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Resumo

O etanol é uma das substéncias psicoativas com propriedades que causam dependéncia
mais comumente utilizadas no mundo. Uma das consequéncias do uso do etanol é a Sindrome
Alcoolica Fetal (SAF), caracterizada por um conjunto de alteracdes no desenvolvimento de
criancas cujas mdes ingeriram etanol durante a gestacdo. O etanol afeta varios sistemas de
neurotransmissdo, incluindo o sistema purinérgico. O periodo de desenvolvimento
embrionéario ¢ uma fase de grande suscetibilidade a agentes exdgenos e enddgenos e as
perturbacdes capazes de alterar a sinalizacdo adenosinérgica durante a fase embrionaria
podem estar relacionadas com alteracdes morfoldgicas, bioquimicas e comportamentais que
vao do nascimento a vida adulta. Nos Gltimos anos, um substancial conjunto de evidéncias
tém surgido, demonstrando que a sintese e o metabolismo das purinas e pirimidinas
desempenham papéis importantes no controle do desenvolvimento embrionério e fetal e da
organogénese. DisfuncGes na homeostase normal da adenosina durante o desenvolvimento
inicial do cérebro podem ter consequéncias importantes na formacao de circuitos neuronais,

contribuindo assim para as alteracdes do neurodesenvolvimento.

Nos capitulos que seguem nesta tese foram abordadas diferentes alteracdes
mnemaonicas, bioquimicas e comportamentais em peixes-zebra expostos ao etanol em dois
estagios distintos de desenvolvimento e o possivel papel da adenosina em tais alteracdes. No
primeiro capitulo foi analisado o prejuizo causado pelo etanol nos estagios de gastrula /
segmentacdo e faringula em parametros mnemanicos, e sugere que alteracdes no controle dos
niveis de adenosina causadas pelo etanol poderiam alterar a neuromodulacdo de componentes
importantes na formacdo da memdria, como 0s neurotransmissores. Foi mostrado que o ajuste
dos niveis de adenosina pela inibicdo da ecto-5’-nucleotidase parece ser eficaz na restauracédo
da aquisicdo de memdria em animais expostos ao etanol durante a faringula. Foi detectada
uma diminuicdo no tamanho corporal dos animais e nas propor¢des do telencéfalo / encéfalo e

cerebelo / encéfalo em ambos os estagios, quando comparado com os controles.

No segundo capitulo foram avaliadas as alteracGes causadas pelo etanol nos estagios de
gastrula / segmentacéo e faringula na atividade enzimatica das enzimas ecto-5"-nucleotidase e
adenosina deaminase e expressdo génica da enzima ecto-5"-nucleotidase, em parametros
morfoldgicos a na quantificacdo da adenosina em encéfalo total de peixe-zebra. A exposi¢cao
ao etanol 1% ndo promoveu efeitos morfologicos severos, porém foi percebido uma

dimunicdo no comprimento corporal. A atividade enzimética da ecto-5"-nucleotidase foi



aumentada em animais adultos expostos ao etanol no estagio de géstrula. A expressdo génica
da ecto-5"-nucleotidase e a atividade enziméatica da adenosina deaminase ndo sofreram
alteracbes significativas em ambos os estadgios de desenvolvimento. A quantificacdo da
adenosina ndo mostrou diferencas na concentracdo do nucleosideo em encéfalo total de

animais adultos expostos ao etanol no inicio do desenvolvimento.

No terceiro capitulo foram avaliados os parametros comportamentais de locomogéo,
ansiedade, agressividade e interag¢do social em animais de 3 e 12 meses pos fertilizagdo (mpf)
que foram expostos ao etanol 1% durante os estdgios de desenvolvimento da géstrula /
segmentacdo e faringula. Adicionalmente, avaliou-se o uso de inibidores das enzimas ecto-5"-
nucleotidase (3 e 12 mpf) e adenosina deaminase (3 mpf) sobre as alteragcbes comportamentais
investigadas. N&o houve alteracdes significativas nos parametros locomotores. Um perfil
ansiolitico foi detectado aos 3 mpf nos animais expostos ao etanol em ambos estagios de
desenvolvimento, porém, este perfil ndo se manteve aos 12 mpf e o uso dos inibidores ndo
gerou efeitos significativos neste parametro. A agressividade teve um aumento significativo
em animais de 3 mpf expostos ao etanol no estagio de faringula e manteve-se aumentada aos
12 mpf, sendo recuperada com o uso do inibidor da ecto-5"-nucleotidase. A interacdo social
diminuiu nos animais de 3 mpf expostos ao etanol em ambos os estagios de desenvolvimento,
sendo recuperada pelo uso do inibidor da ecto-5"-nucleotidase naqueles animais expostos ao

etanol na fase de faringula. Aos 12 mpf ndo houve alteracées significativas.

Esses resultados estdo de acordo com uma série de estudos que reportam a
importancia  da  sinalizagdo adenosinérgica  durante 0 desenvolvimento,
bem como os efeitos deletérios provenientes de perturbacfes nessa via de sinalizacdo. Os
resultados desta tese, em contribuicdo ao que ha na literatura, indicam que a modulacédo da
sinalizacdo adenosinérgica, em especial ajustes compensatorios entre ecto-5"-nucleotidase e
transportadores de nucleosideos, podem ser alvos importantes da exposicdo gestacional ao

etanol.

Palavras-chave: Adenosina, Ecto-5"-nucleotidase, Etanol, Desenvolvimento, Peixe-zebra.



Abstract

Ethanol is one of the most commonly used psychoactive substances with addictive
properties in the world. One of the consequences to ethanol use is the Fetal Alcohol
Syndrome (FAS), characterized by a set of changes in the development of children whose
mothers ingested ethanol during gestation. Ethanol affects several neurotransmission systems,
including the purinergic system. The embryonic development period is a phase of great
susceptibility to exogenous and endogenous agents and the perturbations capable of altering
the adenosinergic signaling during the embryonic phase may be related to morphological,
biochemical and behavioral changes that go from birth to adult life. In recent years, a
substantial number of evidence has emerged demonstrating that the synthesis and metabolism
of purines and pyrimidines play important roles in controlling embryonic and fetal
development and organogenesis. Dysfunctions in normal adenosine homeostasis during early
brain development may have important consequences in the formation of neuronal circuits,

thus contributing to neurodevelopmental changes.

In the chapters that follow this thesis different mnemonic, biochemical and behavioral
alterations in zebrafish exposed to ethanol were discussed in two distinct stages of
development and the possible role of adenosine in  such alterations.
In the first chapter, the damage caused by ethanol in the gastrula / segmentation and
pharyngula stages in the mnemonic parameters was analyzed, and suggests that the changes in
the control of adenosine levels caused by ethanol could alter the neuromodulation of
important components in memory formation, such as neurotransmitters. It was shown that
adjustment of adenosine levels by the inhibition of ecto-5'-nucleotidase appears to be effective
in restoring normal adenosine levels and memory acquisition in animals exposed to ethanol
during pharyngula stage. A decrease in the body size of the animals in the proportional
analysis of the telencephalon / encephalon and cerebellum / encephalon at both stages was

detected when compared to controls.

In the second chapter were evaluated the changes caused by ethanol exposition in the
gastrula / segmentation and pharyngula stages in the ecto-5-nucleotidase and adenosine
deaminase enzymatic activity, gene expression of the enzyme ecto-5-nucleotidase,
morphological parameters and in the quantification of adenosine in zebrafish encephalon.
Exposure to 1% ethanol did not promote severe morphological effects, but a decrease in body

length was observed. The enzymatic activity of the ecto-5'-nucleotidase was increased in adult



animals exposed to ethanol in the gastrula / segmentation stage. The ecto-5-nucleotidase gene
expression and the enzymatic activity of adenosine deaminase did not change significantly at
both stages of development. The adenosine quantification did not show differences in
nucleoside concentration in total encephalon of adult animals exposed to ethanol at early
development.

In the third chapter, the behavioral parameters of locomotion, anxiety, aggressiveness
and social interaction were evaluated in animals at 3 and 12 months after fertilization (mpf)
that were exposed t01% ethanol during gastrula / segmentation and pharyngula stages. In
addition, was evaluated the use of inhibitors of the enzymes ecto-5-nucleotidase (3 and 12
mpf) and adenosine deaminase (3 mpf) on the behavioral changes investigated. There were no
significant changes in locomotor parameters. An anxiolytic profile was detected at 3 mpf in
the ethanol exposed animals at both stages of development, however, this profile did not
remain at 12 mpf and the use of the inhibitors did not generate significant effects in this
parameter. The aggressiveness had a significant increase in ethanol exposed animals at the
pharyngula stage at 3 mpf and remained increased at 12 mpf, being recovered with the use of
the ecto-5-nucleotidase inhibitor. The social interaction decreased in the ethanol exposed
animals in both stages of development at 3 mpf, being recovered by the use of the ecto-5'-
nucleotidase inhibitor in those animails exposed to ethanol in the pharyngula stage. At 12 mpf

there were no significant changes.

These results are in agreement with a series of studies that show the importance of
adenosinergic signaling during development, as well as the deleterious effects of disturbances
in this signaling pathway. The results of this thesis, in contribution to what is in the literature,
indicate that the modulation of adenosinergic signaling, especially compensatory adjustments
between ecto-5'-nucleotidase and nucleoside transporters, may be important targets of

gestational exposure to ethanol.

Key —words: Adenosine, Ecto-5"-nucleotidase, Ethanol, Development, Zebrafish.
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1. INTRODUCAO
1.1 Etanol

O etanol (C,HsO) também conhecido como &lcool ou &lcool etilico é uma substancia
psicoativa com propriedades que causam dependéncia, sendo obtido da fermentacdo de
acucares, hidratacdo do etileno ou reducdo de acetaldeidos (Marek e Kraft, 2014). A
Organizacdo Mundial da Salde (OMS) divulgou dados apontando para um aumento de 43,5% no
consumo de alcool no Brasil, no decorrer da Ultima década. A taxa anual per capita elevou-se de 6,2 para
8,9 litros de alcool puro, fazendo o Brasil ocupar a posicdo de nimero 49 entre os 193 paises avaliados —a
média mundial € de 6,4 litros ao ano por habitante com 15 anos ou mais (OMS, 2017). Os estudos
realizados indicam que 5,9% de todas as mortes no mundo estejam relacionadas ao consumo de &lcool e
também que, na populagdo em idade fértil entre 20 e 39 anos, esse percentual sobe para 25% (OMS,
2017). No Brasil, estudos realizados com diferentes metodologias entre 2001 e 2014, estimam
a frequéncia de consumo de alcool entre gestantes em torno de 10 a 40% (Baptista et al.,
2017).

