60, num df =
3,den df = 48, p > 0.05) (Table 1). Regarding to anxiety-related param-
eter, ANOVA showed that there were significant differences in the
means between groups (F = 3.77, num df = 1, den df = 50, p < 0.05)
(Table 2). The time spent in the bottom portion of the test tank de-
creased (235.3 4 10.9 s) compared with the control group (266.1 £+
126 s) (Table 2).

These results demonstrated that VPA exposure in embryos produced
changes in parameters of locomotor activity at 6 dpf, which were dem-
onstrated by the changes in the distance traveled, mean speed, and
number of crossings compared with the control group. At 30 dpf,
70 dpf and 120 dpf, there were no significant differences in locomotion.
The early exposure to VPA induced an increase in anxiety behavior at
6 dpfand 70 dpf, which may be interpreted as an indicator of anxiogenic

Table 2
Anxiety parameters for VPA-treated and control groups at different ages.
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Fig. 3. Social interaction at 70 dpf (A) and 120 dpf (B) in the animals treated with VPA,
which was determined during 5 min of video recording in the tank test. The inset of the
figure demonstrates the segments of the test tank: the zone 1 of the tank corresponds to
the segment closer to the conspecific school and the zone 4 is considered to the segment
closer to the empty tank. The amount of time the experimental fish spent on each zone
was measured using ANY-Maze recording software. The data were expressed as the
mean & S.EM. The asterisk (*) indicates a significant difference compared with the control
group (p < 0.05).

behavior; however, this pattern changed at 120 dpf and indicated VPA
exposure promoted anxiolytic behavior.

3.2. Social interaction deficits at different developmental periods in
zebrafish exposed to VPA

Social interaction was assessed only at 70 and 120 dpf because at 6
and 30 dpf, the sacial behavior of zebrafish is not completely developed
(Buske and Gerlai, 2012). Fig. 3 indicates that VPA induced impairment
in social interaction in zebrafish at 70 and 120 dpf. We identified a sig-
nificant (p < 0.05, n = 18) decrease in the time spent in the segment
closest to the conspecific school (Zone 1; 136.2 4 13.7 s) compared to
the control group at 70 dpf (194 + 20.6 s) (Fig. 3A). In addition, VPA
treatment induced a significant increase (p < 0.01, n = 18) in the time
spent in the zone 4 (43.1 + 7.3 s), which is closest to the empty tank,
when compared to control group (16.5 &= 4.4 s) (Fig. 3A). Similarly, at
120 dpf, we identified a significant (p <0.01, n = 10) decrease in the

Age Anxiety parameter Control group VPA group pvalue
Means &+ S.EM. n Means + SEM. n

6 dpf Entries in the outer area 151 £1.7s 38 358 +£7.2s 38 p=0.05

30 dpf Time spent in the bottom portion 1606 £ 1265 17 1971 £109s 17 p=0.05

70 dpf Time spent in the bottom portion 2489 +79s 32 2685 +40s 32 p=0.05

120 dpf Time spent in the bottom portion 266.1 £ 1265 26 2353 £ 109s 26 p=0.05

Data are expressed as means + S.EM.
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time spent in the segment closest to the conspecific school (Zone 1;
123.0 + 21 s) compared to the control group at 70 dpf (226.1 £ 6.6 5)
(Fig. 3B). Furthermore, VPA treatment induced a significant increase
(p < 0.05, n = 10) in the time spent in the zone 4 (479 + 8.1 s),
which is closest to the empty tank, when compared to control
(22.9 £555). Thus, VPA induced a social interaction deficit in zebrafish
at both ages (Fig. 3B).

3.3. VPA does not induce changes in aggressive behavior at different develop-
mental perieds in zebrafish

Aggressive behavior was evaluated at 70 dpf and 120 dpf. The
embryological VPA exposure did not promote significant changes in
the time spent in the segment nearest to the mirror image at 70 dpf
and 120 dpf. Thus, in these conditions, VPA most likely did not affect
the aggression of the animals.

4. Discussion

This study performed a behavioral screening at different develop-
ment periods in zebrafish at 6 dpf, 30 dpf, 70 dpf, and 120 dpf to estab-
lish a model of social interaction deficits induced by VPA. Our results
indicated the normal appearance of the animals treated with VPA, sug-
gesting that perceived behavioral effects are not due to morphological
changes. We observed that there was no significant alteration in the sur-
vival and hatching rate of animals treated with VPA. Likewise, Zellner
et al. (2011) demonstrated the exposure to 48 pM VPA during 0-
48 hpf without affecting the death or malformations. The behavioral
patterns identified in our experiments suggest that VPA exposure re-
sults in a profile of hyperactivity in the early development stages in
zebrafish, i.e., 6 dpf, because there was an increase in locomotion pa-
rameters, such as the total distance traveled, mean speed and number
of line crossings. In addition, the animals exhibited a marked anxiety
based on the increased entries in the outer area of the well. De Esch
etal. (2012) demonstrated that zebrafish larvae can act as an alternative
animal model to test toxicity; however, it is important to consider the
age (and the brain stage of development) because it can generate
changes in behavior. Studies have demonstrated that age influences
the pattern of motor activity in zebrafish larvae (Colwill and Creton,
2011; Padilla et al.,, 2011). In addition, high doses of VPA caused histo-
pathological alterations in zebrafish larvae at 72 hpf and 96 hpf (Beker
van Woudenberg et al., 2014). These authors demonstrated that low
doses of VPA (60 pM VPA) induced minimal disruption of normal
brain structure, which was characterized by small regions of reduced
cellularity. However, at 150 pM VPA, all larvae exhibited mild disruption
of normal brain structure, which was characterized by large areas of re-
duced cellularity, in particular, in the developing preoptic region and
tectum opticum. In addition, 60 uM VPA did not affect motor activity,
whereas 150 uM VPA induced a reduction in total distance traveled
(Beker van Woudenberg et al., 2014). However, Zellner et al. (2011)
demonstrated that exposure to 48 pM VPA during 0-48 hpf promoted
marked hyperactivity at 6 dpf without changes in neurotoxicological
parameters. Therefore, differences in VPA concentrations and treatment
times may influence the behavioral patterns observed in zebrafish.

Throughout development, the hyperactivity of 6 dpf zebrafish pre-
sented after embryological VPA treatment was attenuated. The locomo-
tion parameters of 30 dpf, 70 dpfand 120 dpf were similar to the control
animals. The anxiety index at 70 dpf remained increased; however, at
120 dpf, there was a decrease in anxiety. To support these results, it is
important to consider that VPA exposure may affect brain development.
Several studies have demonstrated that VPA can regulate signaling
pathways and gene expression throughout brain development in ro-
dents thereby interfering with critical windows of vulnerability
(Almeida et al., 2014; Bartkowska et al., 2007; Kolozsi et al., 2009;
Stodgell et al., 2006). Our results also demonstrated that animals treated
with VPA during the first 48 h exhibited a significant deficit in social

interaction at 70 dpf, and this effect was maintained throughout devel-
opment at 120 dpf, suggesting that VPA can modulate differentially be-
havioral patterns throughout brain development. We also suggest that
the profile of hyperactivity and anxiety may change throughout devel-
opment and indicates neurochemical alterations in animals exposed to
VPA at an early age. The serotoninergic system during early life can pro-
duce different behavioral responses, including changes in social behav-
ior in zebrafish (Buske and Gerlai, 2011; Mahabir et al., 2013). It has
been reported that anxiety and social interaction deficits are related to
changes in the serotonergic system and these alterations are extremely
relevant for several psychiatric disorders (Homberg et al., 2007;
Homberg, 2013).

Several neuropsychiatric disorders are characterized by impaired so-
cial interactions and anxiety. Silverman et al. (2010) demonstrated that
rodent models of autism exhibit deficits in both sociability and anxiety
behaviors. These findings are consistent with our results at 70 dpf. How-
ever, at 120 dpf, a decrease in anxiety was identified. The literature
shows the controversial results between social interaction and anxiety.
For example, social interaction deficits can occur without affecting anx-
iety. Some autistic mouse models have deficits in social interaction but
do not exhibit changes in anxiety behaviors (Liu and Smith, 2009;
McFarlane et al., 2008). Schneider and Przewlocki (2005) demonstrated
that the altered behaviors in rodents induced by VPA appeared prior to
puberty. However, the social structure in the early developmental stage
is primitive in zebrafish. Young larvae do not exhibit shoaling behavior,
which develops later with age (Buske and Gerlai, 2012). Based on this
finding, the results related to the anxiety index have different responses
when evaluated at different periods of development; this is most likely
because of changes in the behavioral response maturity. According to
Buske and Gerlai (2012}, changes in the serotonergic and dopaminergic
systems may explain the age-dependent behavioral changes.

According to Roullet et al. (2013), behavioral studies have indicated
that VPA in both rat and mouse models induced symptoms of social in-
teraction deficits, stereotyped movements, disability in communication,
and anxiety. However, aggression is poorly studied. In our study, we
verified that VPA exposure in the embryonic phase did not affect aggres-
sion in the adult stage at 70 dpfand 120 dpf in zebrafish. Aggression in
zebrafish may have several important functions (Gerlai, 2003), and this
behavior is often used to maintain dominance (Larson et al., 2006;
Spence and Smith, 2006). The quantification of this behavior could pro-
vide information regarding whether VPA and aggressive tendencies are
related. However, our results indicated that animals treated with VPA at
an early age may exhibit behavioral responses without expressing a do-
main of territory, and there is no direct association between a deficit in
social interaction and aggression.

In summary, the present study evaluated a behavioral screening at
different periods of development in zebrafish and established a model
of social interaction deficit induced by VPA. This is the first study to
demonstrate that zebrafish exposed to VPA during the first 48 h of life
exhibit deficits in social interaction, anxiety, and locomotor changes at
different periods of development. Together, these results highlight the
importance of behavioral research for understanding the toxicological
action of drugs, such as VPA; these drugs can have a significant impact
on the behavioral neurodevelopment associated with neuropsychiatric
disorders evaluated in a new model of social interaction deficits in
zebrafish.
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ABSTRACT

Autism is a neurodevelopmental disorder characterized by symptoms related to
stereotyped movements, deficits in social interaction, impaired communication, anxiety,
hyperactivity, and the presence of restricted interests. Evidence indicates an important role of
extracellular ATP and adenosine as signaling molecules in autism. ATP hydrolysis by
ectonucleotidases is an important source of adenosine, and adenosine deaminase (ADA)
contributes to the control of the nucleoside concentrations. Considering zebrafish is an animal
model that may contribute toward understanding the mechanisms that underlie social behavior,
we investigated the purinergic signaling in a model of embryological exposure to valproic acid
(VPA) that induces social interaction deficit in adult zebrafish. We demonstrated
embryological exposure to VPA did not change ATP and ADP hydrolysis in zebrafish at 120
dpf, as well as the cytosolic (soluble) ADA activity was not altered. However, we observed an
increase of AMP hydrolysis (12.5%) whereas the ecto-ADA activity was decreased (19.2%) in
adult zebrafish submitted to embryological exposure to VPA. Quantitative reverse
transcription PCR (RT-PCR) analysis showed changes on ntpd8, ADA 2.1 and A2al mRNA
transcript levels. Brain ATP metabolism showed a rapid catabolism of ATP and ADP, whereas
the extracellular metabolism of AMP and adenosine (ADO) occurred slowly. We
demonstrated that embryological exposure to VPA altered biochemical and molecular
parameters related to purinergic system in adult zebrafish. These findings indicate that the
enzyme activities involved in the control of ATP and adenosine levels may be involved in the
pathophysiological mechanisms of diseases related to the impairment of social interaction,

such as autism.
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1. INTRODUCTION

Autism spectrum disorders (ASD) are neurodevelopmental conditions, characterized by
deficits in social interaction, anxiety, impaired communication, behavioral abnormalities and
the presence of restricted interests [1, 2]. ASD are genetically determined disorders with a
heritability of ~90% and are considered the most heritable brain disorder in humans [3, 4].
Furthermore, emerging evidence suggests that environmental factors play a role in ASD [5];
however, the precise mechanism of inheritance remains unknown. As observed in autism,
similar features are also showed in a variety of neurodevelopmental disorders, including
epilepsy, Rett syndrome and Fragile X syndrome, which are characterized by dysfunctions in
the balance between excitatory and inhibitory transmissions [6, 7].