A concentracdo sanguinea de etanol depende da quantidade ingerida e absorvida pelo
trato gastrointestinal, do volume de distribuicdo no organismo e da razdo de eliminagéo.
Menos de 10% do etanol é excretado no suor, respiracdo e urina (Marek e Kraft, 2014). A
maioria dos tecidos do organismo contém enzimas capazes de metabolizar o etanol, mas a
atividade mais significativa dessas enzimas ocorre no figado e, em menor extensdo, no
estobmago (Cassini e Linden, 2011; Chaudhuri, 2000). A maior fracdo do etanol é
metabolizada no figado pela acdo das enzimas alcool desidrogenase (ADH) e aldeido
desidrogenase (ALDH). Em humanos, a enzima ADH, mais precisamente da classe 1,
converte o etanol em acetaldeido, que entdo sofre a acdo da enzima ALDH e é transformado
em acetato. O acetato formado no figado destina-se a corrente sanguinea onde sera captado e
utilizado em outros tecidos (Tran et al., 2015; Plawecki e Crabb, 2014) e / ou convertido em
acetil-Coenzima A para produzir dioxido de carbono e agua (Marek e Kraft, 2014). O
acetaldeido antes de se tornar acetato, € uma molécula toxica e reativa e pode estar envolvido
na neurotoxicidade induzida pelo etanol in vivo através da formacao de aductos com proteinas
e macromoléculas cerebrais (Rintala et al., 2000). O acumulo de acetaldeido devido ao
consumo excessivo de etanol pode levar ao aumento da interacdo desse aldeido com
biomoléculas e varias proteinas como albumina, tubulina, lipoproteinas, colagenos e proteinas
da membrana eritrocitaria servem como alvos para a formagdo de aductos com esse aldeido
(Sapkota e Wyatt, 2015).
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O metabolismo do etanol também ocorre pela agdo do Sistema de Enzimas
Microssomais Oxidativas (SEMO) que utiliza as enzimas do grupo citocromo P450, mais
especificamente a enzima CYP2E1. A CYP2E1 tem um Km elevado para o etanol, portanto,
tem um papel mais significativo quando os niveis de etanol no sangue séo elevados. CYP2E1
facilmente gera espécies reativas de oxigénio, incluindo radical hidroxila (OH"), anion
superoxido (Oy) e peroxido de hidrogénio (H,0,) (Plawecki e Crabb, 2014).

Uma terceira forma de metabolizacdo do etanol ocorre através da catalase. A catalase é
uma enzima antioxidante que degrada peroxido de hidrogénio em &gua e oxigénio. Ela pode
oxidar uma série de componentes através do uso de peréxido de hidrogénio, incluindo o
etanol. A via da catalase € responsavel por cerca de 2% do metabolismo do etanol (Marek e
Kraft, 2014).

1.1.1 Transtornos do Espectro Alcodlico Fetal

A exposicéo fetal ocorre quando uma mulher ingere etanol durante a gravidez. O etanol
pode atrapalhar o desenvolvimento fetal em qualquer estagio, incluindo nos estagios iniciais

quando a mulher pode ainda ndo saber que esta gravida (DMS-5, 2013).

Uma das consequéncias do uso do etanol, que faz parte dos transtornos do espectro
alcoolico fetal, é a Sindrome Alcoolica Fetal (SAF), caracterizada por um conjunto de
alteracdes no desenvolvimento de criangas cujas médes ingeriram etanol durante a gestacdo
(DSM-5, 2013; Momino, Sanseverino e Schiler—Faccini, 2008; Stratton et al., 1996). A SAF
é caracterizada por anormalidades faciais, retardo do crescimento, deficiéncias do Sistema
Nervoso Central (SNC), entre outras caracteristicas (Momino, Sanseverino e Schiiler—Faccini,
2008) (Figura 1).

A exposicdo ao etanol pode causar alteracdes em niveis diferentes de gravidade,
dependendo do tempo e dose de contato. As criangas expostas ao etanol de forma branda e
moderada podem ser diagnosticadas com SAF parcial (Stratton et al., 1996), sem alteracdes
morfologicas, mas com alteracbes neurologicas que se refletem em parametros
comportamentais, mnemaonicos e de aprendizado (Momino, Sanseverino e Schiler—Faccini,
2008; Stratton et al., 1996). Déficits no comportamento social tém sido associados com a

exposicdo pré-natal ao etanol em adolescentes e adultos sem o diagndstico completo de SAF,
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Ou seja, sem que apresentem todas as caracteristicas da sindrome (Streissguth et al., 1991;
Streissguth et al., 1997).

A Associacdo Americana de Psiquiatria, através do Manual Diagndstico e Estatistico de
Transtornos Mentais (DSM-5) caracterizou também o Transtorno Neurocomportamental
Associado a Exposicdo Pré-Natal ao Alcool (EA-PA), sendo esse, um novo diagndstico
psiquiatrico que exige evidéncias de exposicdo pré-natal ao etanol e envolvimento do SNC,
indicado por deficiéncias em trés areas: cogni¢do, auto-regulacdo e funcionamento adaptativo
(DSM-5, 2013). Este novo diagnostico tem por objetivo melhorar a compreenséo dos déficits
comportamentais multifacetados observados em algumas pessoas expostas ao etanol durante o
desenvolvimento e facilitar o tratamento desses individuos (DSM-5, 2013).

O comportamento social em um individuo adulto € o resultado de uma complexa
interacdo de fatores genéticos, desenvolvimento do cérebro, experiéncias sociais na primeira
infancia e de aprendizagem ao longo da vida. Claramente, as mudangas no comportamento
social observadas em adultos com SAF parcial poderiam ser consequéncia de varios fatores e,
dentre estes, estdo as alteracGes induzidas pelo etanol em estruturas cerebrais envolvidas no
comportamento social (Kelly, Day e Streissguth, 2000). Do ponto de vista social, as pessoas
com SAF tém um alto grau de inadimpléncia e / ou criminalidade e alguns destes problemas

podem surgir a partir de dificuldades de comportamento em geral (Streissguth et al., 1997).

Recém-nascidos com SAF ou criangas expostas ao etanol durante a gravidez apresentam
elevados niveis de irritabilidade (Coles e Platzman, 1993), o que possivelmente desenvolvera
um temperamento dificil e problemas de comportamento mais tarde. Adolescentes e adultos
com SAF ou SAF parcial (com idade média de 17 anos) mostram falta de resposta aos sinais
sociais, falta de amizades reciprocas e dificuldades em cooperar com 0s colegas (LaDue,
Streissguth e Randels, 1992; Streissguth et al., 1991). Mesmo os adultos com SAF que

apresentam um QI normal demostram problemas no dominio social (Streissguth et al., 1991).

Quando se tratam de efeitos cognitivos causados pela exposicdo embrionaria ao etanol,
déficits de aprendizagem e memdria sdo os efeitos mais relatados em criangas. A exposicao
pré-natal ao etanol esta associada a imparidades tanto na recordacdo de informac6es quanto
no reconhecimento da memoria verbal (Mattson et al., 1996; Mattson e Riley, 1999). Também
ha estudos que relatam déficits na memdria auditiva e meméria espacial (Carmichael-Olson
et al., 1992; Uecker e Nadel, 1996). Willford et al. (2004) realizaram um estudo incluindo
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580 criangas e suas mées, sendo que, as mulheres foram avaliadas durante cada trimestre de
gravidez e seus filhos desde o nascimento até os 16 anos de idade, com exposic¢ao ao etanol de
leve a moderada, durante o primeiro trimestre de gravidez. Aos 14 anos, a funcdo de memoria
foi avaliada e a exposicdo pré-natal ao etanol foi associada com um déficit generalizado na
aprendizagem e memoria. Os resultados deste estudo demonstraram que a exposi¢do pré-natal
ao etanol afetou parametros que exigiam recordar informacgdes aprendidas (Willford et al.,
2004). Déficits semelhantes no aprendizado e memdria foram relatados em outro estudo
realizado em 2002 por Richardson et al. Aos 10 anos, criangas cujas mées utilizaram etanol
durante o periodo pré-natal, tiveram o desempenho no aprendizado e na memoéria verbal e

ndo-verbal prejudicado (Richardson et al., 2002).

-Pregas Epicanticas -Prejuizo de memdria
-Narizcurto e aprendizado

-Nasio rebaixado -Déficit de atengao
-Ldbio superiorfino -Impulsividade
-Maxilar pequeno -Problemas de conduta

-Fissuraspalpebraiscurtas  -Prejuizo social
-Hiperatividade

FIGURA 1: Resumo das principais caracteristicas evidenciadas ap6s exposi¢do embriondria ao etanol em
humanos. Produzido pelo autor. Informacfes baseadas em Mattson et al., 1996 e Momino, Sanseverino e
Schiler—Faccini, 2008.

1.1.2 Mecanismos de Acéo do Etanol

Os alvos moleculares que ddo subsidios aos efeitos morfolégicos e cognitivos da
exposicdo ao etanol ndo sdo plenamente identificados. Os déficits cognitivos associados a
SAF parecem ser consequéncia de alteracdes moleculares que prejudicam a plasticidade
neuronal, que é a capacidade do cérebro de se moldar e estabelecer conexdes essenciais para

0s processos de aprendizado e de memoria. O etanol afeta varios sistemas de
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neurotransmissdo, incluindo os sistemas serotoninérgico, dopaminérgico, gabaérgico,
glutamatérgico e purinérgico (Bliss, Collingridge e Morris, 2014; Choi et al., 2004; Howard et
al., 2011; Rao et al., 2015; Trudell et al., 2014). Ja foi demonstrado que o etanol pode
remodelar membranas em roedores e peixe-zebra (Podechard et al., 2017; Tang et al., 2011).
Devido a sua natureza anfifilica, o etanol pode interagir com moléculas polares e igualmente
com regides hidrofobicas, presentes em lipidios e proteinas, podendo regular indiretamente a
funcdo de canais idnicos alterando o processamento pds-traducdo e / ou o trafico de proteinas.
Por exemplo, o etanol pode alterar a funcdo das proteinas tirosina-quinases Src e Fyn, que
modulam os receptores NMDA e a plasticidade sinéptica (Trudell et al., 2014).

Em ratos, o consumo de etanol causa um aumento da inibicdo e atenuacdo da
neurotrasmissdo excitatoria (Basavarajappa et al., 2008; Leriche et al., 2008; Roberto et al.,
2003). A exposicdo ao etanol regula negativamente os receptores NMDA e toda a cascata
posterior (onde participam segundos mensageiros como o célcio e o AMP ciclico), que
culmina na ativacdo da transcricdo de genes relacionados a plasticidade neuronal (Medina,
2011). A DARPP-32, localizada nos neurbnios que contém receptores de dopamina é um
potente inibidor da proteina fosfatase 1 e também parece estar envolvida nas respostas ao
etanol, agindo na regulacdo da capacidade do etanol de inibir a fungédo dos receptores NMDA

(Svenningsson, Nairn e Greengard, 2005).

O prejuizo do desenvolvimento cerebral intrauterino provocado pelo etanol pode ser
evidenciado pelo volume diminuido do cérebro / estruturas cerebrais e alteragdes na sua
constituicdo (Duffy et al., 1991; Miki et al., 2008). De fato, o giro denteado, parte do
hipocampo, regido cerebral crucial para memdria, aprendizado e atencdo, tem 0 seu

desenvolvimento diminuido pelo etanol (Medina, 2011).

O etanol também induz ao estresse oxidativo, e 0 SNC, por conter baixos niveis de
antioxidantes, alta concentracao de lipideos e consumir muito oxigénio, torna-se suscetivel ao
dano (Li e Wang, 2004). ExposicGes de longo periodo ao etanol levam a perda
desproporcional de substancia branca cerebral e deficiéncias nas funcbes executivas (de la
Monte e Kril, 2014). O etanol prejudica a funcdo de neurdnios e células da glia,
interrompendo uma ampla gama de func@es incluindo a sobrevivéncia neuronal, a migracéo e
a diferenciacdo celular (de la Monte e Kril, 2014). Os oligodendrécitos e terminais sinapticos
sdo os principais alvos do etanol no sistema nervoso, quando afetados levam a inflamacéo,

toxicidade neural e deficiéncias na sinaptogénese (de la Monte e Kril, 2014). Em geral, ocorre
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a ativacdo de vias de inducdo de morte celular pela formagdo de moléculas toxicas (Goodlett,
Horn e Zhou, 2005). A exposicéo ao etanol leva ao prejuizo do desenvolvimento neuronal por
inibicdo de fatores neurotroficos e déficit de energia celular por alterar o transporte e a
utilizacdo de glicose, provocando prejuizo no neurodesenvolvimento (Goodlett, Horn e Zhou,
2005).

Adicionalmente, em camundongos, tem sido proposto que o etanol eleva os niveis
extracelulares de adenosina, um potente neuromodulador, estimulando de forma indireta os
receptores de adenosina (Choi et al., 2004). Estudos com diferentes preparacfes bioldgicas,
indicam que a elevacdo da concentragdo extracelular de adenosina na presenca de etanol
parece estar envolvida com a inibicdo dos transportadores de nucleosideos equilibrativos do
tipo 1 (ENT 1) e aumento da hidrolise de AMP, o que leva a um acumulo de adenosina
extracelular (Choi, 2004; Dunwiddie e Masino, 2001; Lutte et al., 2015).

Considerando que o nucleosideo adenosina tem um papel essencial na modulacdo de
diversos sistemas de neurotransmissdo é possivel que os efeitos do etanol sobre o
metabolismo e acdo da adenosina exercam papel importante nas alteracbes relacionadas a

exposicdo ao etanol.

1.2 Adenosina

A adenosina é um nucleosideo presente no meio intra e extracelular. No meio
intracelular, a adenosina exerce um papel homeostatico participando do balanco energético
celular (Dunwiddie e Masino, 2001). No meio extracelular, a adenosina exerce seus efeitos
neuromodulatorios através da ativacdo de receptores especificos localizados na membrana
celular, denominados receptores purinérgicos P1 (A1, Axa, Azs € Asz) (Fredholm et al., 2005)
(Figura 2). Estudos em humanos e roedores indicam que esses receptores sdo diferentes
quanto a afinidade pelo ligante, distribuicdo tecidual, via de sinalizacao e perfil farmacoldgico
(Dunwiddie e Masino, 2001; Fredholm et al., 2001). Os receptores A; e Az sdo de carater
inibidor, e inibem a enzima adenil ciclase e 0s receptores A,a e Ays sdo facilitadores e
estimulam a adenil ciclase (Fredholm et al., 2005). Os receptores A; e A,a apresentam alta
afinidade pelo ligante, enquanto que os receptores Ays e Az apresentam menor afinidade
(Sebastido e Ribeiro, 2000).
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Os receptores A; atuam na inibigdo da adenil ciclase através da ativacdo da proteina G; e
estdo localizados, em mamiferos, em varias regides do cérebro, como hipocampo, tronco
cerebral, medula espinhal e ganglios basais (Guillén-Gémez et al., 2004; Rathbone et al.,
1999). Os seguintes efetores também estdo envolvidos na ativacdo dos receptores A;: guanilil
ciclase, canais de K*, canais de calcio dependentes de voltagem, a fosfolipase C e a
fosfolipase A, (Guillén-Gomez et al., 2004; Scheimann e Hicks, 1991). Diferentemente dos
receptores A;, 0s receptores A, estimulam a adenil ciclase acoplando-se a proteina Gs e
provocando o aumento dos niveis de AMP. (Olah e Stiles, 1990; Ruby et al., 2010). A
ativacdo dos receptores A,a medeia acdes excitatorias através de um aumento na liberagédo de
neurotransmissores nos terminais pré-sinapticos (Li e Henry, 1998).

Para manter os niveis intra e extracelulares da adenosina em equilibrio, a adenosina que é
formada intracelularmente pode se difundir através da membrana celular por meio de
transportadores de nucleosideos equilibrativos (ENT1 e ENT2) para o espaco extracelular
(Nagai, Nagasawa e Fujimoto, 2005). Transportadores de nucleosideos concentrativos (CNT)
também sdo encontrados no sistema nervoso central e transportam a adenosina de forma

acoplada ao gradiente de Na* (Fredholm et al., 2005).

No meio extracelular, a adenosina pode ser produzida a partir da hidrdlise sequencial do
ATP, exercida pela cascata das ectonucleotidases (Zimmermann, 2001). A cascata das
ectonucleotidases é composta pelas familias de enzimas ectonucleosideo trifosfato
difosfohidrolases (E-NTPDase), ectonucleotideo pirofosfatase / fosfodiesterases (E-NPP),
fosfatase alcalina e a ecto-5’- nucleotidase (Zimmermann, 2001; Zimmermann, 1996; Cunha,
2001).

A hidrélise seqiiencial dos nucleotideos 5°- trifosfatados até adenosina tem a ecto-5"-
nucleotidase como enzima marcapasso do processo (Fredholm et al., 2001) (Figura 2). A ecto-
5°-nucleotidase é uma proteina de membrana ancorada a superficie celular por um fosfatidil-
inositol-glicano (GPI) (Zimmermann, 1994). A atividade enzimatica das ecto-5"-nucleotidases
é dependente de cations divalentes, como calcio e magnésio. A enzima encontra-se presente
na maioria dos tecidos e seus principais substratos sdo nucleotideos monofosfatados
extracelulares, tais como AMP, GMP ou UMP, sendo o AMP o nucleotideo hidrolisado com

maior eficiéncia (Zimmermann, 1996).

A auséncia da ecto-5’-nucleotidase durante o desenvolvimento do sistema nervoso

impede a diferenciacdo neuronal e leva a morte celular. Segundo Zimmermann (1996), o
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contato de neurdnios em migracdo ou crescimento com outras células expressando a ecto-5’-
nucleotidase leva a um aumento significativo na duracdo dos processos neuriticos induzidos
por NGF (fator de crescimento neuronal) e sugere que a ecto-5-nucleotidase pode ter um
efeito trofico sobre a extensdo neuritica. Ja a aplicacdo de anticorpos que inibem a atividade
da ecto-5-nucleotidase ou a aplicacdo de AOPCP (ap-metileno-adenosina-5’-difosfato), um
inibidor competitivo da atividade da ecto-5'-nucleotidase, resulta em uma diminui¢cdo da
formac&o de neuritos induzidos pelo NGF (Zimmermann, 1996).

A degradacdo da adenosina pode ocorrer pela acdo da adenosina deaminase (ADA)
(Figura 2) que catalisa a conversdo da adenosina e da deoxiadenosina a inosina e
deoxiinosina, respectivamente (Zavialov e Engstrom, 2005). A ADA pode ser encontrada
como uma enzima citosélica e também pode ser expressa na superficie celular como uma
ectoenzima. Dois membros desta familia ja foram descritos, sendo eles denominados como
ADA1 e ADA2 (Hirschhorn e Ratech, 1980; Zavialov e Engstrom, 2005), além de um grupo
similar desta familia de proteinas denominado ADAL (adenosine deaminase-like) (Maier,
Galellis e McDermid, 2005). Todos estes membros foram classificados como subfamilias
pertencentes ao grupo das adenil-desaminases. Por apresentar sitios de aminoacidos
importantes relacionados a desaminacdo de adenosina e motivos conservados entre as
subfamilias da ADA, é possivel que a ADAL também realize a desaminacdo hidrolitica de

adenosina a inosina (Maier, Galellis e McDermid, 2005).

No SNC, a atuacao da ecto-5’-nucleotidase, da ADA e dos transportadores de adenosina
sobre a producdo de adenosina impacta diretamente a neurotransmisséo, visto que, através da
ativacdo dos receptores especificos, a adenosina atua como neuromodulador enddgeno e
apresenta forte acdo depressora sobre a atividade neuronal, principalmente através da ativacéo
de receptores A; (Cunha, 2005; Fredholm et al., 2005).
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FIGURA 2 - Mecanismos envolvidos na concentracdo de adenosina. Modificado de Tilley e Boucher (Tilley e
Boucher, 2005).

1.2.1 Adenosina e etanol

A adenosina parece estar envolvida nas respostas neuroquimicas e comportamentais
causadas pela exposicdo aguda e cronica ao etanol. Embora a adenosina ndo seja a Unica
responsavel por estas alteracGes, ela tem um papel neuromodulador que afeta as fungdes de
muitos neurotransmissores que também estdo envolvidos nas respostas a exposicéo ao etanol
(Dohrman, Diamond e Gordon, 1997).