Modifications in the pathways of the development of neurotransmitter systems,
including GABAergic [8], dopaminergic [9, 10], serotoninergic [11] and purinergic system
[12] may underlie the pathophysiological process leading to autism. The purinergic system is
important for vital functions of the CNS and can modulate the actions of other
neurotransmitter systems [13, 14]. Evidence indicates an important role of extracellular ATP
and the purinergic signaling in autism [12, 15, 16]. Naviaux and collaborators (2014) [17]
verified that the antipurinergic therapy was able to restored social behavior in an ASD model,
showing that the behavioral alterations were not permanent, but treatable using this therapy
[17].

In the purinergic system, the ectonucleotidase family is constituted by a set of ecto-
enzymes, including ectonucleoside triphosphate diphosphohydrolases (E-NTPDases) and ecto-

5’-nucleotidase (ecto-5'-NT) which are capable of hydrolyzing adenosine triphosphate (ATP)
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to adenosine [18]. In addition, the sequential deamination of adenosine (ADO) to inosine is
carried out by the enzyme adenosine deaminase (ADA) [18-21]. ADA is widely distributed
across the tissues and catalyzes the hydrolytic deamination of adenosine to inosine in the
cytosol and cell membranes [22, 23]. The activity of these enzymes is crucial for the efficient
regulation of extracellular nucleotide under physiological and pathological conditions [18, 24].
Extracellular nucleotides and adenosine act on two classes of purinoceptors: P2 (P2X and P2Y
receptors) and P1 (A1, A2a, A2g, and Az), respectively. Ecto- and cytosolic-ADA activities and
different ADA-related genes have been described in zebrafish [25, 19]. Furthermore,
biochemical and molecular studies have also characterized E-NTPDase and ecto-5'-
nucleotidase in zebrafish brain [26, 27]. Persico and collaborators [15] showed that ADA
plays a relevant role in purine metabolism, which may be altered in some autistic patients. In
relation to the modulation of adenosine and autism, various reports suggested the therapeutic
potential of the adenosine signaling due to several benefits [28-31]. Adenosine is known to be
an important neuroprotective molecule [32], showing an essential relationship between
metabolism and neuronal activity [33]. Masino and collaborators [29] reported a robust
relationship between adenosine in the CNS and autism in terms of symptoms and behavior.
The zebrafish is an animal model that has been used to study Alzheimer’s disease [34,
35], schizophrenia [36], drug abuse [37], and other brain disorders [38, 39]. Zebrafish is one of
the most social vertebrates used in biomedical research [40]. It has a robust social behavior as
a remarkable feature [38], becoming an interesting model to study disorders that affect social
interaction, such as autism. Recently, it was performed a behavioral screening at different
periods of zebrafish development at 6 dpf, 30 dpf, 70 dpf, and 120 dpf (days postfertilization)

after valproic acid (VPA) exposure in the early development stage to investigate social
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behavior, locomotion, aggressiveness, and anxiety [41]. This previous study demonstrated that
animals treated with VPA during the first 48 hours exhibited deficit in social interaction at 120
dpf, and this effect mimics one of the main symptoms observed in autism [41].

Considering that: (1) autism is a complex neurodevelopmental disorder and represents a
major problem for researchers due to the multifactorial origin of this neuropathology; (II)
purinergic system may play a key role in the development of autism through modulation of
ATP and ADO levels; (111) zebrafish is suitable to investigate mechanisms that underlie social
behavior, the aim of this study was to investigate modifications in the control of purinergic
signaling in a model of embryological exposure to VPA that induces social interaction deficit

in adult zebrafish.

2.EXPERIMENTAL PROCEDURES

2.1. Chemicals

Valproic acid, ATP, ADP, AMP, Adenosine, Trizma Base, ammonium molybdate,
polyvinyl alcohol, Malachite Green, EDTA, EGTA, sodium citrate, calcium chloride were
purchased from Sigma (St. Louis, MO, USA). Phenol, sodium nitroprusside, and magnesium
chloride were purchased from Merck (Darmstadt, Germany). Trizol® Reagent, dNTPs,
oligonucleotides, Taq polymerase, SYBR® Green | Low DNA Mass Ladder were purchased
from Invitrogen (Carlsbad, California, USA) and ImProm-II™ Reverse Transcription System
was obtained from Promega (S&o Paulo, SP, Brazil). Primers were obtained from Integrated

DNA Technologies (Coralville, IA, USA). All other reagents used were of analytical grade.
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2.2. Animals and housing

Adult wild type zebrafish were maintained and bred according to standard procedures in
an automated re-circulating system (Tecniplast, Buguggiate, VA, Italy) at a density of 1.5 fish
per liter with a constant light-dark cycle (14-10 h) [42]. For breeding, females and male (1:2)
were placed in breeding tanks overnight and were separated by a transparent barrier that was
removed after the lights were turned on the following morning. Embryos were collected after
15 min and transferred to sterile 6-well cell culture plates (20 embryos per well); the embryos
were maintained in incubators at 28.5 °C with a controlled 14:10 hour light-dark cycle. The
embryos were maintained on Biochemical Oxygen Demand (BOD) incubators until 7 dpf at a
density of 7 ml per larva. They were then immediately transferred to a tank with a density of
one larva per 60 mL. When the animals reached the age of 30 dpf, they were maintained in a
density of one animal per 200 mL until adulthood. The light and temperature control was
performed in accordance with the previously described parameters [42]. All experimental
procedures were conducted at 120 dpf (days postfertilization) after VPA exposure in the early

developmental stage.

2.3. Pharmacological treatment

Valproic acid (Sigma Aldrich, St. Louis, MO, USA) at a concentration of 48 uM
diluted in water was administered in selected embryos during the first 48 hours
postfertilization (48 hpf). The dose and exposure time was chosen based on the study
performed by Zellner et al. [43]. For the treatment, we used six wells that contained 15

embryos per well in 12 mL of VPA (treated group) or water (control).
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2.4. Preparation of soluble and membrane fractions

At 120 days postfertilization (dpf) control and VPA fish were cryo-anaesthetized and
euthanized [44]. The brains were removed by dissection and added to 60 volumes (v/w) of
chilled Tris-citrate buffer (50 mM Tris citrate, 2 mM EDTA, 2 mM EGTA, pH 7.4, adjusted
with citric acid) (Sigma, St. Louis, MO, USA) for NTPDase and ecto-5’-nucleotidase assays
[26, 27]. For ADA activity assays, brains were homogenized in 20 volumes (v/w) of chilled
phosphate buffered saline (PBS), with 2 mM EDTA and 2 mM EGTA, pH 7.4 (Sigma, St.
Louis, MO, USA) [19]. Each independent experiment was performed using biological
preparations constituted by a “‘pool’” of five brains. The preparation of brain membranes was
according to a previously described method [45]. Briefly, samples were homogenized on ice in
a motor-driven Teflon- glass homogenizer. The preparations were centrifuged at 800 g for 10
min at 4°C to remove the nuclei and cell debris and the supernatant fractions were
subsequently centrifuged at 40.000 g for 25 min. The resultant supernatant and the pellet
obtained corresponded to the cytosolic and membrane fractions, respectively. For soluble
ADA activity experiments, the supernatant was collected and kept on ice for enzyme assays.
The pellets of both membrane preparations were frozen in liquid nitrogen, thawed,
resuspended with the respective buffers and centrifuged at 40.000 g for 20 min. This freeze—
thaw-wash procedure was used to ensure the lysis of the brain vesicles membranes. The final
pellets were resuspended and used for the measurements of ectonucleotidase and ecto-ADA
activities. All cellular fractions were maintained at 2—4°C throughout preparation and they

were immediately used for enzyme assays.
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2.5 Nucleotide Hydrolysis Assays

Ectonucleotidase activities were determined as previously described [26, 27]. Brain
membranes (3-5 ug protein) were added to the reaction mixture containing 50 mM Tris-HCI
(pH 8.0) and 5 mM CacClz2 (for E-NTPDase activities) and 50 mM Tris—HCI (pH 7.2) and 5
mM MgCl2 (Merck, Darmstadt, Germany) (for ecto-5’- nucleotidase activity) in a final volume
of 200 ul. The samples were preincubated for 10 min at 37°C before starting the reaction with
the addition of substrate (ATP, ADP or AMP) to a final concentration of 1 mM. The reactions
were stopped after 30 min with the addition of trichloroacetic acid (Sigma, St. Louis, MO,
USA) at a final concentration of 5% and immediately placed on ice for 10 min. The inorganic
phosphate (Pi) released was determined by colorimetric assay using Malachite Green reagent
[46] and KH2POa4 (Sigma, St. Louis, MO, USA) as standard. To ensure that the concentration
of Pi was within the linear range, dilutions of 1:8 and 1:2 to a volume of 400 pl were
performed for the assessment of ATP and ADP hydrolysis, respectively. Samples were mixed
to 1 ml of Malachite Green solution and nucleotide hydrolysis was determined
spectrophotometrically at 630 nm after 20 min. Controls with membrane fractions after
incubation period were used to correct nonenzymatic hydrolysis of substrates. Incubation
times and protein concentrations were chosen to ensure the linearity of the reactions. NTPDase

and ecto-5’-nucleotidase activities were expressed as nmol Pi min-1 mg protein-1.
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2.6 Adenosine deaminase Assay

Ecto- and cytosolic ADA activities were determined spectrophotometrically by
measuring the ammonia produced over a fixed time using a Berthelot reaction as previously
reported [47]. After the preparation of soluble and membrane fractions, the optimum
conditions for adenosine hydrolysis were determined. The membrane and cytosolic fractions
(5-10 nug protein) were added to the reaction mixture containing 50 mM sodium acetate buffer
(pH 5.0) and 50 mM sodium phosphate buffer (pH 7.0) (Sigma, St. Louis, MO, USA),
respectively, in a final volume of 200 ul. The samples were preincubated for 10 min at 37 °C
and the reaction was initiated by the addition of substrate adenosine (Sigma, St. Louis, MO,
USA) to a final concentration of 1.5 mM. After incubated for 75 min (soluble fraction) and
120 min (membranes), the reaction was stopped by adding the samples on a 500 pL of phenol-
nitroprusside reagent (50.4 mg of phenol and 0.4 mg of sodium nitroprusside/mL) (Merck,
Darmstadt, Germany). Controls with the addition of the enzyme preparation after addition of
trichloroacetic acid were used to correct nonenzymatic hydrolysis of the substrates. The
reaction mixtures were immediately mixed to 500 pL of alkaline-hypochlorite reagent (sodium
hypochlorite to 0.125% available chlorine, in 0.6MNaOH) (Merck, Darmstadt, Germany) 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. Both ecto- and cytosolic ADA activities were expressed as nmol

NHs min+mg protein
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2.7 Gene expression analysis by quantitative real time RT-PCR (RT-gPCR)

The gene expression of ADA subfamilies (ADAL1, ADA2.1, ADA2.2) including an
alternative splicing isoform (ADAasi) and, an adenosine deaminase like related gene (ADAL),
adenosine receptor subtypes (Al, A2al, A2a2,A2b), ectonucleotidases (entpdl, entpd2a.l,
entpd2a.2, entpd2-like, entpd3, entpd8) end ecto-5 -nucleotidase were determined. Total RNA
was isolated with Trizol® reagent (Invitrogen, Carlsbad, California, USA) in accordance with
the manufacturer’s instructions. The total RNA was quantified by spectrophotometry and the
cDNA was synthesized with ImProm-II™ Reverse Transcription System (Promega) from 1 ug
of total RNA, following the manufacturer’s instructions. Quantitative PCR was performed
using SYBR® Green | (Invitrogen) to detect double-strand cDNA synthesis. Reactions were
done in a volume of 25 puL using 12.5 pL of diluted cDNA, containing a final concentration of
0.2 x SYBR® Green I (Invitrogen), 100 uM dNTP, 1 x PCR Buffer, 3 mM MgCl,, 0.25 U
Platinum® Tag DNA Polymerase (Invitrogen) and 200 nM of each reverse and forward
primers [48, 49, 50] (Table 1). The PCR cycling conditions were: an initial polymerase
activation step for 5 min at 95°C, 40 cycles of 15 s at 95°C for denaturation, 35 s at 60 °C for
annealing and 15 s at 72°C for elongation. At the end of cycling protocol, a melting-curve
analysis was included and fluorescence measured from 60 to 99 °C and showed in all cases
one single peak. EFlo and Rpll3a were used as reference genes for normalization. Relative
expression levels were determined with 7500 and 7500 Fast Real-Time PCR Systems
Software v.2.0.6 (Applied Biosystems). The efficiency per sample was calculated using
LinRegPCR version 2012.3 Software (http://LinRegPCR.nl). Relative mRNA expression

levels were determined using the 24T method.
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2.8 Analysis of ATP metabolism by high performance liquid chromatography (HPLC) in
zebrafish brain