Como um neuromodulador, uma das funcbes da adenosina € inibir a liberacdo de
glutamato. Uma vez que os niveis de adenosina sdo aumentados em resposta a exposicdo
aguda ao etanol, a inibicdo da liberacdo de glutamato regulada pela adenosina pode ser
parcialmente responsavel pelos efeitos intoxicantes do etanol (Nam et al., 2012; Dunwiddie e
Masino, 2001). Além disso, estudos demonstram que a dele¢do ou inibicdo do transportador
de nucleosidio equilibrativo tipo 1 (ENT1) provoca uma alteracdo nos niveis extracelulares de
adenosina e regula negativamente um dos principais transportadores de glutamato,
consequentemente, aumentando os niveis de glutamato sinaptico (Holmes, 2011; Nam et al.,
2011; Wu et al., 2011).

Exposicbes agudas e cronicas ao etanol atraves de diversas metodologias indicam
alteracbes nos niveis extracelulares de adenosina. O efeito sedativo do etanol, por exemplo,

que ocorre depois da ingestdo, quando os niveis de etanol no sangue estdo declinando, é
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regulado pelo aumento de adenosina (Sharma et al., 2010). Quando o etanol é consumido,
ocorre 0 blogueio da recaptacdo da adenosina, levando ao aumento da sua concentracdo
extracelular (Choi et al., 2004; Krauss et al., 1993; Marczinski, 2014; Sharma et al., 2010). A
exposicdo aguda ao etanol também resulta no aumento dos niveis intracelulares de AMP,
dependente de adenosina que é mediado pela ativacdo dos receptores A,a embora, 0S
receptores Aa tornem-se desensibilizados com a exposi¢do prolongada ao etanol (Tracy e
Mark, 2012; Jarvis e Becker, 1998). O transportador de nucleosideos ENT1 parece
desempenhar papel importante no que se refere aos efeitos motores do etanol, visto que,
animais sem a expressao destes possuem respostas hipnoticas e de ataxia reduzidas apds a
exposicéo ao etanol (Choi et al., 2004; Marczinski, 2014).

Os receptores de adenosina A; medeiam varios efeitos do etanol e antagonistas dos
receptores A; atenuam a descoordenacdo motora induzida pelo etanol, indicando que a
sinalizacdo mediada por receptores A; estd envolvida nos efeitos de ataxia causados pelo
etanol (Dohrman, Diamond e Gordon, 1997). Ja os agonistas de receptores A; diminuem
efeitos como ansiedade, tremor e convulsfes durante a retirada aguda do etanol (Ruby et al.,
2010). Assim, respostas ansioliticas a exposi¢do aguda ao etanol sdo também alteradas por

agonistas de receptores de adenosina (Prediger, Batista e Takahashi, 2004).

Em ratos, a exposicdo aguda ao etanol diminui o estado de vigilia e aumenta o
movimento dos olhos durante o sono. Esses efeitos sdo revertidos pela administracdo de um
antagonista de receptores A; (DPCPX) (Thakkar et al., 2010). Também ja foi visto que
antagonistas dos receptores Aza diminuem o nivel de consumo de etanol em ratos que

preferiam etanol anteriormente (Adams et al., 2008).

Quanto aos efeitos morfoldgicos, um estudo utilizando peixe-zebra, demonstrou que a
exposicdo ao etanol 2% causa alteracfes morfoldgicas acompanhadas de um aumento na
hidrolise do AMP, devido a um aumento da atividade da enzima ecto-5"-nucleotidase (Lutte
et al., 2015). O AOPCP, inibidor da ecto-5"-nucleotidase ndo é capaz de prevenir plenamente
as alteracGes morfoldgicas causadas pelo etanol. Neste mesmo estudo, a inibi¢do do transporte
de nucleosideos com o uso do dipiridamol promoveu uma piora nas alteracdes morfoldgicas
causadas pelo etanol no peixe-zebra (Lutte et al., 2015). Desta forma, a atividade da ecto-5"-
nucleotidase parece ter uma contribuicdo nas alteracdes morfolégicas causadas pelo etanol,
enquanto os transportadores de nucleosideos parecem estar fortemente relacionados, como ja
descrito anteriormente (Choi et al., 2004, Lutte et al., 2015).
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1.2.2 Adenosina e desenvolvimento

Um grande numero de evidéncias indica que o metabolismo da adenosina tem grande
papel no controle do desenvolvimento embrionério e fetal. O periodo de desenvolvimento
embrionéario ¢ uma fase de grande suscetibilidade a agentes exdgenos e enddgenos e as
perturbacdes capazes de alterar a sinalizacdo adenosinérgica durante a fase embrionaria
podem estar relacionadas com alteragdes morfoldgicas e comportamentais que vao do
nascimento a vida adulta. Nos Ultimos anos, se tem demonstrado que a sintese e o
metabolismo das purinas e pirimidinas desempenham papéis importantes no controle do
desenvolvimento embrionario e fetal e da organogénese (Fumagalli et al., 2017). Mudancas
dindmicas e dependentes do tempo na expressdo de enzimas que metabolizam purinas (como
ectonucleotidases e adenosina desaminase) representam um ponto de verificacdo chave para a

geragdo correta das diferentes moléculas sinalizadoras (Fumagalli et al., 2017).

A adenosina esta envolvida na eliminacdo de membranas interdigitais, na apoptose de
linfocitos timicos e no crescimento morfogenético de membros nos vertebrados (Jacobson et
al., 1999). Além disso, ha indicios de que o desenvolvimento de tecidos e 6rgdos € altamente
sensivel ao aumento na concentracdo de adenosina, uma vez que a adenosina deaminase
(ADA), enzima que desamina adenosina em inosina, € expressa em niveis elevados na
placenta e sua inibicdo farmacoldgica interrompe o desenvolvimento fetal (Knudsen et
al., 1992). Deficiéncias nas funcbes da ADA ligadas a mutacdes recessivas autossémicas no
gene ADA (20q13.12) tém sido ligadas a severa imunodeficiéncia e comportamento autista
(Bottini et al., 2001; Micheli et al., 2011).

Ja a adenosina quinase, enzima que realiza a refosforilacdo da adenosina em
nucleotideo, exibe alteracdes ontogenéticas, sendo principalmente expressa em neurénios no
inicio do desenvolvimento e principalmente em astrocitos na vida adulta (Studer et al., 2006).
Estes dados aumentam os indicios de que um controle rigoroso nos niveis de adenosina no
cérebro é fundamental para o desenvolvimento embrionéario e a plasticidade neural (Boison et
al., 2012).

Disfuncdes na homeostase normal da adenosina durante o desenvolvimento inicial do
SNC podem ter consequéncias importantes na formacdo de circuitos neuronais, contribuindo
assim para as alterac6es do neurodesenvolvimento (Lara e Souza, 2000; Lara et al., 2006). A
adenosina também parece ter um papel no crescimento dos neuritos atraves de sua acéo pelos

receptores de adenosina Aza (Heine, Sygnecka e Franke, 2016).
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Alterac6es nas funcdes dos receptores de adenosina A; durante a embriogénese também
parecem estar criticamente ligadas a prejuizos, principalmente cardiacos, na vida adulta.
Camundongos knockout para o0s receptores de adenosina A; apresentam retardo do
crescimento ap0ds hipdxia intrauterina (Rivkees e Wendler, 2012). A adenosina parece atuar
via receptores A; desempenhando um papel essencial na protecdo do embrido contra estresses
(Rivkees e Wendler, 2012).J4 aexposicdo durante o inicio do desenvolvimento aos
antagonistas de receptores de adenosina, incluindo a cafeina, parece promover disfuncéao
cardiaca (Rivkees e Wendler, 2012). Dados também mostram que a ativacao de receptores A;
pode prejudicar a formacdo do cérebro levando a redugfes no volume da substancia branca

subcortical e hipocampal e perdas em axdnios (Rivkees et al., 2001).

A adenosina esta envolvida na regulagéo de varias vias de sinalizagdo no SNC (Boison,
2008), atuando como um neuromodulador através de multiplos mecanismos, incluindo o
controle da liberagdo de neurotransmissores, ou via efeitos regulatorios nas células da glia
(Boison, Chen e Fredholm, 2010; Boison et al., 2012). Ja foi demostrado que a ativacdo dos
receptores A; inibe a liberacdo de neurotransmissores, como a dopamina e o glutamato, e
diminui a excitabilidade neural pela inducdo da hiperpolarizacdo pés-sinaptica e, por outro
lado, os receptores A,a promovem a liberagdo de neurotransmissores (Fredholm et al., 2005).
Com base nisso, e nas interagdes do sistema purinérgico com a neurotransmissdo
glutamatérgica e dopaminérgica, a adenosina tem sido ligada a defeitos no desenvolvimento
neuroldgico e envolvimento em patologias como a esquizofrenia (Lara e Souza, 2000; Lewis
e Levitt, 2002), epilepsia (Boison, 2016; Menezes e Da Silva, 2017) doenca de Parkinson e

processos cognitivos (Soliman et al., 2018).

1.3 Modelos de SAF e SAF parcial em peixe-zebra

O peixe-zebra (Danio rerio) é um pequeno teledsteo da familia Cyprinidae, de
aproximadamente 4 cm de comprimento (Parichy, 2006). O peixe-zebra, além de ser um
organismo vertebrado, possui um genoma com alto grau de homologia em rela¢do ao genoma
humano (Howe et al., 2013). O peixe-zebra é uma espécie com comportamento de cardume,
que procura preferencialmente por interacdo social com o maior nimero de individuos
possivel (Buske e Gerlai, 2011; Spence et al., 2008). Muito do repertorio de respostas

comportamentais do peixe-zebra pode ser visto em testes de memdria (Yu et al., 2006),
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aprendizado, interacdo social (Colwill et al., 2005; Sison e Gerlai, 2010) e preferéncia por
ambientes (Blaser e Pefalosa, 2011).

A utilizacdo do peixe-zebra em estudos em estagios iniciais do desenvolvimento esta
em ascensdo, pois ele oferece uma série de vantagens. Seu tamanho e a forma de criagdo
permitem a manutencdo de uma grande quantidade de peixes em um espago relativamente
pequeno. O cruzamento resulta em um grande nimero de ovos e o desenvolvimento ocorre
rapidamente e progride através de etapas bem definidas (Kimmel et al., 1995; Westerfield,
2000). Estudos recentes tém empregado o peixe-zebra como modelo para a sindrome
alcodlica fetal e demonstrado que a exposicdo embrionaria ao etanol resulta em fendtipos
comparaveis com aqueles observados em outros modelos vertebrados, o que sugere que 0
peixe-zebra € um modelo relevante para entender os danos causados pelo etanol ao longo do

desenvolvimento (Howarth, Passeri e Sadler, 2011).

Alguns dos danos causados pela exposicdo embrionaria ao etanol em altas
concentracdes (entre 1.5 e 3%) no peixe-zebra sdo: microftalmia (Kashyap, Frederickson e
Stenkamp, 2007; Lutte et al., 2015), ciclopia, aumento da distancia ocular, edema pericardial,
méa formacéo axial (Arenzana et al., 2006; Lutte et al., 2015) e aumento da morte celular na
parte posterior do cérebro (Loucks e Carvan, 2004). Ja quando se usam concentracdes mais
baixas de etanol (entre 0.1 e 1%), raramente as alteracdes morfoldgicas se mostram evidentes,
em contrapartida, podem ser observadas alteracbes na locomogédo, no comportamento, no
aprendizado e no shoaling (Carvan et al., 2004; Lockwood et al., 2004; Fernandes e Gerlal,
2009; Willford et al., 2004; Richardson et al., 2002; Baggio et al., 2018).

No peixe-zebra, a exposi¢do ao etanol provoca alteracdes no eixo hipotalamo — hipéfise
— interrenal (HPI1) (o equivalente ao hipotalamo — hipdfise —adrenal (HPA) no ser humano),
ap0s exposicdo ao etanol do 1° ao 9° dia pds-fertilizacao (dpf), reduzindo de forma duradoura
a resposta do cortisol (Baiamonte, Brennan e Vinson, 2015). Teorias sugerem que adaptacoes
no eixo HPA, podem ter um papel importante nas respostas comportamentais e fisiologicas

causadas por agentes aditivos (Baiamonte, Brennan e Vinson, 2015).

Estudos indicam que um dos fatores que pode estar envolvido nas alteracGes de
shoaling é a alteracdo no sistema dopaminérgico (Buske e Gerlai, 2011). Sabe-se que a
quantidade de dopamina e do seu metabolito, DOPAC, € significativamente reduzida em
encéfalos de peixes-zebra adultos que foram expostos ao etanol durante o desenvolvimento

embrionario. Tem-se mostrado que testes com imagens animadas especificas induzem a uma
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rapida elevacdo dos niveis de dopamina e DOPAC no encéfalo de peixe-zebra (Chatterjee,
Buske e Gerlai, 2013), mas ndo em peixes-zebra que foram expostos ao etanol durante o
desenvolvimento embrionério (Fernandes, Rampersad e Gerlai, 2015).

No que se refere ao estudo do sistema purinérgico e, em especial, ao metabolismo e
funcdo da adenosina, a presenca da atividade de hidrdlise de AMP, bem como a expressao
génica da ecto-5"-nucleotidase ja foram demonstradas em peixe-zebra (Senger et al., 2004;
Rico et al., 2008), assim como a presenca dos receptores de adenosina A;, Aza € Azg (Capiotti
et al., 2011; Boehmler et al., 2009). Mais recentemente, o blogueio temporario da traducéo
desses receptores em peixe-zebra em fase embrionaria promoveu alteracdes na morfologia e
sobrevivéncia dos animais (Menezes et al., 2018). O mapeamento do padréo de expressao de
genes relacionados a adenosina deaminase também foi realizado em vérios tecidos de peixe-
zebra (Rosemberg et al., 2007), bem como, a caracterizagédo cinética da atividade da ADA em
encefalo de peixe-zebra (Rosemberg et al., 2008).

Esses achados indicam que a neuromodulacdo exercida pela adenosina pode estar
fortemente envolvida nos tracos alterados pela exposicdo ao etanol nas fases criticas do
desenvolvimento neuroldgico. O uso do peixe-zebra nesta abordagem € interessante visto que
durante o seu desenvolvimento, os estagios de gastrula / segmentacao e faringula representam
periodos importantes no desenvolvimento do sistema nervoso, e por isso, esses periodos se
tornam fundamentais na avaliacdo dos danos causados pela exposicdo ao etanol e a avaliacao
acerca da persisténcia dos efeitos desta droga até a idade adulta, além disto, existe um vasto
repertorio de analises de parametros locomotores, comportamentais, mnemaonicos e

bioguimicos aplicaveis neste estudo.


http://www.ncbi.nlm.nih.gov/pubmed/?term=Fernandes%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=26097005
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rampersad%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26097005
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gerlai%20R%5BAuthor%5D&cauthor=true&cauthor_uid=26097005
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2. OBJETIVOS
2.1 Objetivo Geral

Avaliar o efeito da exposicdo embrionaria ao etanol nos estagios de Gastrula /
Segmentacdo e Faringula sobre pardmetros comportamentais, locomotores e mneménicos de
adultos de peixe-zebra (Danio rerio) e correlaciond-los ao estudo da neuromodulacdo

adenosinérgica.

2.2 Objetivos Especificos

- Avaliar a atividade enzimatica e a expressao génica da ecto-5"-nucleotidase e da adenosina
deaminase em encéfalo de adultos de peixe-zebra de 3 mpf apds a exposicéo ao etanol.

- Avaliar parametros comportamentais e locomotores de adultos de 3 e 12 mpf apos a
exposic¢do ao etanol.

- Avaliar parametros de memoria aversiva em adultos de 3 mpf apds a exposicéo ao etanol.

- Avaliar o efeito de um inibidor da ecto-5"-nucleotidase e de um inibidor da adenosina
deaminase sobre parametros locomotores, comportamentais e de memoria aversiva em adultos

de 3 mpf apos a exposicao ao etanol.

- Avaliar o efeito de um inibidor da ecto-5"-nucleotidase sobre parametros locomotores e

comportamentais em adultos de 12 mpf ap6s a exposicdo ao etanol.

- Avaliar o contetdo de adenosina em encéfalo de adultos de peixe-zebra de 3 mpf apds a

exposicdo ao etanol.
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Ethanol is one of the most widely consumed drugs in the world, and the effects of ethanol during early devel-
opment include morphological and cognitive problems. The regulation of adenosine levels is essential for the
proper function of major neurotransmitter systems in the brain, particularly glutamate and dopamine; thus, the
investigation of the relation of adenosine and memory after early ethanol exposure becomes relevant. Embryos
of zebrafish were exposed to 1% ethanol during two distinct developmental stages: gastrula/segmentation or
pharyngula. The evaluation of memory, morphology, and locomotor parameters was performed when fish were
3 months old. The effect of ecto-5-nucleotidase and adenocsine deaminase inhibition on the consequences of
ethanol exposure with regard to memory formation was observed. Morphological evaluation showed decreases
in body length and the relative telencephalic and cerebellar areas in ethanol exposed animals. The locomotor
parameters evaluated were not affected by ethanol. In the inhibitory avoidance paradigm, ethanol exposure
during the gastrula/segmentation and pharyngula stages decreased zebrafish memory retention. When ethanol
was given in the pharyngula stage, the inhibition of ecto-5'-nucleotidase in the acquisition phase of memory tests
was able to revert the effects of ethanol on the memory of adults. These findings suggest that the increased
adenosine levels caused by ethanol could alter the neuromodulation of important components of memory for-
mation, such as neurotransmitters. The adjustment of adenosine levels through ecto-5"-nucleotidase inhibition
appears to be effective at restoring normal adenosine levels and the acquisition of memory in animals exposed to
ethanol during the pharyngula stage.

1. Introduction

“fetal alcohol spectrum disorder” (FASD) (O'Callaghan et al., 2007).
Ethanol can cause learning impairments, amnesia, or impaired retrieval

Ethanol is one of the most widely consumed drugs in the world, and
the fetal effects of ethanol are the cause of fetal alcohol syndrome (FAS)
(Cudd, 2005). FAS consists of central nervous system (CNS) dysfunction
(Clarren and Smith, 1978); intrauterine growth deficiency (Haghighi
et al., 2014); facial abnormalities; and heart, skeleton, and muscle
anomalies (Sei et al., 2003; Garriga et al., 2000; Mattson and Furukawa,
1998). Symptoms and characteristics include mental retardation, hy-
potonia, memory and behavioral problems, microcephaly, reduced
cerebral white matter volume, and abnormalities of the corpus callosum
and cerebellar vermis (Archibald et al., 2001; Mattson et al., 1996;
Olson et al., 1998).

Long-term follow-up of children exposed to ethanol demonstrates
that mental retardation, abnormal behavior, and facial dimorphism
persist into adulthood (Lemoine, 1992), It is also evident that cognitive
and behavioral abnormalities can occur in the absence of dimorphism,
so-called “alcohol-related neurodevelopmental disorder” (ARND) or

of information (Lopez-Cruz et al., 2013). Ethanol clearly interacts with
a variety of neurotransmitters and neuromodulators, including adeno-
sine (Vasconcelos et al., 2012; Lopez-Cruz et al., 2016; Oliveros et al.,
2017), affecting different functional and anatomical systems to varying
degrees (Paule, 2006).

In general, long-term potentiation (LTP) of excitatory synaptic
transmission seems to require activation of glutamate receptors and
inhibition of Gamma-AminoButyric Acid A (GABA,) receptors. The
ethanol might inhibit LTP because short-term ethanol exposure inhibits
glutamate receptor function (Lovinger et al, 1990; Bliss and
Collingridge, 1993) and stimulates GABA, receptor function in the
hippocampus (Weiner et al., 1994). Whereas the regulation of adeno-
sine levels is essential for the proper function of major neurotransmitter
systems in the brain, particularly glutamate (Ruby et al.,, 2010), the
investigation of the relation of adenosine and memory after early
ethanol exposure becomes relevant. In fact, the main known
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physiological action of adenosine on the CNS is the inhibition of neu-
rotransmitter release by reducing neuronal excitability (Burnstock,
2008; Fredholm et al., 2005). The extracellular levels of this neuro-
modulator are affected by the sequential hydrolysis of ATP exerted by
the cascade of ectonucleotidases, including ecto-5-nucleotidase
(Dunwiddie et al., 1997), and their conversion to the inactive meta-
bolite inosine by ecto-adenosine deaminase (Dunwiddie et al., 1997).

Ethanol appears to affect adenosine tonus through the inhibition of
adenosine reuptake exerted by type I equilibrative nucleoside trans-
porters and an increase in ecto-5"-nucleotidase activity, which seems to
promote activation of A; adenosine receptors (Diamond et al., 1991;
Lutte et al., 2015; Nagy et al., 1990). However, there is a lack of
knowledge about the long-term consequences of ethanol disturbance in
early development over behavioral and mnemonic events. In this con-
text, the objective of this research was to evaluate the memory para-
meters in adult zebrafish that were exposed to ethanol during early
development, and the participation of adenosine in the consequences of
early ethanol exposure on young/adult memory.