Membrane samples were obtained as described in the subsection 2.4. The reaction
medium contained 50 mM Tris—HCI (pH 8.0) and 5 mM CaClz (for NTPDase activities) in a
final volume of 200 ul. The membrane preparation (3-5 ug protein) was added to the reaction
mixture and preincubated for 10 min at 37 °C. To start the reaction, ATP was added to the
medium in a final concentration of 0.1 mM at 37 °C. Aliquots of the sample were collected at
different incubation times (0-180 min), with the reaction being stopped with 5% TCA and
immediately placed on ice. All samples were centrifuged 14.000 g for 15 min and stored on -
80°C until HPLC analysis. An HPLC system equipped with an isocratic pump, a diode array
detector (DAD), a degasser, and a manual injection system was used (Agilent Technologies,
Santa Clara, CA, USA). Aliquots of 20 ul were applied into HPLC system and
chromatographic separations were performed using a reverse-phase column (150 mm x 4 mm,
5 wm Agilent® 100 RP-18 ec). The flow rate of the 60 mM KH2POs, 5 mM
tetrabutylammonium chloride, pH 6.0, in 13% methanol mobile phase was 1.2 mL/min. The
absorbance was monitored at 260 nm, according to a method previously described, with few
modifications [51]. The peaks of purines (ATP, ADP, AMP, and adenosine) were identified by
their retention times and quantified by comparison with standards. The results are expressed as
uM of the different compounds for each different incubation time. All incubations were
carried out in triplicate and the controls to correct nonenzymatic hydrolysis of nucleotides
were performed by measuring the peaks present into the same reaction medium without
membrane. The control for intrinsic membrane purines was performed by incubation of the

preparation without the substrate under the same conditions.
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2.9 Statistical analysis

For enzyme assays, the data are shown as mean + S.D of at least five (ATP, ADP and
AMP hydrolysis and ADA activities) different experiments. For molecular and HPLC
analysis, the results are expressed as mean + S.E.M of four experiments. A pool of five whole
zebrafish brains was used for each independent experiment. Statistical analysis was performed
by Student's t-test. The statistical comparison of data regarding extracellular ATP metabolism
was carried out at each timepoint of incubation and over-time of incubation. For assessing the
global overtime changes, the area under the curve was obtained for each homogenate.
Statistically significant differences between groups were considered for a P<0.05. All data

were evaluated by GraphPad Prism 6 for Windows.

3.RESULTS
3.1 Ectonucleotidase and ADA activities

In this study, we verified the effects of embryological exposure to VPA in zebrafish at
120 dpf on ectonucleotidase (E-NTPDase and ecto-5'-NT) and ADA activities, which are
responsible for regulating the extracellular concentrations of purine and pyrimidine
nucleotides. Our results have demonstrated that there were no significant changes on ATP and
ADP hydrolysis (P=0.743 and P=0.258, respectively) when compared to the control group
(Fig. 1A and B). In relation to ecto-5-nucleotidase activity, the results showed that
embryological exposure to VPA in zebrafish at 120 dpf promoted an increase of AMP
hydrolysis in brain membranes (12.5%; 14.4+0.3 nmol Pi min*t mg? of protein; P<0.05; n=5)

when compared to control group (12.6+0.6 nmol Pi min*t mg? of protein; n=5; Fig. 1C). In
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contrast, ecto-ADA activity was significantly decreased (19.2%; 9.9+0.4 NHz min™! mg™! of
protein; P<0.01; n=5) in brain membranes of adult zebrafish submitted to embryological VPA
exposure when compared to the control group (12.3+0.5 NHzmin™! mg™! of protein n=5; Fig.
2A). However, the cytosolic (soluble) ADA activity was not altered in adult zebrafish

submitted to embryological exposure to VPA (Fig.2B).

3.2 Gene expression analysis

Since we have observed significant changes on ectonucleotidase and ADA activities, we
investigated whether embryological exposure to VPA has any effect in the expression of
ectonucleotidases and ADA genes in zebrafish at 120 dpf. Quantitative RT-gPCR analysis did
not show significant changes on entpdl, entpd2a.l, entpd2a.2, entpd2-like and entpd3 (Fig.
3A-E). However, we observed a significant increased on ntpd8 (P<0.05; n=4) gene
expression in zebrafish at 120 dpf submitted to embryological exposure to VPA (Fig. 3F).
Ecto-5'-nucleotidase gene expression was not changed by treatment (Fig. 3G). In relation to
ADA gene expression we observed that expressions of ADA 1, ADA 2.2, ADAasi and ADA L
were not affected (Fig. 4A, C-D, respectively); nonetheless, ADA 2.1 (P<0.05; n=4) showed
decreased expression in the treated group when compared to control (Fig. 4B).

The effects of embryological exposure to VPA in zebrafish at 120 dpf on gene
expression pattern of adenosine receptors were also analyzed. We evaluated the Al, A2al,
A2a2, A2b mRNA transcript levels. The results have demonstrated that the relative amount of
A2al mRNA levels was increased after exposure to VPA in zebrafish at 120 dpf (P<0.05;
n=4; Fig. 5B). However, the results did not show significant effects on Al (Fig. 5A), A2a2

(Fig. 5C), A2b (Fig. 5D).
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3.3 Analysis of ATP metabolism

The results revealed a rapid catabolism of ATP and ADP, which were completely
consumed after 1 h of incubation (Figs. 6A, B). We observed a significant increase in ATP
level from O min to 10 min of incubation in the VPA- treated group at 120 dpf (Fig. 6A). In
contrast, ADP level showed a decrease at 0 min and from 10 min to 60 min of incubation in
the treated group (Fig. 6B). The extracellular metabolism of AMP and adenosine (ADO) (Figs.
6C and D) occurred slowly during the incubation period of 3 h. The AMP level showed an
increase at 60 min of incubation and decreased at 120 min of incubation (Fig. 6C). In relation
to the adenosine level, it has been observed a decrease at 30 min of incubation (Fig. 6D). The
areas under the curve were calculated for all groups and the statistical analysis confirmed the

data described above (Fig. 6 - inset).

4.DISCUSSION

In the present study, we demonstrated that embryological exposure to VPA altered
biochemical and molecular parameters related to purinergic system in adult zebrafish. These
findings indicate that the ATP and adenosine-metabolizing enzymes may be involved in the
pathophysiological mechanisms of diseases related to the impairment of social interaction,
such as autism.

Our experiments showed that embryological exposure to VPA did not influence ATP
and ADP hydrolysis in zebrafish brain membranes. These findings may be due to an adaptive

plasticity in E-NTPDase induced by embryological exposure to VPA. However, this condition
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was able to promote an increase in ecto-5"-nucleotidase activity. Furthermore, embryological
exposure to VPA decreased the ecto-ADA activity but it was unable to alter cytosolic ADA
activity in adult zebrafish. These data suggest that embryological exposure to VPA could alter
adenosine levels in zebrafish brain. Beyond the adenosine release by nucleoside transporters,
extracellular ATP hydrolysis promoted by ectonucleotidases is another important source of
extracellular adenosine. Triphosphonucleosides and diphosphonucleosides may be hydrolyzed
by nucleoside triphosphate diphosphohydrolases (NTPDases), whereas ecto-5'-nucleotidase
hydrolyzes nucleoside monophosphates producing adenosine [18]. Thus, this enzyme cascade
serves a double purpose, because it removes the excitatory signaling ATP molecule and,
simultaneously, generates nucleoside adenosine. The control of the adenosinergic signaling
can be performed by adenosine uptake via bi-directional transporters, followed by intracellular
phosphorylation to AMP by adenosine kinase (AK) or deamination to inosine by adenosine
deaminase. Therefore, the increased ecto-5"-nucleotidase activity and the decreased ecto-ADA
activity observed in our study could lead to an increase on extracellular adenosine levels.

To assess the ATP hydrolysis in zebrafish brain, the nucleotide levels was evaluated at
different times and analyzed by HPLC. We observed an increase in ATP levels and a decrease
in ADP levels. The AMP levels showed an increase at 60 min of incubation and decreased at
120 min of incubation. The results presented in Fig. 6D showed that there was a decreased in
ADO levels. It is our knowledge that there are other pathways involved in controlling the
levels of adenosine. Extracellular adenosine concentrations can be regulated by neural cell
uptake through bidirectional nucleoside transporters followed by phosphorylation to AMP by

adenosine kinase [22, 52]. A hypothesis for the observed decrease in adenosine levels in the
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brain of the zebrafish may be due to the nucleoside reuptake, through the bidirectional
nucleoside transporters and the action of enzyme adenosine kinase.

Abnormalities in purine metabolism have been reported in ASD [53, 54]. Adenosine is
an important neuromodulator and, together with ATP, these purine molecules form a unique
connection between cellular energy and neuronal excitability [55]. Based on behavioral and
physiological characteristics of ASD, insufficient adenosine levels may be related to some
symptoms (e.g., poor eye contact, repetitive movements) [28, 56]. Several studies suggest the
therapeutic potential of adenosine in relation to autism [28, 30, 31, 55, 57]. Masino and
collaborator [28] report that interventions that generate an increase in adenosine levels are an
important strategy to alleviate symptoms related to autism. Thus, it is critical to explore the
therapeutic potential of adenosine, a neuroprotective molecule, with strong effects on neural
activity in ASD. During excessive neuronal activity, increased adenosine provides a local
feedback inhibition reducing the excitability, and as a result, protects neurons from
excitotoxicity [33]. Multiple adenosine receptor agonists are in clinical trials for various
conditions, including cardiac arrhythmias, neuropathic pain, myocardial perfusion imaging,
cardiac ischemia, inflammatory diseases and cancer [58]. Ghanizadeh (2010) [31] proposed
that caffeine, an adenosine receptor antagonist with differential effects depending on acute or
chronic administration, could have beneficial effects in ASD. Furthermore, Tanimura and
collaborators [57] showed that adenosine Aza receptor (Az2aR) activation has been associated
with reduced perseverative behaviors. Thus, adenosine receptors may be new target for the
treatment of repetitive behaviors in autism [57].

Stubbs and collaborators [59] observed a reduction of ADA activity in serum of autistic

children. Based on this study, some authors reported an association between the genetic
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polymorphism of adenosine deaminase and a risk factor for the development of autism [15, 60,
61]. Franco and collaborators [22] reported that the ecto-ADA in the CNS can act as a cell
adhesion molecule exerting functions in growth processes and neuronal plasticity. In addition,
ADA is abundant in some areas of the CNS, whose alterations in the development may be
involved in the pathogenesis of autism [14, 62]. These findings corroborate with our results
that showed a decrease in the ecto-ADA activity. Besides their enzymatic functions, there is
evidence that is ecto-ADA linked to adenosine receptor, modulating their affinity and has co-
stimulatory functional roles [63-65]. The A2aR is a promising candidate for genetic
association studies in ASD [28, 30]. Studies have demonstrated the involvement of the A2aR
on locomotion, anxiety, inhibition of excitatory neuronal activity and sleep regulation [57,
65].These studies are consistent with our results, since we observed that the relative amount of
A2al mRNA levels was increased after exposure to VPA in zebrafish at 120 dpf.

Changes in enzyme activity promoted by embryological exposure to VPA may be a
consequence of transcriptional control. To determine if the transcriptional regulation has
occurred, a RT-gPCR analysis was performed. Interestingly, the results demonstrated that the
relative gene expression level of E-NTPDase member (entpd8) was significantly higher after
embryological exposure to VPA, whereas there was no change in enzyme activity. Thus, the
change in gene expression was not sufficient to affect the enzymatic activity of E-NTPDase.
Al-Mosalem and collaborators (2009) [12] assessed E-NTPDases (ATPase and ADPase) in
plasma of 30 autistic patients and observed that ATPase was non-significantly elevated
compared to control whereas ADPase was significantly higher in autistic patients. While we
did not observe E-NTPDase changes in brain membranes of embryological exposure to VPA

in zebrafish at 120 dpf, our results demonstrated a similar effect to other studies increasing
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ADPase activity, since we observed decreased ADP levels in HPLC analysis. Moreover, the
results showed that there was no change in ecto-5"-nucleotidase mRNA levels after exposure
to VPA in zebrafish at 120 dpf, indicating that the enhancement observed in the enzyme
activity did not occur at the transcriptional level. We observed a decrease on the ecto-ADA
activity, as well as a reduction on ada2.1 gene expression after the embryological exposure to
VPA in zebrafish at 120 dpf that could be a consequence of transcriptional control. Regarding
the relative gene expression of adenosine receptors, we verified an increase in mMRNA
transcripts of A2a1 receptor in zebrafish brain after VPA treatment. The increase in gene
expression in adenosine receptor may be a response to compensate higher levels of adenosine
that occur due to increased ecto-5'-nucleotidase and decreased ecto-ADA activity. Thus, there
is adenosine available for binding to adenosine receptors and this could, subsequently,
generate a decrease in adenosine levels, as observed by HPLC analysis.
In summary, our data demonstrated the first evidence that embryological exposure to

VPA in zebrafish at 120 dpf could modulate nucleotide and nucleoside hydrolysis and
adenosine deamination in zebrafish brain membranes. In addition, our study contributes to
elucidate the mechanisms underlying the modulatory effects of purinergic signaling in social
interaction deficit in zebrafish.
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Table 1. Primer sequences for RT-qPCR experiments included in the study

Accession number

Gene Primer sequences (5°-3°) (MRNA) Amplicon size (bp)
Bl CACARTCTTOAGAGCAG NM_212784 147
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According to ®Tang et al. (2007), PLeite et al. (2013), “Capiotti et al. (2013).
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Abstract

Changes in social behavior occur in several neuropsychiatric disorders such as schizophrenia
and autism. The interaction between individuals is an essential aspect and an adaptive
response of several species, among them the zebrafish. Oxytocin is a neuroendocrine hormone
associated with social behavior. The aim of the present study was to investigate the social
interaction and aggression produced by MK-801 exposure in the zebrafish. We also examined
the effects of oxytocin, oxytocin receptor agonist (carbetocin) and the oxytocin receptor
antagonist (L-368,899) on the reversal of behavioral effects induced by MK-801 in zebrafish.
Our results have shown that MK-801 induced a decrease in the time spent in the segment
closest to the conspecific school and in the time spent in the segment nearest to the mirror
image, suggesting an effect on social behavior. The treatment with oxytocin after the exposure
to MK-801 was able to reestablish the time spent in the segment closest to the conspecific
school, as well as the time spent in the segment nearest to the mirror image. In addition, to
support the modulation of oxytocin pathway, we verified that the oxytocin receptor agonist
(carbetocin) reestablished the social and aggressive behavioral deficits induced by MK-801.
However, the oxytocin receptor antagonist (L-368,899) was not able to reverse the behavioral
changes induced by MK-801. This study supports the critical role for NMDA receptors and
the oxytocinergic system in the regulation of social behavior and aggression which may be

relevant for the mechanisms associated to autism and schizophrenia.

Keywords: aggression; MK-801; oxytocin; social behavioral; zebrafish
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Introduction

Neurodevelopmental disorders comprise a group of neuropsychiatric manifestations
caused by disturbances in brain development, including autism spectrum disorders [1].
Similarly, schizophrenia has also been proposed as a result of alterations in neurodevelopment,
usually expressing only in the adult stage [2]. The symptoms of schizophrenia can be
classified into cognitive (decreased attention, memory problems), negative (anhedonia, social
withdrawal) or positive (hallucinations, disorganized behavior, high levels of aggression)
types [1]. The autistic patients often also show symptoms, such as deficits in social
communication and interaction, repetitive patterns of behavior, restricted interests, anxiety and
hyperactivity [1,3]. Historically, autism and schizophrenia were considered to be intimately
related [4,5]. Several studies indicate that these diseases share overlapping characteristics [6].
A major feature of the clinical symptoms presented by both autism and schizophrenia is the
impairment in social functions [7]. Furthermore, abnormal aggression levels are observed in
human patients with psychiatric disorders such as ASD [8] and SZ [9].

Aggression is an adaptive behavior that is essential for the establishment of social
hierarchies, mating, competition for food and territory [10]. Evidence shows that zebrafish
exhibit a rich repertoire of aggressive behavior and the neural mechanisms can be studied for
understanding the core pathogenesis of aggression [11,12]. In this way, a certain level of
aggression can be beneficial for survival of an individual or species, as well as in the social
function.

Zebrafish is a highly social species which plays an excellent role as a model organism

to study neuropathological disorders that affect the social behavior, such as autism and
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schizophrenia [13,14]. Social interaction is a significant and complex aspect of zebrafish
behavior [15,16]; however, the mechanisms that regulate the social behavior in zebrafish are
not well understood. Studies suggest that fish are suitable model to evaluate social behavior
and its evolution, since the structure of the brain and physiology are conserved among
vertebrates [17,18]. An extensive network of nuclei that is critical for social behavior is highly
conserved within vertebrates [17,19]. Furthermore, the fish are able to perform complex
decisions on social context [18].

A hypo-function of ionotropic N-methyl-D-aspartate (NMDA) receptors is implicated
in schizophrenia [20,21]. Dizocilpine (MK-801), a non-competitive antagonist of the
glutamate NMDA-receptor, has been most strongly implicated in social behavior in animal
models and is applied to mimic some aspects of autism and schizophrenia [22-24]. Behavior
and pharmacological actions of NMDA appear to be conserved in zebrafish [25]. Several
studies showed that MK-801 induced deficit in the social interaction parameters in rodents and
zebrafish [23,26].

The role of the neuropeptide oxytocin (OT) in the different types of social behavior
(including aggression) is one of the earliest discoveries in social neuroscience [27,28].
Oxytocin is a promising molecule for the treatment of psychotic symptoms in patients with
several brain disorders, including schizophrenia and autism [29,30]. Modahl et al. (1998)
reported that the plasma concentration of oxytocin is reduced in children with autism [31].
Hollander et al. (2007) showed that intravenous administration of oxytocin reduces repetitive
behaviors and increases the understanding of the emotional meaning in individuals with ASD
[32]. Studies reported the improvement of social deficits by administering oxytocin for

schizophrenic patients [33,34]. In fish, oxytocin has effects on courtship and social behavior
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[35,36]. Braida et al. (2012) demonstrated that oxytocin and vasopressin increased social
behavior and reduced the fear response to the predator, indicating a neuromodulatory role in
these complex behaviors in zebrafish [37].

The aim of the present study was to investigate the social behavior, i.e., changes in the
social interaction and aggression produced by MK-801 exposure in the zebrafish. Since that
oxytocin can modulate social behavior, we also examined the effects of oxytocin, oxytocin
receptor agonist (carbetocin) and the oxytocin receptor antagonist (L-368,899) on the reversal

of behavioral effects induced by MK-801 in zebrafish.

1. Materials and methods

2.1. Animals
Adult (6-8 months old) wild-type zebrafish (D. rerio) used in this study were obtained
from our breeding stock held at the Pontificia Universidade Catolica do Rio Grande do Sul.
The animals were housed in a 50 L-thermostated aquarium filled with unchlorinated water
constantly aerated at a targeted temperature of 26 + 2 °C. Fish were kept under a 14-10 h
light/dark cycle photoperiod and fed twice a day with commercial flake fish food
supplemented with live brine shrimp. The protocol was approved by the Ethics Committee of
the Pontificia Universidade Catolica do Rio Grande do Sul (PUCRS) under the number
13/00346-CEUA.
2.2 Materials
The drugs hydrogen maleate (MK-801), oxytocin, carbetocin, L-368,899 and tricaine

were purchased from Sigma-Aldrich (St. Louis, MO, USA).
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2.3 Pharmacological treatments

A group of animals was individually exposed in a 300-ml beaker to 5 uM MK-801
hydrogen maleate, dissolved in tank water, for 15 min. To assess the effects on the reversal of
the behavioral changes induced by MK-801, we conducted the anesthesia of the animals prior
to the injection, which was obtained by immersion in a 100 mg/L tricaine solution until the
animal showed lack of motor coordination and reduced respiration rate. The animals received
i.p. injection with 10 ng/kg oxytocin, 10 ng/kg carbetocin, 10 ng/kg L-368,899 or saline. After
the injection, the animals were placed in a separate tank with highly aerated unchlorinated tap
water (26x2 °C) to facilitate their recovery from anesthesia. Intraperitoneal injections were
conducted using a 3/10-mL U-100 BD Ultra- Fine™ Short Insulin Syringe 8 mm (5/16 in.) x
31 G Short Needle (Becton Dickinson and Company, New Jersey, USA). The same animals
were transferred to another beaker containing water, and remained there for additional 15 min.
After this period, the animals were individually placed in a test tank to analyze the social
behavior.

2.4 Behavioral assessment

2.4.1. Social interaction

The zebrafish is a schooling fish that may exhibit preference for its conspecifics under
certain circumstances. Each fish was placed in an experimental tank (30 cm x 15 cm x 10 cm,
length x height x width). On one side of the experimental tank, an empty fish tank was placed;
on the other side, a tank of identical size held 15 zebrafish, which were designed the “stimulus
fish”. The experimental fish was allowed to acclimate to the experimental tank for a 30 s

period, after which behavior was video recorded over a period of 5 min. To quantify fish
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preference between the “stimulus fish” side of their tank in detriment of the empty tank, the
experimental fish tank was divided in four equal sections. The zones 1 and 2 of the tank
correspond to the segments closer to the conspecific school and the zones 3 and 4 are
considered to the segments closer to the empty tank. The amount of time the experimental fish
spent on each zone was measured using ANYMaze recording software (Stoelting Co., Wood
Dale, IL, USA) [38] (Gerlai et al., 2000).

2.4.2. Aggression

The mirror test was used to measure aggression [38]. Each fish was placed in an
experimental tank (30 cm x 15 cm x 10 cm, length x height x width). A mirror (45 cm x 38
cm) was placed at the side of the tank at an angle of 22.5° to the backwall of the tank so that
the left vertical edge of the mirror touched the side of the tank and the right edge was further
away. Thus, when the experimental fish swam to the left side of the tank, their mirror image
appeared closer to them. A test fish was added to the tank and was allowed acclimate for 60 s;
the aggressive behaviors that a fish conducted toward its mirror image were subsequently
recorded over a period of 5 min. The vertical lines divided the tank into four equal sections
and allowed the number of entries to each section made by the fish to be counted. Entry to the
left-most segment indicated preference for proximity to the “opponent”, whereas entry to the
right most segments implied avoidance. The amount of time the experimental fish spent in
each segment was measured using ANY-Maze recording software (Stoelting Co., Wood Dale,
IL, USA).

2.5. Statistical analysis
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The data are expressed as the mean + S.E.M., and were analyzed by two-way analysis
of variance (ANOVA) followed by Bonferroni's post hoc test. For all comparisons, the

significance level was set at P < 0.05.