2. Material and methods
2.1. Animal maintenance

Wild type adult zebrafish (Danio rerio) (Tiibingen background;
3-5cm) maintained in an automated recirculating tank system were
used for obtaining fertilized eggs. Male and female (3:1 ratio) zebrafish
were separated at dusk. At the next dawn, zebrafish were allowed to
mate in a 3.5 L aquarium. After mating, eggs were collected and kept in
water for maintenance (water from reverse osmosis reconstituted with
marine salt [Instant Ocean, Blacksburg, VA] 0.4 parts per thousand) in
an incubator at 28.5 °C on a 14:10 light/dark cycle. After the beginning
of the swimming phase, larval zebrafish were transferred to aquariums
and kept until 3 months in proper fish densities (6-9 dpf [days post-
fertilization]: 16 fish/L; 18-22 dpf: 10 fish/L; 45 dpf or more: 5 fish/L).
Animals were fed three times a day with commercial flakes (TetraMin™,
NC, USA) and supplemented with live brine shrimp.

At 90 dpf, animals received locomotor, mnemonic, and morpholo-
gical evaluations. After evaluations, adult animals were cryoanesthe-
tized using flocked ice immersion with water with controlled physico-
chemical parameters and temperature of about 2°C, followed by
euthanasia through decapitation.

All procedures were in accordance with the National Institute of
Health (NIH) Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 80-23) and were approved by the Institutional Animal
Care Committee (15/00468 — CEUA PUCRS).

2.2, Erhanol exposure

Embryos of zebrafish were exposed to ethanol in two distinct de-
velopmental stages: gastrula/segmentation (5-24 hpf [hours post-fer-
tilization]) or pharyngula (24-48 hpf), where the CNS begins to be
formed followed by further subdivision of encephalic regions (Kimmel
et al., 1995). The animals were exposed to 1% (v/v) ethanol (diluted in
the water of animal maintenance) in groups of 100 embryos kept in
Petri dishes during the gastrula/segmentation or pharyngula stage.
Such a dose is representative of doses used in several studies to induce
behavioral changes (Fernandes and Gerlai, 2009; Mathur and Guo,
2011).

After ethanol treatment, animals were kept 3 months at proper
densities in aquariums (5L; 27cm % 17 cm x 12cm; width [w] x
height [h] x depth [d]) with drug-free water under biological and
mechanical filtration and aeration (7.20mg O,/L) and controlled
temperatures (28 *+ 2°C). At the end of 3 months, the evaluation of
memory, locomotor, and morphological parameters was performed.
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2.3. Exposure to a.f-Methyleneadenosine 5’-diphosphate (AMPCP) or
erythro-9-(2-Hydroxy-3-nonyl)adenine hydrochloride (EHNA)

To evaluate the effects of an inhibitor of ecto-5-nucleotidase or an
inhibitor of adenosine deaminase on the consequences observed by
ethanol exposure, we used adenosine 5-(a,f-methylene)diphosphate
(AMPCP; 150 mg/kg) or erythro-9-Amino-B-hexyla-methyl-9H-purine-
9-ethanol hydrochloride (EHNA; 100 mg/kg), respectively. The phar-
macological treatments in adults were performed by intraperitoneal (ip)
injection with the use of an insulin syringe (Ultra-Fine™ Short Insulin
Syringe 8 mm [5/16"]) in a volume of 10 pL per animal (20 mL/kg).
Prior to the injections, the adult animals were anesthetized in tricaine
solution (MS-222; 100 mg/L) (Siebel et al., 2015). Locomotion assess-
ment was performed 30 min after drug exposure (Siebel et al., 2015). In
the experiments of inhibitory avoidance, the drugs were administered
30 min before or after the training session (Blank et al., 2009).

2.4. Morphological assessment

For the purpose of monitoring body and brain development after
ethanol exposure, we measured the body length (cm), encephalic sur-
face area (mm?), and two areas of interest, the telencephalon (mm?®)
and cerebellum (mm?), of animals based on Naslund (2014). The adult
animals were evaluated under stereomicroscopy (3x) (Nikon
SMZ1500, Melville, USA). Animals were anesthetized in tricaine solu-
tion (MS-222; 100 mg/L) (Siebel et al., 2015). The measurement was
performed by photographical registration, followed by analysis using
the software NIS-Elements D 3.2 for Windows supplied by Nikon In-
struments, Inc. (Melville, USA). Encephalic surface area (mm?) was
assumed as the sum of the three areas (cerebellum, optic tectum, and
telencephalon), and measurements of the telencephalon (mm?®) and
cerebellum (mm?) areas were performed according to the delimitations
showed in Fig. 1. The body length was assumed as the distance from the
center of an eye to the tip of the tail bud (Lutte et al., 2015).

C3o
4

Fig. 1. Representative morphological measures of 90 dpf zebrafish control. Ch:
cerebellum; TeO: optic tectum; Tel: telencephalon. Optical zoom 3 x.
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2.5. Locomotor assessment

The locomotion of adult fish (90 dpf) was evaluated in the groups
treated with ethanol in the gastrula/segmentation or pharyngula stage,
control (no ethanol added), and after 30 min of exposure to the in-
hibitors of AMPCP and EHNA. The adult zebrafish were placed in-
dividually in a small tank (10cm % 15cm x 30cm; w X h x d). After
305 of adaptation, the locomotor activity was recorded for 5 min and
analyzed using the video-tracking system Ethovision® XT8 (Noldus,
Netherlands) (Menezes et al.,, 2015). The locomotor parameters ana-
lyzed were distance traveled (m) and mean speed (m/s).

2.6. Memory assessment task

The protocol of inhibitory avoidance followed Blank et al. (2009)
and represents a valuable tool to characterize robust and stable events
of vertebrate memory formation. Briefly, the animals were individually
trained and tested in a tank (18cm x 9cm x 7em; w x h % d) sub-
divided into white and dark chambers apart from a sliding wall. In each
session, the animals were gently placed in the white tank compartment
while the sliding wall was closed. After 1 min of habituation and or-
ientation, the wall was raised, allowing the fish to cross to the dark side
of the tank through a 1 cm high opening. In a training session, im-
mediately after crossing to the dark compartment, the sliding partition
was closed and a pulsed electric shock of 3 = 0.2V was administered
for 55, after which animals were removed from the apparatus. Twenty-
four hours after training, the animals were submitted to a test session
that repeated the training protocol, except that no shock was ad-
ministered and the sliding wall was kept open, allowing the animals to
freely explore the apparatus. Fish that would not enter the black
compartment within 180s were excluded from further experimenta-
tion. The latency to enter the dark compartment was measured in the
training and test sessions and was used as an index of memory reten-
tion. AMPCP and EHNA were administered 30 min before or after
training sessions. To avoid the stress or interference caused by the
handling of the animals during the experiments, different groups were
used for the evaluations of locomotion and memory, and these ex-
periments were repeated three times with 10 animals per group
(Scheme 1).

2.7. Statistical analysis

Morphological parameters were compared by one-way Analysis of
Variance (ANOVA), followed by Tukey's multiple comparison test. For
locomotion assessment, two-way ANOVA was used to compare groups
exposed to ethanol and AMPCP or EHNA, followed by Sidak’s multiple
comparison test. For memory assessment, as a cutoff point was in-
troduced, the comparison of latencies in training versus test sessions
(within group’s comparison) was performed using the unpaired T-Test,
while the One-Way ANOVA was used to compare the latency between
groups (between group’s comparison), followed by Tukey’s multiple
comparison test. The significance levels were attributed at p < 0.05.
Data were expressed as mean * standard error of mean.

3. Results
3.1. Long-term ethanol effects

Animals treated with ethanol did not demonstrate gross body mal-
formations, and no deaths occurred through the experiments. Body
length of control animals was 2.67 = 0.03 cm, while animals treated
with ethanol at the gastrula/segmentation stage and pharyngula stage
were 2.21 * 0.07cm and 2.08 * 0.04cm (p < 0.001; Froesy =
40.74), respectively. In accordance with that, the encephalic surface
area of ethanol-treated animals (gastrula/segmentation: 2.61 = 0.06
mm?; pharyngula: 2.48 = 0.07 mm?) was also smaller than control
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animals (3.13 + 0.07 mm?) (p < 0.001; Fzeg) = 24.20). The analysis
of the proportional area of telencephalon/encephalon and cerebellum/
encephalon also detected significant differences between control and
ethanol-treated animals. Control animals showed a proportional tele-
ncephalic area of 0.24 (24%) and cerebellar area of 0.17 (17%), while
animals treated during gastrula/segmentation presented with a tele-
ncephalic area of 0.20 (20%) and those treated during pharyngula
presented with a telencephalic area of 0.22 (22%) (p < 0.01; Fo.eq) =
6.283). Animals treated during gastrula/segmentation presented with a
cerebellar area of 0.14 (14%), while animals treated during pharyngula
presented with a cerebellar area of 0.15 (15%) (p < 0.001; Fia.8 =
13.67).

The locomotor parameters evaluated (distance traveled and mean
speed) were not affected by exposure to ethanol during the early phases
of development (Fig. 2).

In the inhibitory avoidance paradigm, ethanol exposure during the
gastrula/segmentation stage decreased zebrafish latencies between 46
and 70% (Fig. 3B and A, respectively), while during the pharyngula
stage, ethanol decreased the latencies of adults in the avoidance para-
digm between 47 and 63% (Fig. 3B and A, respectively), when both
were compared to the control/saline group (p < 0.001).

3.2. Effects of ecto-5"-nucleotidase and adenosine deaminase inhibition

AMPCP alone did not generate a significant effect on locomotor and
mnemonic parameters when compared to the control/saline group. The
decrease in latency in the test sessions, which correlates with the im-
pairment on memory, exerted by 1% ethanol in the gastrula/segmen-
tation stage was not affected by the administration of AMPCP 30 min
before the training session (pretraining) or 30min after the training
session (posttraining) (Fig. 3A and B). However, when ethanol was
given in the pharyngula stage, the administration of AMPCP during
pretraining was able to revert the decrease of latency caused by ethanol
(Fig. 3A). The administration of AMPCP during posttraining, in animals
exposed to ethanol in the pharyngula stage, did not change ethanol’s
effects on memory (Fig. 3B).

The use of EHNA alone, an inhibitor of adenosine deaminase, de-
creased the latency to 76% of the control/saline group (p < 0.001),
which interrupted further analysis (data not shown).

4. Discussion

The exposure period appears to be as important as the dose of
ethanol, displaying different consequences (Joya et al., 2014; Gerlai,
2015). In fish, the morphogenesis and primary organogenesis occurs at
the gastrula/segmentation stage, while in the pharyngula stage the
brain starts to develop and the early touch reflex and spontaneous
movements appear (Kimmel et al., 1995). In this sense, severe mor-
phological consequences of ethanol in fish that resemble FAS are more
expected during the gastrula/segmentation period and at higher
ethanol doses (Joya et al., 2014), while the pharyngula stage is more
suitable to effects on neural refinement and can be correlated with
ARND (Gerlai, 2015).