3. Results

3.1. Modulation with oxytocin on social interaction deficit induced by MK-801

Our results have shown that MK-801 treatment induces social interaction deficit in
zebrafish. Fig. 1 shows the effect of oxytocin on MK-801-induced social interaction
impairment in zebrafish. As expected, animals treated with MK-801 significantly decreased
(193.1£17.8 s) the time spent in the segment closest to the conspecific school compared to the
control group (treated with saline and exposed to tank water) (248.8 + 17.8 s). Animals
treated with oxytocin per se were devoid of effects. However, when zebrafish were treated
with oxytocin after MK-801 pretreatment spent a longer time (254 + 20.9 s) in the segment
closest to the conspecific school when compared to animals that were exposed to MK-801
after saline treatment (193.1 £ 17.8 s) (Fig 1; F (1,45) = 2.5, P < 0.05). In this way the
treatment with oxytocin reversed the effects of MK-801 in the social interaction test.
3.2. Effects of oxytocin receptor antagonist and agonist on social interaction response to MK-
801

In order to investigate the effects of oxytocin receptor antagonist and agonist on social
interaction response to 5 uM MK-801, we treated zebrafish with L-368,899 (10 ng/kg) or
carbetocin (10 ng/kg), respectively, during 15 min after MK-801 exposure. Our results showed
carbetocin (oxytocin receptor agonist) was able to reverse the MK-801-induced changes on the

social interaction whereas the L-368,899 (oxytocin receptor antagonist) did not alter
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behavioral responses induced by MK-801. Animals treated with carbetocin after MK-801
treatment spent 273.4 + 28.6 s in the segment closest to the conspecific school, while animals
that were exposed to saline after MK-801 pre-treatment spent 188.6 + 28.6 s (Fig. 2). Control
animals (treated with saline and exposed to tank water) and animals treated with carbetocin
and exposed to tank water remained in the segment closest to the conspecific school during
285 + 25.4 and 262.7 + 25.4 s, respectively (Fig. 2; F (1,39) = 7.9, P > 0.05). L-368,899 was
not able to change behavioral responses induced by MK-801 pretreatment (Fig. 3; F (1,44) =
1.2, P >0.05).
3.3. MK-801 induces changes in aggressive behavior

The MK-801 promoted significant changes in the aggressive behavior and was
evaluated by the time spent in the segment nearest to the mirror image. Our results
demonstrated that animals treated with MK-801 remained less time in the segment nearest to
the mirror (36.6 £ 5.4 s) when compared with the control group (89.1 £ 16.8 s) (P < 0.05),
indicating that treatment with MK-801 induced a decrease in aggressive behavior (Fig. 4).
3.4. Modulation with oxytocin on aggressive behavior deficit induced by MK-801

The results showed that MK-801 treatment induced decrease in aggressive behavior in
zebrafish. Fig. 5 demonstrates the effect of oxytocin on MK-801-induced aggressive behavior
impairment in zebrafish. Animals treated with MK-801 significantly decreased (44.4 £ 22.3 s)
the time spent in the segment nearest to the mirror image compared to the control group
(treated with saline and exposed to tank water) (107 + 22.3 s). Animals treated with oxytocin
per se were devoid of effects. However, zebrafish treated with oxytocin after MK-801
pretreatment spent 117.3 £ 22.3 s in the segment nearest to the mirror image school, while

animals that were exposed to MK-801 after saline treatment spent 44.4 + 22.3 s, (Fig 5; F (1,
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52) = 15.7, P < 0.05). In this way, the treatment with oxytocin reversed the effects of MK-801
in the aggressive behavior test.
3.5. Effects of oxytocin receptor antagonist and agonist on aggressive behavior response to
MK-801

In order to investigate the effects of oxytocin receptor agonist and antagonist on
aggressive behavior to 5 uM MK-801, we treated zebrafish with carbetocin (10 ng/kg) and L-
368,899 (10 ng/kg), respectively, during 15 min after MK-801 exposure. Our results have
shown that the oxytocin receptor agonist carbetocin is able to reverse the aggressive behavior
changes induced by MK-801 pretreatment and the oxytocin receptor antagonist L-368,899, is
not able to change behavioral responses induced by MK-801 pretreatment. Animals treated
with carbetocin after MK-801 treatment spent 91.6 + 20 s in the segment nearest to the mirror
image, while animals that were exposed to saline after MK-801 pretreatment spent 35.3 £ 15 s.
Control animals (treated with saline and exposed to tank water) and animals treated with
carbetocin and exposed to tank water remained in the segment nearest to the mirror image
during 127.5 £ 15 and 62 * 15 s, respectively (Fig. 6; F (1,50) = 22.8, P < 0.05). The oxytocin
receptor antagonist L-368,899 was not able to change behavioral responses induced by MK-

801 pretreatment (Fig. 7; F (1,30) = 1.9, P > 0.05).

4. Discussion
In this study, our results have shown that MK-801 induced a decrease in the time spent
in the segment closest to the conspecific school and in the time spent in the segment nearest to

the image, suggesting an effect on social behavior. The treatment with oxytocin after the
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exposure to MK-801 showed that oxytocin was able to reestablish the time spent in the
segment closest to the conspecific school, as well as the time spent in the segment nearest to
the mirror image. To support the modulation of oxytocin pathway, we verified that the
oxytocin receptor agonist (carbetocin) recovered the social and aggressive behavioral patterns.
However, the oxytocin receptor antagonist (L-368,899) was not able to reverse the time spent
in the segment closest to the conspecific school as well as the time spent in the segment
nearest to the mirror image. Neuropsychiatric disorders, such as autism and schizophrenia,
share an important feature of clinical symptoms, such as impairment in social functions [7,39].
Schizophrenia and autism are considered complex diseases with multiple factors contributing
to pathogenesis [40,41]. Traditional medicines currently available are not absolutely effective,
since it deals with only some of the symptoms.

MK-801 is one of the NMDA receptor antagonists, and this agent has been used for
inducing schizophrenia and autism symptoms [24,42,43]. Of the three subtypes of receptors
for glutamate, the NMDA receptor has been most strongly implicated in social behavior [44-
46]. The effect of MK-801 on social behavior was induced in different animal models [23,47].
Several studies have shown social behavior changes due to NMDA receptor antagonists in
rodents and zebrafish [23,43,47]. Moy et al. (2013) showed that MK-801 led to a loss of
significant social preference measured by the time spent in each side of the chamber [43]. The
neurobehavioral actions of NMDA receptor antagonism are conserved in zebrafish [25]. In
zebrafish, it has been already described the impact of MK-801 on social behavior. According
to Maaswinkel et al. (2013), MK-801-treated zebrafish reduced social cohesion of the entire
shoal [24]. Seibt et al. (2011) demonstrated that MK-801 reduces the preference of zebrafish

for a stimulus group of zebrafish and Echevarria et al. (2008) reported a disrupted shoaling
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[23,48]. Although there are studies evaluating the effect of MK-801 on social interaction, it is
unclear its effects on aggression behavior. The neurobiology of aggressive behavior involves a
complex network [49]. McAllister (1990) found that MK-801, among other compounds, tends
to increase the aggression and social behavior in mice [50]. In agreement to our study,
Kalinine et al. (2014) demonstrated that a single intraperitoneal dose of the MK-801 shortly
before the intruder test decreased aggressive behavior in mice [51]. Our results showed that
MK-801 induced deficit in social interaction and decreased aggressive behavior since animals
exposed to MK-801 spent time in the segment closest to the conspecific school as well as in
the segment nearest to the mirror image.

Zebrafish models of neuropsychiatric diseases provide a base for mechanistic
understanding and development of new therapies. Evidence suggests that the deregulation of
oxytocinergic system may be involved in the pathophysiology of certain neuropsychiatric
disorders, such as autism and schizophrenia [52,53]. The oxytocinergic system plays a crucial
role in several and complex social behaviors and social interaction [54,55]. The neuropeptide
oxytocin is involved in the modulation of different aspects of social behavior.

In addition to its vital function as a hormone, oxytocin also acts on an important central
network as neurotransmitter peptide [56]. Most oxytocin neurons project to the posterior
pituitary but some also project within the central nervous system and the endogenous central
oxytocin plays a physiologically significant role in social behavior [57].

Considering that there is no standard treatment for social dysfunction and clinical
studies have identified oxytocin as a potential therapeutics, we investigated the effects of
oxytocin, oxytocin receptor agonist (carbetocin) and oxytocin receptor antagonist (L-368,899)

in MK-801-induced changes on social interaction and aggression. Our data demonstrated that
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the treatment with oxytocin after the exposure to MK-801 was able to reestablish the time
spent in the segment closest to the conspecific school as well as the time spent in the segment
nearest to the mirror image. In addition, we verified the oxytocin receptor agonist carbetocin
reestablished the social and aggressive behavioral patterns whereas and oxytocin receptor
antagonist L-368,899 was not able to reverse the decrease in the social interaction and
aggression induced by MK-801. Behavioral studies employing similar approach indicated that
oxytocin treatment can increase sociability in rodents and zebrafish [37, 58]. Braida et al.
(2012) demonstrated that the oxytocin increased social preference in zebrafish and the
antagonists dose-dependently inhibited the effect induced by the neuropeptides, which
corroborates with our findings [37]. At the present moment, there are no studies showing the
effect of oxytocin and aggression in zebrafish; however, Filby et al. (2010) demonstrated that
treatment with arginine vasotocin (AVT) (is found in fishes and a key modulators of social
and nonsocial behavior, similar to oxytocin) significantly reduced aggression in dominant
male zebrafish [59]. Furthermore, studies demonstrated that oxytocin has also been linked to
social dominance and aggression in rodents [60,61]. The potent effects of intranasal oxytocin
suggest that may be beneficial for a variety of psychiatric disorders, including schizophrenia
and autism [32,62,63]. Modahl et al. (1998) observed a significant correlation between
oxytocin levels and social impairment in children [31]. Hollander et al. (2007) verified that
oxytocin administration facilitated the processing and retention of social information in adults
diagnosed with autism or Asperger’s disorder [32]. Other study suggests that oxytocin may
relieve the positive symptoms, debilitating and reducing social and cognitive deficits in

schizophrenic patients [29].
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The oxytocin receptors are also highly conserved in evolution. In this way, to test
whether the effects on social behavior and aggression were mediated by oxytocin receptor in
zebrafish, we tested the oxytocin receptor antagonist (L-368,899) and agonist (carbetocin).
Our findings indicated that the oxytocin receptor antagonist (L-368,899) was unable to reverse
the effect induced by MK-801 on social interaction and aggression. On the other hand,
oxytocin receptor agonist (carbetocin) reversed the effects caused by MK-801 in social
behavior and aggression. Thus, we suggest that these modulatory effects may be mediated by
oxytocin. There are few studies assessing the effect of oxytocin receptor pharmacologically in
relation to social behavior and aggression. Mooney et al. (2014) showed that oxytocin
increases the social behavior and these effects were blocked by co-administration of oxytocin
antagonist [64]. Similarly, Goodson et al. (2009) found that peripheral oxytocin antagonist
administration decreases the time spent in close proximity both to a familiar cagemate and to a
larger group of conspecifics in zebra finches [65]. Other study demonstrated that blocking
central oxytocin receptors in primates disrupts parental-like behavior and female sexual
behavior [66]. Furthermore, Suraev et al. (2014) demonstrated that oxytocin, but not agonist
[Thr4, Gly7]-oxytocin, significantly increased the amount of time spent close to a social
stimulus in social preference test performed in late adolescence in rodents [67]. In relation to
aggression, Calcagnoli et al. (2013) reported an increased offensive aggression in low
aggressive residents after icv administration of a selective oxytocin receptor antagonist [68].
However, Calcagnoli et al. (2015) showed that anti-aggressive and pro-social changes were
entirely blocked when the binding of exogenous oxytocin to the oxytocin receptors was

impeded by pretreatment with a selective oxytocin receptors antagonist [69]. These data
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demonstrated the involvement of oxytocin and oxytocin receptor in social and aggression
behavior.

In summary, our results support the critical role for NMDA receptors and the
oxytocinergic system in the regulation of social behavior and aggression which may be

relevant for the mechanisms associated to autism and schizophrenia.
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Figure 1. Effects of oxytocin on MK-801-induced social interaction deficits in zebrafish. The
data are expressed as the mean + S.E.M. (n = 16 per group), and were analyzed by two-way
ANOVA followed by Bonferroni's post-hoc test. The symbol ** represents statistical

difference when compared to the respective control group, P < 0.05.

*

w

(=]

o
1

- |
Py el H 3 SALINE
b @ CARBETOCIN
5 2001 T
=
E 1
»
;:_" 100-
£
[«}]
£
= 0 T T
CONTROL MK-801

Figure 2. Effects of carbetocin on MK-801-induced social interaction deficits in zebrafish.
The data are expressed as the mean + S.E.M. (n = 12 per group), and were analyzed by two-
way ANOVA followed by Bonferroni's post-hoc test. The symbol * represents statistical

difference when compared to the respective control group, P > 0.05.
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Figure 3. Effects of L-368,899 on MK-801-induced social interaction deficits in zebrafish.
The data are expressed as the mean + S.E.M. (n = 14 per group), and were analyzed by two-
way ANOVA followed by Bonferroni's post-hoc test. The symbol * represents statistical

difference when compared to the respective control group, P > 0.05.
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Figure 4. Effects of MK-801-induced aggression deficits in zebrafish. The data are expressed
as the mean £ S.E.M. (n = 24 per group), and were analyzed by two-way ANOVA followed
by Bonferroni's post-hoc test. The symbol ** represents statistical difference when compared

to the respective control group, P < 0.05.
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Figure 5. Effects of oxytocin on MK-801-induced aggression deficits in zebrafish. The data
are expressed as the mean + S.E.M. (n = 15 per group), and were analyzed by two-way
ANOVA followed by Bonferroni's post-hoc test. The symbol * represents statistical difference

when compared to the respective control group, P < 0.05).
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Figure 6. Effects of carbetocin on MK-801-induced aggression deficits in zebrafish. The data
are expressed as the mean + S.E.M. (n = 14 per group), and were analyzed by two-way
ANOVA followed by Bonferroni's post-hoc test. The symbol * represents statistical difference

when compared to the respective control group, P < 0.05.
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Figure 7. Effects of L-368,899 on MK-801-induced aggression deficits in zebrafish. The data
are expressed as the mean £ S.E.M. (n = 10 per group), and were analyzed by two-way
ANOVA followed by Bonferroni's post-hoc test. The symbol * represents statistical difference

when compared to the respective control group, P > 0.05.
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4 RESULTADOS ADICIONAIS

4.1 ANALISES DOS NiVEIS DE GLUTAMATO, SEROTONINA, DOPAMINA E DOPAC
EM ENCEFALO DE PEIXE-ZEBRA SUBMETIDOS AO MODELO ANIMAL DE

DEFICIT DE INTERACAO SOCIAL INDUZIDO POR VPA

Evidéncias sugerem que anormalidades na neurotransmissdo serotonérgica,
glutamatérgica e dopaminérgica podem estar implicadas no autismo e esquizofrenia
(McDougle et al., 2005; Huang et al., 2008; Howes et al., 2012; Bissonette & Roesch, 2016).
Devido a isso, analisamos os niveis de glutamato, serotonina, dopamina e DOPAC em peixe-
zebra submetidos ao modelo animal de déficit de interacdo social induzido por VPA, através
da cromatografia liquida de alta eficiéncia (HPLC) em encéfalo de peixe-zebra na idade de
120 dpf.

Conforme demonstra a figura 1, ndo observamos alteracdes significativas nos niveis de
serotonina, glutamato e dopamina. No entanto, verificamos um aumento de DOPAC,
metabdlito da dopamina, em encéfalos de peixe-zebra na idade de 120 dpf submetidos ao

modelo de déficit de interagdo social induzido por VPA.
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Figura 1. Niveis de serotonina (A), glutamato (B), dopamina (C) e DOPAC (D) foram

analisados por LC-MSMS. Os dados estdo representados em média £+ S.D. (n=4). Cada

experimento independente foi realizado utilizando preparacdes bioldgicas que consistiram de

um “pool” de cinco encéfalos. O simbolo (asterisco) representa uma diferenca significativa em

relacdo ao grupo controle (Teste t de Student, P<0.05).
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4.2 RESULTADOS ADICIONAIS REFERENTES AO MODELO DE DEFICIT DE

INTERACAO SOCIAL INDUZIDO POR MK-801 E PREVENCAO COM OCITOCINA

Os animais foram tratados com MK-801 (5 pM) durante 15 minutos e o
comportamento foi analisado durante 5 minutos em diferentes segmentos de tempo: 0 min, 15
min, 2 h, 4 h e 24 h para verificarmos o tempo de permanéncia do efeito do MK-801 sobre a
resposta na interacdo social do peixe-zebra. Para os testes de interacdo social, ap6s esta
exposicdo, o peixe foi colocado individualmente em um aquario central, contendo em uma
extremidade um aquério estimulo e na outra um aquario vazio. A permanéncia do animal perto
do aquario estimulo foi avaliada.

Os dados demonstram que os animais expostos ao MK-801 (5 pM) aos 15 min
permaneceram menos tempo ao lado do aquario estimulo (p <0.05) quando comparados com 0

grupo controle (Figura 2).
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Figura 2. Tempo de permanéncia do efeito induzido por MK-801 sobre a resposta na
interacdo social do peixe-zebra. Animais foram expostos ao MK-801 na concentracdo de 5
UM durante 0, 15 minutos, 2h, 4h e 24h. A resposta do comportamento induzida por MK-801
foi mensurada como o tempo de permanéncia no lado do estimulo. Os dados foram expressos
em média + SEM (n=16) e avaliados por analise de variancia de duas vias (ANOVA)
seguida de testes post-hoc de Bonferroni’s. Os simbolos representam estatisticamente a
diferenca quando comparados com o grupo controle. * P<0.05.

Para verificar a capacidade da ocitocina em prevenir o déficit de interacdo social
causado pelo MK-801, os animais foram injetados com salina ou ocitocina (10 ng/kg) 15
minutos antes da exposicdo ao MK-801. A administracdo de ocitocina antes da exposi¢éo ao
MK-801 aumenta o tempo de permanéncia ao lado do aquario estimulo, quando comparados

com animais somente expostos ao MK-801 (Figura 3, p <0.05). Estes dados demonstram que
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MK-801 provoca um efeito de déficit de interacdo social, e que a ocitocina é capaz de prevenir

o deéficit de interacdo social induzido pelo MK-801.
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Figura 3. Prevencdo pela ocitocina sobre o déficit de interacdo social induzido por MK-801.
A resposta do comportamento induzida por MK-801 e ocitocina foi mensurada como o tempo
de permanéncia no lado do estimulo. Animais reberam uma injecdo intraperitoneal de
ocitocina ou salina (grupo controle) e apés 15 minutos foram expostos ao MK-801 na
concentracdo de 5 UM por 15 min adicionais. Os dados foram expressos em média + SEM
(n=16) e avaliados por analise de variancia de duas vias (ANOVA) seguida de testes post-hoc
de Bonferroni’s. Os simbolos representam estatisticamente a diferenga quando comparados
com o grupo controle. * P<0.05, ** P<0.005.

Para investigar os efeitos do antagonista do receptor de ocitocina (L-368,899) sobre a
interacdo social apos tratamento com MK-801 em peixe-zebra, animais foram injetados com
L-368,899 (10 ng/kg) 15 minutos antes da exposicdo ao MK-801. A administracdo de L-
368,899 antes da exposi¢cdo ao MK-801 ndo alterou o tempo de permanéncia ao lado do

aquario estimulo, quando comparados com animais somente expostos ao MK-801 (Figura 4, p
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> 0.05). Estes dados demonstram que MK-801 provoca um efeito de déficit de interacédo
social, mas o antagonista do receptor da ocitocina (L-368, 899) nao foi capaz de prevenir o
déficit de interacdo social induzido pelo MK-801, sugerindo o envolvimento dos receptores de

ocitocina neste efeito.
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Figura 4. Efeito do L-368, 899 sobre o déficit de interacdo social, induzido por MK-801 em
peixe-zebra. Os dados foram expressos em média + SEM (n=16) e avaliados por analise de
variancia de duas vias (ANOVA) seguida de testes post-hoc de Bonferroni’s. O simbolo *

representa diferenca estatistica quando comparado com o respectivo grupo controle. * P<0.05.
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5 DISCUSSAO

Desordens neurologicas, como o0 transtorno do espectro do autismo (TEA) e
esquizofrenia, compartilham sintomas (Mealey et al., 2014), sendo que um dos principais
sintomas clinicos apresentados por ambos, TEA e SCZ, € o prejuizo nas fungdes sociais
(Couture et al., 2010). Os transtornos do espectro do autismo compreendem um grupo
heterogéneo e complexo de condigdes patoldgicas, incluindo as sindromes de Rett e Asperger,
transtorno invasivo do desenvolvimento e autismo (Kumar et al., 2012; Grzadzinski et al.,
2013). Os pacientes autistas muitas vezes apresentam déficits na comunicacdo e interacdo
social, padrbes repetitivos de comportamento, interesses restritos, ansiedade e hiperatividade
(American Psychiatric Association, 2013; Canitano, 2014). Os sintomas da esquizofrenia
podem ser classificados em cognitivos (diminuicdo da atencdo, problemas de memoria),
negativos (anedonia, isolamento social) ou positivos (alucinacBes, comportamento
desorganizado, altos niveis de agressao) (American Psychiatric Association, 2013).

O é&cido valproéico (VPA) é utilizado como um farmaco anti-epiléptico e estabilizador
do humor. No entanto, a exposi¢do pré-natal de VPA em seres humanos tem sido associada
com um aumento da incidéncia de autismo, além de poder afetar o desenvolvimento do
cérebro fetal (Kim et al., 2011). A exposicdo ao VPA durante o periodo pré-natal em roedores
provoca alteragdes no funcionamento de sistemas cerebrais e respostas emocionais (Rodier et
al., 1997; Schneider et al., 2007). Além disso, foram observados movimentos repetitivos
(Schneider et al., 2008), diminui¢do na interacdo social (Schneider & Przewlocki, 2005) e
aumento da ansiedade, sintomas semelhantes aos apresentados pelos pacientes humanos

autistas. No estudo, apresentado no Capitulo 1 desta tese, realizamos um screening
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comportamental em diferentes periodos do desenvolvimento do peixe-zebra em 6, 30, 70 e
120 dpf (dias pos-fertilizacdo) para estabelecer um modelo de déficit de interacdo social
induzido por VPA, a fim de investigar o comportamento social, locomocdo, agressividade e
ansiedade.

Nossos resultados demonstram que a exposicdo de VPA (48 uM) durante as primeiras
48 hpf (horas pds-fertilizacdo) ndo promoveu mudancgas na sobrevivéncia, morfologia e taxa
de eclosdo em 24 hpf, 48 hpf e 72 hpf, sugerindo que os efeitos comportamentais observados
ndo sdo devido a alteracbes morfologicas macroscopicas. Os padrdes comportamentais
sugerem que a exposicdo ao VPA induz mudancas na atividade locomotora e ansiedade em
diferentes periodos do desenvolvimento em peixe-zebra. Além disso, apresentou um déficit de
interacdo social aos 70 dpf e 120 dpf. A exposicdo ao VPA ndo alterou a agressividade no
estagio adulto aos 70 dpf e 120 dpf.

Similarmente aos nossos resultados, Zellner et al. (2011) verificaram que a exposicéo a
48 UM VPA durante 0-48 hpf ndo afetou a sobrevivéncia nem causou malformacgdes. Os
padrdes comportamentais identificados em nossos experimentos sugerem que a exposicao de
VPA gerou um perfil de hiperatividade nas fases iniciais de desenvolvimento em peixe-zebra,
isto é, 6 dpf, porque houve um aumento nos pardmetros de locomocao. Os animais também
exibiram um aumento da ansiedade. As larvas de peixe-zebra sdo uma alternativa de modelo
animal para testes de toxicidade (de Esch et al., 2012). No entanto, é importante considerar a
idade (e a fase de desenvolvimento do cérebro), pois pode gerar mudangas no comportamento.
Estudos analisam que a idade pode influenciar no padrdo de atividade motora em larvas de
peixe-zebra (Colwill & Creton, 2011; Padilla et al., 2011). Além disso, Beker van

Woudenberg e colaboradores (2014) mostraram que a administracdo de 60 uM de VPA em
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peixe-zebra ndo afetou a atividade motora. No entanto, quando administrado 150 uM VPA
houve uma reducdo da distancia total percorrida. Zellner et al. (2011) demonstraram que a
exposicdo a 48 uM de VPA durante 0-48 hpf promoveu uma hiperatividade acentuada em 6
dpf. Resaltamos que as diferencas nas concentragdes de VPA e tempo de tratamento podem
influenciar os padrdes comportamentais observados no peixe-zebra.