Here, we had no visible gross body malformation in 1% ethanol-
treated animals. However, reduced body length and reduced propor-
tional telencephalic and cerebellar areas were registered in both groups
with ethanol exposure, which could be related to mnemonic con-
sequences. As the normal swimming performance of fish is a mandatory
requirement to access memory, we initially evaluated their locomotion.
Locomotion is controlled by a number of different regulatory neuronal
components in zebrafish, but it is the sensory signals that are sent to
supraspinal structures, including the cerebellum, that are used to cor-
rect and adapt the locomotor behavior (Aizenberg and Schuman, 2011;
Kiehn and Dougherty, 2013). Although the body length was reduced by
ethanol exposure, the locomotor parameters evaluated were not af-
fected by exposure to ethanol during the early phases of development,
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Inhibitory avoidance task
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Scheme 1. Experimental design of the inhibitory avoidance task. Ethanol treatment: The animals were treated with ethanol in two distinct developmental stages:
gastrula/segmentation (5=24 hpf) or pharyngula (24=48 hpf). Ninety days after this, the animals were anesthetized in tricaine solution (MS-222; 100 mg/L) for 2 min
and removed from the tricaine. One group was injected with EHNA, another group was injected with AMPCP, and the control group was injected with saline solution,
30 min before (A) (pretraining) or 30 min after a training session (B) (posttraining). In a training session, immediately after crossing to the dark compartment, the
sliding partition was closed and a pulsed electric shock of 3 * 0.2V was administered for 5 s. Twenty-four hours after training, the same animals were submitted to a
test session that repeated the training protocol, except no shock was administered. The latency to enter the dark compartment was measured in all sessions, and the
test latency was used as an index of memory retention. This procedure was repeated three times with different sets of 10 animals.

excluding that as a confounding factor on memory assessment.

In the inhibitory avoidance paradigm, ethanol exposure during the
gastrula/segmentation and pharyngula stages decreased zebrafish la-
tencies when compared to the control/saline group, which correlates
with the impairment of memory formation. In teleost fish, the dorsal
telencephalic areais currently considered to be the homolog of the
mammalian hippocampus (Rodriguez et al., 2002; Wullimann and
Mueller, 2004} that is required for the formation of several kinds of
memories (Vargas et al., 2006; Lombroso, 2004). An increasing number
of studies are dedicating efforts to contribute to the identification of
targets of ethanol that underline long-term cognitive impairments as-
sociated with ARND. Adenosine is a modulator of several neuro-
transmitter systems, including dopamine, glutamate, and acetylcholine
(Ferre et al.,1992; Okada et al.,1996; Cunha, 2001; Quarta et al., 2004).
Adenosine is ubiquitous in the brain and is released by both neurons
and glial cells via constitutive and activity-dependent mechanisms.
Adenosine equilibrates neuronal activity and sets the stage for synaptic
plasticity. Through A; and Az receptor activation, it modulates neu-
ronal homeostasis and tunes the ability of synapses to undergo and/or
sustain plasticity, an essential process in memory formation (Dias et al.,
2013). Adenosine influences neurotransmitter function through hy-
perpolarization of postsynaptic membranes, reduction of vesicle re-
lease, and receptor-receptor interactions (Ciruela et al., 2011; Cunha,
2001). The use of AMPCP in an acute approach is intended to reduce
adenosine viability through inhibition of ecto-5"-nucleotidase. The ef-
fects per se of this drug do not affect the memory index, indicating that
adenosine levels are kept by other sources, such as nucleoside trans-
porters. However, when an adenosine deaminase inhibitor is added, the
degradation of adenosine decreases, which increases adenosine
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availability and is enough to affect per se memory processes.

Adenosine signaling could be participating in the long-lasting effects
of ethanol in several ways. Glutamate, as an important player in LTP,
and dopamine, through its role in the interconnection of the striatum
and prefrontal cortex, are some of the important neurotransmitters in
the memory process that could be targets of impaired adenosine sig-
naling (Bliss and Collingridge, 1993; Olvera-Cortés et al., 2008). Studies
of early exposure to ethanol using zebrafish demonstrated impairment
in the function of cerebral glutamate transport in adult fish (Baggio
et al., 2017). Additionally, it was already demonstrated that 3,4-Dihy-
droxyphenylacetic acid (DOPAC) levels are unresponsive to behavioral
challenges in adult zebrafish exposed during early life to ethanol
(Fernandes et al.,, 2015). In this way, a hypothesis to be raised and
investigated is the possibility of increased adenosine levels contributing
to the reduction of dopaminergic and glutamatergic activities.

In accordance with the notion that synaptic plasticity is the basis for
learning and memory in different brain areas, adenosine correspond-
ingly modulates behavior in various learning and memory paradigms
(Jay, 2003). In zebrafish, the regions responsible for memory have al-
ready been formed in the segmentation stage (Kimmel et al., 1995) and
are less susceptible to damage caused by ethanol. The telencephalon
and cerebellum are formed during the first half of the segmentation
period, with the cerebellum becoming distinctive late in the segmen-
tation period. With the rapid cerebellar morphogenesis of the me-
tencephalon, just preceding the pharyngula period, the brain is sculp-
tured into five lobes (Kimmel et al., 1995). Our results showed that the
memory impairment detected in adults when ethanol was given in the
pharyngula stage was reverted by the acute inhibition of ecto-5-nu-
cleotidase by AMPCP administered during pretraining sessions. Thus,
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Fig. 2. The locomotor parameters evaluated, distance traveled (m) (A) and
mean speed (m/s) (B), were not affected by 1% ethanol during the gastrula/
segmentation and pharyngula stages (n = 3). For locomotion assessment, two-
way ANOVA was used to compare groups exposed to ethanol and AMPCP or
EHNA, followed by Sidak's multiple comparison test.

the inhibition of ecto-5"-nucleotidase, at least in the memory acquisi-
tion phase, may alter adenosine levels sufficiently to recover adequate
levels of neurotransmitters (e.g., dopamine and glutamate), reflecting
the recovery of memory mechanisms. Adenosine levels receive con-
tribution, at least, from a triplet of components-ecto-5"-nucleotidase,
ecto-adenosine deaminase, and nucleoside transporters— which can be
regulated by transcriptional adjustments, changes in kinetic properties,
allosteric effects, and stoichiometric effects (Frick et al., 1986; Heyliger
et al.,, 1981; Bianchi and Spychala, 2003). While no data is available
from zebrafish studies, in rodents, the knockout of ecto-5-nucleotidase
improved short-term spatial working memory performance (Zlomuzica
et al., 2013).

The final consequence of an adjustment of these components is that
the adenosine levels in the extracellular medium, a compensatory ar-
rangement between ecto-3"-nuclectidase, ecto-adenosine deaminase,
and nucleoside transporters, could reflect in the specific differences
between developmental stages and the dependence of adenosine in the
memory retention process. Taken together, these findings suggest that
the control of adenosine levels appear to be involved in the long-lasting
mnemonic effects of early exposure to ethanol. While the ecto-5"-nu-
cleotidase could be a target for the effects seemed here, further studies
could be performed to evaluate the actual adenosine concentration in
this context of ethanol early exposure.

Conflict of interest
The authors declare no conflict of interest.
Author’s contribution
AHL and JHM contributed to the breeding and maintenance of an-

imals. AHL, LRN, and JHM were responsible for memory assessment
tasks. AHL was responsible for the assessment of morphological and

34

Neurotoxicology 69 (2018) 17-22

A AL
AMPCP Pretraining
80
Wl Training
I Test
0
oy
c
2
3
Sdne  MPCP  Gatnls  Phmpguia m: m::\c:m
Water Ethanol
B it
AMPCP Posttraining
80
I Training
0 Test

Latency (s)

Phannguia  AMPCP  AMPCP
Gastrula  Phanngula

Saline AMPCP  Gastrula

Water Ethanol

Fig. 3. Treatment with 1% ethanol during the gastrula/segmentation and
pharyngula stages had long-term effects on memory acquisition (A) and for-
mation (B) in a one-trial inhibitory avoidance task. The inhibitor of ecto-5
nucleotidase (AMPCP) given in the adult animals treated at the pharyngula
stage was able to revert the decrease of latency caused by ethanol (3 different
experiments were performed with 10 animals as replicates). Latency (in sec-
onds) to cross to the dark compartment is depicted in the pretraining (A) and
posttraining (B) test sessions in the animals exposed to ethanol during the
gastrula/segmentation and pharyngula stages. AMPCP was given 30 min prior
to the training session or 30 min after the training session. Latencies in training
versus test sessions (within group's comparison) were compared using the T-
Test, while the One-Way ANOVA was used to compare the latencies between
groups (between group's comparisons), followed by Tukey's multiple compar-
ison test. The significance levels were attributed at p < 0.05. Data were ex-
pressed as mean * standard error of mean. * represents difference from re-
spectively group at Training session; # represents difference from saline group.
Three * or # represent significance level at p < 0.001.

locomotor parameters. AHL and RSS assisted with data analysis and
interpretation of the findings. AHL and RSS did the study design and
drafted the manuscript. All authors critically reviewed content and
approved the final version for publication.

Acknowledgments

AHL and LRN are the recipients of Coordenacao de Aperfeicpamento
de Pessoal de Nivel Superior (CAPES)/PROEX fellowships. JHM is the
recipient of a Conselho Nacional de Desenvolvimento Cientifico e
Tecnologico (CNPq) fellowship. RSS is a Research Career Awardee of
the CNPq/Brazil (Proc: 301599/2016-5).



A. Haab Lutte et al.

References

Aizenberg, M., Schuman, EM., 2011. Cerebellar-dependent learning in larval zebrafish. J.
Neurosci. 31, 8708-8712.

Archibald, 5.L., Fennema-Notestine, C., Gamst, A., Riley, EP., Mattson, S.N., Jernigan,
T.L., 2001. Brain dysmorphology in individuals with severe prenatal alcohol ex-
posure. Dev. Med. Child Neurol. 43 (3), 148-154.

Baggio, S., Mussulini, B.H., de Oliveira, D.L., Zenki, K.C., Santos da Silva, E., Rico, EP.,
2017. Embryonic alcohol exposure promotes long-term effects on cerebral glutamate
transport of adult zebrafish. Neuroscl. Lett. 1 (636), 265-269.