Nossos achados demonstram que a hiperatividade apresentada pelo peixe-zebra aos 6
dpf apods o tratamento embriolégico com VPA foi atenuada ao longo do desenvolvimento.
Verificamos que os parametros de locomocéo de 30 dpf, 70 dpf e 120 dpf sdo semelhantes aos
observados nos animais controle. O indice de ansiedade em 70 dpf permaneceu aumentado,
mas em 120 dpf, houve uma diminuicdo da ansiedade. Desta forma, é importante
considerarmos que a exposi¢cdo ao VPA pode afetar o desenvolvimento cerebral. Varios
estudos tém demonstrado que o VPA pode regular vias de sinalizacdo e a expressao de genes
durante todo o desenvolvimento do cérebro em roedores, interferindo assim com janelas
criticas de vulnerabilidade (Almeida et al., 2014; Bartkowska et al., 2007; Kolozsi et al., 2009;
Stodgell et al., 2006). Em relacdo ao comportamento social, nossos resultados também
demonstraram que 0s animais tratados com VPA durante as primeiras 48 h apresentaram um
déficit significativo na interacdo social em 70 dpf, e este efeito foi mantido durante o
desenvolvimento em 120 dpf, sugerindo que o VPA pode modular padrdes comportamentais
ao longo do desenvolvimento cerebral. Além disso, sugerimos que alteragdes neuroquimicas
em animais expostos ao VPA em uma idade precoce podem estar envolvidas na mudanca do
perfil de hiperatividade e ansiedade ao longo do desenvolvimento. Estudos indicam que a
modulacdo de sistemas de neurotransmissséo, como o sistema serotonérgico pode produzir

diferentes respostas comportamentais, incluindo mudangas no comportamento social no peixe-
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zebra (Buske & Gerlai, 2011; Mahabir et al, 2013). Silverman e colaboradores (2010)
verificaram que modelos de autismo em roedores apresentam déficit na sociabilidade e
comportamento de ansiedade. Estes resultados sdo consistentes com 0s nossos achados em 70
dpf. Contudo, em 120 dpf, identificamos uma diminuicdo na ansiedade. A literatura mostra
resultados controversos entre interacdo social e ansiedade. Diferentes estudos mostram que 0s
déficits da interacdo social podem ocorrer sem afetar a ansiedade em modelos de autismo em
roedores (Liu & Smith, 2009; McFarlane et al., 2008). Mudancas na maturidade podem gerar
alteracdes na resposta comportamental e isso pode explicar as respostas em relacdo ao indice
de ansiedade quando avaliados em diferentes periodos do desenvolvimento.

Em nosso estudo, ao verificarmos a agressividade observamos que a exposicao ao VPA
na fase embrionaria nao foi alterada significativamente na fase adulta de 70 dpf e 120 dpf no
peixe-zebra. Os nossos resultados indicaram que os animais tratados com VPA no inicio do
desenvolvimento podem apresentar respostas comportamentais sem expressar um dominio do
territorio, e ndo ha associacao direta entre um déficit de interacdo social e agressividade.

Modificacbes em sistemas de neurotransmissores, incluindo sistema GABAérgico
(Banerjee et al., 2014), dopaminérgico (Nguyen et al., 2014), serotonérgico (Nakamura et al.,
2010) e purinérgico (Al-Mosalem et al., 2009) podem estar envolvidos no processo
fisiopatolégico que leva ao autismo. O sistema purinérgico é essencial para as fungdes vitais
do SNC e pode modular as a¢bes de outros sistemas de neurotransmissores (Zhang et a., 1995,
Okada et al., 1999). Diversos estudos indicam um papel importante do ATP extracelular e da
sinalizacdo purinérgica no autismo (Al-Mosalem et al., 2009; Persico et al., 2000;
Theoharides, 2013). Considerando que o peixe-zebra ¢ um modelo animal que pode contribuir

para a compreensdo dos mecanismos que fundamentam o comportamento social, no Capitulo
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2 desta tese investigamos a sinalizacdo purinérgica em um modelo de exposicdo embrionaria
ao VPA, que induz déficit de interacdo social em peixe-zebra adultos (Capitulo 1). Nos
resultados apresentados no Capitulo 2, demonstramos que a exposicdo embrionaria ao VPA
ndo alterou a hidrélise de ATP e ADP no peixe-zebra em 120 dpf, bem como a atividade da
ADA citosolica (soluvel) néo foi alterada. No entanto, observou-se um aumento da hidrolise
de AMP (12,5%) enquanto que a atividade da ecto-ADA diminuiu (19,2%) no encéfalo de
peixe-zebra adultos submetidos a exposicdo embrionaria ao VPA. A andlise quantitativa da
transcricdo reversa de PCR (RT-PCR) mostrou alteracdes nos niveis de RNAm da ntpd 8,
ADA 2.1 e A2al. O metabolismo de ATP cerebral mostrou um catabolismo rapido de ATP e
ADP, enquanto o metabolismo extracelular de AMP e adenosina (ADO) ocorreu lentamente.
No0ssos experimentos mostraram que a exposi¢cdo embrionaria ao VPA ndo alterou
significativamente a hidrélise de ATP e ADP em membranas de encéfalo de peixe-zebra. Estes
resultados podem ser devidos a uma plasticidade adaptativa das E-NTPDase induzida pela
exposicdo embrionéria ao VPA. No entanto, houve um aumento da atividade da ecto-5'-
nucleotidase. A exposicdo embrionéaria ao VPA também reduziu a atividade da ecto-ADA,
mas ndo alterou a atividade da ADA citosélica em peixe-zebra adulto. Estes dados sugerem
que a exposicdo embrionaria ao VPA pode alterar os niveis de adenosina em encéfalo de peixe
zebra. E de conhecimento que os transportadores de nucleosideos e a hidrélise de ATP
extracelular promovida por ectonucleotidases séo fontes de adenosina extracelular. O controle
da sinalizacdo adenosinérgica pode ser realizado pela recaptacdo de adenosina atraves dos
transportadores bidirecionais, seguida por fosforilacdo intracelular de AMP através da
adenosina quinase (AK) ou por desaminacgéo da inosina pela adenosina desaminase. Portanto,

0 aumento da atividade da ecto-5'-nucleotidase e a diminuicdo da atividade da ecto-ADA

121



observada em nosso estudo poderia conduzir a um aumento nos niveis de adenosina
extracelular. As analises em HPLC foram conduzidas para avaliarmos a hidrélise de ATP em
encéfalo de peixe-zebra, em diferentes periodos de incubacdo. Observou-se um aumento nos
niveis ATP e uma diminuicdo nos niveis de ADP. Os niveis de AMP mostraram uma
diminuicdo em 120 min de incubacdo. Como podemos observar na Fig. 6D (Capitulo 2),
houve uma diminuicdo nos niveis de ADO. Esta diminuicdo observada nos niveis de
adenosina em encéfalo de peixe-zebra pode ser devido a recaptacdo do nucleosideo, através
dos transportadores de nucleosideos bidirecionais e a acao da enzima AK.

Estudos sugerem que niveis insuficientes de adenosina podem estar relacionados com
alguns sintomas comportamentais e fisiolégicos do TEA (por exemplo, pouco contato visual,
movimentos repetitivos) (Masino et al., 2011; Malow, 2004). Além disso, é descrito na
literatura o potencial terapéutico da adenosina em relacdo ao autismo (Masino et al., 2011;
Freitag et al., 2010; Ghanizadeh, 2010; Masino et al., 2009; Tanimura et al., 2010). Masino e
colaboradores (2011) demonstram que intervengdes que geram um aumento nos niveis de
adenosina aliviam os sintomas relacionados com o autismo. Os receptores de adenosina
podem ser um novo alvo para o tratamento dos comportamentos repetitivos do autismo
(Tanimura et al., 2010). Ghanizadeh (2010) prop6s que a cafeina, um antagonista do receptor
de adenosina, pode ter efeitos benéficos no TEA. Além disso, Tanimura e colaboradores
(2010) mostraram que a ativacdo do receptor de adenosina Axa (A2aR) tem sido associada
com uma redugdo dos comportamentos perseverativos.

E descrito que alteracdes da ADA no desenvolvimento podem estar envolvidas na
patogénese do autismo (Okada et al., 1999, Yamamoto et al., 1987). Diversos estudos

corroboram com os nossos resultados (Persico et al., 2000; Stubbs et al., 1982; De Luca et
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al., 1999; Bottini et al., 2001). Por exemplo, Stubbs e colaboradores (1982) observaram uma
reducdo da atividade da ADA em soro de criangas autistas. Bottini e colaboradores (2001)
relataram uma associacdo entre um polimorfismo genético da adenosina desaminase e um
fator de risco para o desenvolvimento de autismo. Além das suas funces enzimaticas, ha
evidéncias de que a ecto-ADA esta relacionada com o receptor de adenosina, modulando a sua
afinidade e exercendo papel co-estimulatorio funcional (Ciruela et al., 1996; Herrera et al.,
2001; Saura et al., 1998). Freitag e colaboradores (2010) relatam que A2aR possui uma
associacdo genética em TEA. Os receptores Aza podem estar envolvidos na locomogéo,
ansiedade, inibicdo da atividade neuronal excitatdria e regulacdo do sono (Tanimura et al.,
2010; Moreau &Huber, 1999). Estes dados corroboram com nossos resultados, uma vez que
observamos que a quantidade relativa dos niveis de RNAm de A2al aumentou apos a
exposicao ao VPA em encéfalo de peixe-zebra aos 120 dpf.

As mudancas observadas na atividade das enzimas promovidas pela exposicdo
embrionaria ao VPA poderiam ocorrer devido a mudancas transcricionais na expressao das
enzimas, assim realizamos uma andlise de RT-gqPCR. Curiosamente, nossos achados
demonstraram que o nivel de expressdo do gene relativo ao membro da E-NTPDase (entpd8)
foi significativamente maior apds a exposicdo embrionaria ao VPA, enquanto que nao houve
alteracdo na atividade da enzima. Desta forma, sugere-se que a alteracdo na expressao do gene
ndo foi suficiente para afetar a atividade enzimatica da E-NTPDases. Al-Mosalem e
colaboradores (2009) avaliaram as E-NTPDases (ATPase e ADPase) em plasma de 30
pacientes autistas e observaram que a ADPase foi significativamente maior em pacientes
autistas. No entanto, em nosso estudo ndo observamos alteragdes na atividade da E-NTPDase

em membranas de encéefalo expostas ao VPA no periodo embrionario em peixe-zebra aos 120
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dpf. Nossos resultados demonstraram um efeito semelhante a outros estudos, ja que a analise
de HPLC demonstrou uma diminuicdo dos niveis de ADP (Al-Mosalem et al., 2009).
Mostramos também que os niveis de RNAm da ecto-5'-nucleotidase foram significativamente
aumentados ap0s a exposi¢cdo embrionaria de VPA em peixe-zebra aos 120 dpf, sugerindo que
0 aumento da atividade da ecto-5'-nucleotidase pode estar diretamente relacionado com a
expressao elevada de CD73. Nossos achados estdo de acordo com a diminuicdo dos niveis de
AMP em 120 min de incubacdo verificada na analise por HPLC. Da mesma forma,
observamos uma diminuicao na atividade da ecto-ADA, bem como uma reducéo na expressao
do gene ada2.1 apds a exposi¢do embrionaria de VPA no peixe-zebra aos 120 dpf que poderia
ser uma consequéncia do controle transcricional. O aumento na expressdo do gene do receptor
de adenosina pode ser uma resposta para compensar 0s niveis mais elevados de adenosina que
ocorrem devido ao aumento da ecto-5'-nucleotidase e diminuicdo da atividade da ecto-ADA.
Desta forma, este incremento de adenosina observado, pode produzir um aumento na ligacao
dos receptores de adenosina, capaz de gerar, posteriormente, uma resposta compensatoria,
diminuindo os niveis de adenosina disponivel, como observado no HPLC por anélise em
HPLC.

Portanto, este estudo apresenta a primeira evidéncia de que a exposi¢do embrionaria ao
VPA no peixe-zebra em 120 dpf pode modular a hidrélise de nucleotideo e nucleosideo e
desaminacdo de adenosina em membranas de encéfalo de peixe-zebra. Por conseguinte, 0s
nossos dados contribuem na elucidacdo dos mecanismos envolvidos nos efeitos modulatorios
da sinalizacdo purinérgica no deficit de interacdo social no peixe-zebra. Outro farmaco que
induz aspectos do autismo e esquizofrenia, gerando déficits de interacdo social é 0 MK-801

(Maaswinkel et al., 2013).
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O MK-801 é um antagonista ndo-competitivo do receptor de glutamato NMDA.
Estudos demonstram que estd fortemente implicado no comportamento social em modelos
animais e é utilizado para mimetizar alguns aspectos do autismo e esquizofrenia (Neill et al,
2010; Seibt et al., 2011; Maaswinkel et al, 2013). A esquizofrenia e autismo sdo consideradas
doencas complexas com varios fatores que contribuem para a patogénese (Nagai et al, 2011;.
Van Loo e Martens, 2007), aléem de compartilharem uma caracteristica importante dos
sintomas clinicos, tais como prejuizos nas fungdes sociais (Couture et al., 2010; Zhang et al.,
2015). As acOes farmacoldgicas do receptor NMDA parecem ser conservadas em peixes-zebra
(Chen et al., 2010). Seibt e colaboradores (2011) demonstraram que 0 MK-801 induz déficits
nos parametros de interacdo social em peixe-zebra (Seibt et al, 2011). Dados na literatura
demonstram que a ocitocina € uma molécula promissora para o tratamento de sintomas
psicOticos em pacientes com Vvarios transtornos psiquiatricos, incluindo a esquizofrenia e o
autismo (Feifel et al., 2016; Yatawara et al., 2015). Estudos relataram a melhora dos déficits
sociais através da administracdo de ocitocina em pacientes esquizofrénicos (Averbeck et al.,
2012; Fischer-shofty et al., 2013).

Sendo assim, no Capitulo 3 desta tese investigamos o0 comportamento social, isto é,
mudancas na interacdo social e agressividade através da exposicdo ao MK-801 em peixe-
zebra. Devido ao fato da ocitocina poder modular o comportamento social, analisamos 0s
efeitos da ocitocina, do agonista do receptor da ocitocina (carbetocina) e do antagonista do
receptor da ocitocina (L-368, 899) na reversdo dos efeitos comportamentais induzidos pelo
MK-801 em peixe-zebra. Nossos dados revelaram que o MK-801 promoveu uma diminuicao
no tempo de permanéncia no segmento mais proximo ao grupo de animais coespecificos e no

tempo gasto no segmento mais proximo da imagem do espelho, sugerindo um efeito sobre o
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comportamento social. O tratamento com ocitocina ap0s a exposicdo ao MK-801
reestabeleceu o tempo de permanéncia no segmento mais proximo ao estimulo, assim como o
tempo gasto no segmento mais proximo da imagem do espelho. Além disso, para suportar a
modulacdo via ocitocina, observamos que o agonista do receptor de ocitocina (carbetocina)
reestabeleceu os padrées do comportamento social e da agressividade. No entanto, o
antagonista do receptor da ocitocina (L-368,899) nao foi capaz de reverter o tempo de
permanéncia no segmento mais proximo ao estimulo, assim como o tempo de permanéncia no
segmento mais proximo da imagem no espelho.

Moy e colaboradores (2013) demonstraram em roedores que o MK-801 leva a
alteracdes no comportamento social. Em relacdo ao peixe-zebra, diversos estudos vado ao
encontro dos nossos resultados, demonstrando o impacto do MK-801 sobre o comportamento
social. De acordo com Maaswinkel e colaboradores (2013), um Unico peixe-zebra tratado com
MK-801 reduziu a coesdo social de todo o cardume. Seibt e colaboradores (2011)
demonstraram que o MK-801 reduz a preferéncia do peixe-zebra por um grupo estimulo da
mesma espécie. Além disso, Echevarria e colaboradores (2008) relataram uma interrupcao do
comportamento de shoaling pelo MK-801. Em relacéo a agressividade, sdo poucos 0s estudos
que investigam o efeito do MK-801 sobre este padrdo comportamental. E descrito o efeito
deste farmaco em roedores, como demonstra o estudo desenvolvido por McAllister (1990) em
que o MK-801, entre outros compostos, tende a aumentar a agressividade e 0 comportamento
social. Kalinine e colaboradores (2014) demonstraram que uma Unica dose intraperitoneal de
MK-801, antes do teste de agressividade, diminuiu 0 comportamento agressivo.

O sistema ocitocinérgico desempenha um papel crucial em varios e complexos

comportamentos sociais (Bosch & Neumann, 2012; Romano et al., 2016). Evidéncias sugerem
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que a desregulacdo do sistema ocitocinérgico pode estar envolvida na fisiopatologia de certas
desordens neuropsiquiatricas, como o0 autismo e esquizofrenia (Macdonald et al, 2012;
Tachibana et al, 2013). Até o presente momento, ndo ha nenhum tratamento padrdo para a
disfuncéo social e estudos clinicos identificaram a ocitocina como um agente terapéutico em
potencial. Estudos comportamentais em roedores e em peixe-zebra indicaram que o tratamento
com ocitocina pode aumentar a sociabilidade (Braida et al, 2012; Teng et al, 2015). Nossos
achados estdo de acordo com o estudo de Braida e colaboradores (2012) que identificaram que
a ocitocina aumentou a preferéncia social no peixe-zebra e os antagonistas inibiram o efeito
induzido pelo neuropeptideo. Em relacdo ao comportamento de agressividade nao
identificamos nenhum estudo que investigue a influéncia da ocitocina sobre este padréo
comportamental em peixe-zebra. No entanto, um estudo desenvolvido por Filby e
colaboradores (2010) demonstrou que o tratamento com arginina vasotocina (AVT)
(neuropeptideo, encontrado em peixes e um modulador chave do comportamento social e ndo
social, semelhante & ocitocina) reduziu significativamente a agressividade em peixe-zebra. Em
roedores, estudos demonstraram que a ocitocina também tem sido associada a dominancia
social e agressividade (Ebner et al, 2000; Hathaway et al, 2015). Baseado nos dados da
literatura é evidente o potencial terapéutico da ocitocina para auxiliar alguns sintomas
comportamentais de desordens, como 0 autismo e a esquizofrenia (Meyer-Lindenberg et al.,
2011; Feifel et al., 2016; Hollander et al., 2007; Modahl et al.,1998). Os receptores da
ocitocina séo altamente conservados na evolugéo. Os resultados obtidos no Capitulo 3 indicam
que o antagonista do receptor da ocitocina (L-368,899) ndo foi capaz de reverter o efeito
induzido pelo MK-801 na interac¢do social e agressividade. Por outro lado, o agonista do

receptor da ocitocina (carbetocina) reverteu os efeitos causados pelo MK-801 no
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comportamento social e agressividade. Assim, sugerimos que estes efeitos modulatérios
podem ser mediados pela ocitocina. S&o poucos os estudos que avaliam farmacologicamente o
efeito do receptor da ocitocina em relacdo ao comportamento social e agressividade. Mooney e
colaboradores (2014) observaram que a ocitocina aumenta o comportamento social e esses
efeitos foram bloqueados pela co-administracdo do antagonista da ocitocina. Boccia e
colaboradores (2007) demonstraram que o bloqueio dos receptores de ocitocina em primatas
perturbou o comportamento parental, bem como o comportamento sexual feminino. Suraev e
colaboradores (2014) também demonstraram que 0 agonista da ocitocina ndo afetou
significativamente o tempo gasto perto de um estimulo social em roedores. No que tange a
agressividade, Calcagnoli e colaboradores (2013) relataram um aumento da agressividade
ofensiva em residentes com baixa agressividade apds a administracdo icv de um antagonista
do receptor de ocitocina seletivo. No entanto, Calcagnoli e colaboradores (2015) mostraram
gue mudancas anti-agressividade e pro-sociais foram totalmente bloqueadas quando a ligagédo
da ocitocina com seu receptor foi impedida pelo pré-tratamento com o antagonista do receptor
da ocitocina. Concluindo, os nossos resultados apoiam o papel dos receptores NMDA e do
sistema ocitocinérgico na regulacdo do comportamento social e agressividade, podendo ser
relevantes para 0s mecanismos associados ao autismo e esquizofrenia.

Além dos resultados apresentados no decorrer dos trés capitulos desta tese, produzimos
resultados adicionais, 0s quais serdo perspectivas futuras a serem desenvolvidas. Evidéncias
na literatura sugerem que anormalidades na neurotransmissao serotonérgica, glutamatérgica e
dopaminérgica podem estar implicadas no autismo e esquizofrenia (McDougle et al., 2005;
Huang et al., 2008; Howes et al., 2012; Bissonette & Roesch, 2016). Devido a isso,

analisamos o0s niveis de glutamato, serotonina, dopamina e DOPAC em peixe-zebra
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submetidos ao modelo animal de déficit de interacdo social induzido por VPA, através da
cromatografia liquida de alta eficiéncia (HPLC) em encéfalo de peixe-zebra na idade de 120
dpf. Observamos que nao houve alteracGes significativas nos niveis de serotonina, glutamato e
dopamina. Diferentemente dos nossos resultados, Shinohe et al. (2006) demonstraram através
de uma andlise bioguimica que o nivel de glutamato no soro é elevado em pacientes autistas.
Gabriele e colaboradores (2014) observaram niveis elevados de serotonina no sangue em
pacientes autistas. Uma possivel justificativa é que nossos resultados séo referentes a amostras
de encéfalo e ndo sangue periférico. No entanto, verificamos um aumento de DOPAC,
metabolito da dopamina, em encéfalos de peixe-zebra na idade de 120 dpf submetidos ao
modelo de déficit de interacdo social induzido por VPA. Martineau e colaboradores (1992)
investigaram o0s niveis de dopamina (DA), acido 3-4 dihidroxifenilacético (DOPAC),
serotonina (5HT), entre outros, na urina de criancas autistas e observaram alteracfes nos
niveis destas monoaminas quando comparado com o grupo controle. Desta forma, podemos
sugerir que o tratamento com VPA no periodo embrionario ndo causou alteracao significativa
nos niveis de serotonina, glutamato e dopamina em encéfalo de peixe-zebre em 120 dpf. O
aumento observado do metabdlito da dopamina, DOPAC, pode ser devido a alteracBes do
transportador de dopamina. Assim, uma perspectiva futura é avaliar a expressdo génica dos
transportadores de dopamina em encéfalos de peixe-zebra na idade de 120 dpf submetidos ao
modelo de déficit de interagdo social induzido por VPA.

Em relacdo aos resultados adicionais referentes ao modelo de déficit de interagéo social
induzido por MK-801 e prevencgdo com ocitocina desenvolvemos primeiramente uma curva de
tempo para verificarmos o tempo de permanéncia do efeito induzido pelo MK-801 sobre a

resposta na interacdo social do peixe-zebra. Desta forma, determinamos que o periodo mais
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adequado para analisar o efeito do déficit de interacdo social € apds 15 min de exposi¢do ao
MK-801. Nossos dados vao ao encontro dos resultados obtidos por Seibt e colaboradores
(2011), onde utilizaram um protocolo similar ao desenvolvido em nosso estudo.
Posteriormente, nosso objetivo foi verificar a capacidade da ocitocina e do antagonista do
receptor de ocitocina em prevenir o déficit de interacdo social causado pelo MK-801. Assim,
observamos que a ocitocina é capaz de prevenir o déficit de interacdo social induzido pelo
MK-801. No entanto, a administracdo de L-368,899 antes da exposicdo ao MK-801 nao
alterou o tempo de permanéncia ao lado do aquario estimulo. Estes dados corroboram os
resultados apresentados no capitulo 3 reforcando o envolvimento do sistema ocitocinérgico no
déficit de interacdo social induzido pelo MK-801.

De forma conjunta, os resultados apresentados nos trés capitulos desta tese, somados
aos resultados adicionais, podem contribuir para um melhor entendimento do comportamento
social e da influéncia da sinalizacdo purinérgica, além de apresentar modelos de déficit de
interacdo social induzido pela exposicdo embrionaria ao VPA e exposicdo ao MK-801 em
peixe-zebra adulto. Além disso, nossos dados mostraram uma modulacdo do sistema
ocitocinérgico apds tratamento com MK-801, reforcando o potencial farmacoldgico deste

sistema sobre as desordens neuropsquiatricas estudadas.
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Oficio 102/13 - CEUA Porto Alegre, 21 de novembro de

Prezado Sr(a). Pesquisador(a),

A Comissao de Etica no Uso de Animais da PUCRS apreciou e aprovo
Protocolo de Pesquisa, registro CEUA 13/00346, intitulado “Estabelecimento d
modelo de autismo em Zebrafish (Danio rerio): avaliagdo de

B noumquimmos moleculares ecomporlamenmis”
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