Bianchi, V., Spychala, J., 2003. Mammalian 5 -nucleotidases. J. Biol. Chem. 278,
46195-46198.

Blank, M., Guerim, L.D., Cordeiro, R.F., Vianna, M.R., 2009. A one trial inhibitory

idance task to zebrafish: rapid acquisition of an NMDA-dependent long term
memory. Neurobiol. Learn. Mem. 92 (4), 526-534.

Bliss, T.V., Collingridge, G.L., 1993. A synaptic model of memory: long-term potentiation
in the hippocampus. Natire 361 (6407), 31-39.

Burnstock, G., 2008. Purinergic signalling and disorders of the central nervous system.
Nat. Rev. Drug Discov. 7, 575-590.

Ciruela, F., Gémez-Soler, M., Guidolin, D., Borroto. Eﬁ:ue]a D 0., Agnati, LF., Fuxe, K,
chénde: -Duenas, V., 2011 Ad, ine receptor ¢ i Lhdr role in
the control of dopanuneand glutamate neurotransmission in the brain. Biochim.
Biophys. Acta 1808 (5), 1245-1255.

Clarren, S.K, Smith, D.W., 1978. The fetal alcohol syndrome. Lamp 35 (10, 4-7.

Cudd, T.A., 2005. Animal model systems for the study of aleohol teratology. Exp. Biol.
Med. 230, 389-393.

Cunha, BLA., 2001. Regulation of the ecto-nucleotidase pathway in rat hippocampal nerve
terminals. Neurochem. Res. 26 (8-9), 979-951.

DIamund L Nagy, L., Mochly-Rosen, D., Gordon, A., 1991. The role of adenosine and

t in ethanol-ind ed cellilar tolerance and dependence. Possible
biologic and genel:{c markers of alcoholism. Ann. N. Y. Acad. Sci. 625, 473-487.

Dias, R.B., Rombo, D.M., Ribeiro, J.A., Henley, JM., Sebastido, AM., 2013. Adenosine:
sening the stage for plast.idly. Trends Neurosci. 36 (4), 248—25?‘

Dunwiddie, T.V., Diao, L., Proctor, W.R., 1997. Adenine nucleotides undergo rapid,
quantitative conversion to adenosine in the extracellular space in rat hippocampus. 1.
Neurosci. 17 (20), 7673-7682.

Fernandes, Y., Gerlai, R., 2009. Long-term behavioral changes in response to early de-
velopmental exposure to ethanol in zebrafish. Alcohol. Clin. Exp. Res. 33 (4),
601-609.

Fernandes, Y.1, Rampersad, M.I, Gerlai, R., 2015. Embryonic alcohol exposure impairs the
dopaminergic system and social behavioral responses in adult zebrafish. Int. J.
Neuropsychopharmacol. 18 (8).

Ferre, 5., Fuxe, K., von EG, Johansson B., Fredholm, B.B., 1992, Adenosine-dopamine
interactions in the brain. Neuroscience 51, 501-512.

Fredholm, B.B., Chen, J.F., Masino, S.A., Vaugeois, J.M., 2005. Actions of adenosine at its
receptors in the CNS: insights from knockouts and drugs. Annu. Rev. Pharmacol.
Toxicol. 45, 385-412.

Frick, L., Wolfenden, R., Smal, E, Baker, D., 1986. Transition-state stabilization by
adenosine deaminase: structural studies of its inhibitory complex with
Dcuxyv:arormyd.nl Biochemistry 25, 1616-1621.

Garriga, J., E., Ferndndez-Sold, J., Urbano-Mé A., Cuss6, R., 2000.
Ethanol inhibits skeletal muscle cell proliferation and de]ays its differentiation in cell
culture, Aleohol Aleohol 35 (3), 236-241.

Gerlai, R., 2015. Embryonic alcohol exposure: towards the development of a zebrafish
model of fetal alcohol spectrum disorders. Dev. Psychobiol. 57 (7), 787-798.

Haghighi, P.S., Alhonen, L, Salonurmi, T., Savolainen, M.J., 2014. Ethanol-induced im-
pairment of polyamine homeostasis—a potential cause of neural tube defect and in-
trauterine growth restriction in fetal alcohol syndrome. Biochem. Biophys. Res.
Commun. 446 (1), 173-178.

Heyliger, C.E., Panagia, V., Dhalla, N.S., 1981. Effect of cyclic AMP phosphodi

35

Neurotoxicology 60 (2018) 17-22

Lipez-Cruz, L., Salamone, J.D., Correa, M., 2013. The impact of caffeine on the beha-
vioral effects of ethanol related to abuse and addiction: a review of animal studies. J.
Caffeine Res. 3 (1), 9-21

Lépez-Cruz, L., San-Miguel, N., Bayarri, P., Bagi, Y., Miiller, C.E., Salamone, J.D., Correa,
M., 2016. Ethanol and caffeine effects on social interaction and recognition in mice:
involvement of adenosine A2A and Al receptors. Front. Behav. Neurosci. 10, 206.

Lovinger, D.M., White, G., Weight, F.F., 1990. NMDA receptor-mediated synaptic ex-
citation selectively inhibited by ethanol in hippocampal slice from adult rat. J.
Neurosci. 10 (4), 1372-1379.

Lutte, A.H., Capiotti, KM., Silva, N.L., Silva, C.5., Kist, LW., Bogo, M.R,, Silva, R.S., 2015,
Contributions from extracellular sources of adenosine to the ethanol toxicity in
zebrafish larvae. Reprod. Toxicol. 53, 82-91.

Mathur, P., Guo, 5., 2011. Differences of acute versus chronic ethanol exposure on an-
xielylch“ ioral in zebrafish Behav. Brain Res. 219 (2), 234-239.
Mattson, M.P., Furukawa, I{_ 1998. Signaling events regulating the neurodevelopmental
triad. Glulamar.e and secreted forms of beta-amyloid precursor protein as examples.

Perspect. Dev. Neurobiol. 5 (4), 337-352.

Mattson, S.N., Riley, EF., Delis, D.C., Stern, C., Jones, K.L., 1996. Verbal learning and
memory in children with fetal aleohol syndrome. Alcohol. Clin. Exp. Res. 20,
810-816.

Menezes, E.P., Kist, LW., Bogo, M.R., Bonan, C.D., Da Silva, R.5., 2015. Evaluation of age-
dependent response to NMDA receptor antagonism in zebrafish. Zebrafish 12 (2),
137-143.

Nagy, LE, Diamond, L, Casso, D.J., Franklin, C., Gordon, A.S., 1990. Ethanol increases
extracellular adenosine by inhibiting adenosine uptake via the nucleoside trans-
porter. J. Biol. Chem. 265 (4), 1946-1951.

Naslund, 2014. A simple non-invasive method for measuring gross brain size in small live
fish with semi-transparent heads. Peer] 2, e586.

0'Callaghan, F.V., O'Callaghan, M., Najman, J.M., Williams, J.M., Bor, W., 2007. Prenatal
aleohol exposire and attention, learning, and intellectual ability at 14 years: a pro-
spective longitudinal study. Early Hum. Dev. 83, 115-123.

Okada, M., Mizuno, K., Kaneko, 5., 1996. Adenosine Al and A2 receptors modulate ex-
tracellular dopamine levels in the rat striatum. Neurosci. Lett. 212, 53-56.

Oliveros, A., Cho, C.H., Cui, A., Choi, §., Lindberg, D., Hinton, D., Jang, M.H., Choi, D.5.,
2017. Adenosine AZA receptor and ERK-driven impulsivity potentiates hippocampal
neuroblast proliferation. TransL Psychiatry 7 (4), e1095.

Olson, H.C., Feld JJ., Streissguth, A.P., P.D., Bookstein, F.L., 1998.
Neuropsychological deﬂcits in adolescenls with fetal almhal syndmmef clinical
findings. Alcohol. Clin. Exp. Res. 22, 1998-2012.

Olvera-Cortés, M.E_, Anguiano-Rodriguez, P., Lopez-Vizquez, M.A., Alfaro, J.M., 2008.
Serotonin/dopamine interaction in memory formation. Prog. Brain Res. 172,
603-623.

Paiile, M.G., 2006. Animal models and the cognitive effects of ethanol. In: Levin, ED.,
Buccafusco, J.J. (Eds.), Animal Models of Cognitive Impairment. CRC Press/Taylor &
Francis, Boca Raton (FL).

Quarta, D., Boryez, 1., Solinas, M., Patkar, K., Hockemeyer, J., Ciruela, F., Luis, C., Franco,
R., Woods, AS., Goldberg, 5.R., Ferre, 5., 2004. Adenosine receptor-mediated mod-
lation of dopamine release in the nucleus accumbens d ds on gl nel-
rotransmission and N-methyl-D-aspartate receptor stimulation. J. Neurochem. a1,
873-880.

Rodriguez, F., Lopez, J.C., Vargas, 1 P., Gémez, Y., Broglio, C., Salas, C., 2002.
Conservation of spatial memory function in the pallial forebrain of reptiles and ray-
finned fishes. J. Neurosci. 22 (7), 2894-2903.

Ruby, CL., Adams, C., Knight, E.J., Nam, HW., Choi, D.-S., 2010. An essential role for
adenosine signaling in alcohol abuse. Curr. Drug Abuse Rev. 3 (3), 163-174.

Sei, H., Sakata-Haga, H., Ohta, K., Sawada, K., Morita, Y., Fukui, Y., 2003. Prenatal ex-
posure to alcohol alters the light response in postnatal circadian rhythm. Brain Res.
10,987 (1), 131-134.

Siebel, A M., Menezes, F.P., Capiotti, K.M., Kist, LW., da Costa Schaefer, L, Frantz, J.Z,
Buga M.R Da Silva, R.S Bonan, C. D 2015. Rale of adenosine signaang on pen-

inhibitors on cardiac sarcolemmal 5 -nucleotidase. J. Pharmacol. Exp. Therap. 217
(2), 489493,

Jay, T.M., 2003. Dopamine: a potencial sub for synaptic plasticity and memory
mechanisms. Prog. Neurobiol. 69 (6), 375-390.

Joya, X., Garcia-Algar, O, Vall, 0., Pujades, C., 2014. Transient exposure to ethanol
during zebrafish embryogenesis results in defects in neuronal differentiation: an al-
ternative model system to study FASD. PLoS One 10:9 (11), 112851.

Kiehn, 0., Dougherty, K.J., 2013. Locomotion: circuits and physiology. Neuroscience in
the 215t Century (PRafflDW, Ed). Springer, New York, NY, pp. 1209-1236.

Kimmel, C.B., Ballard, WW., Kimmel, S.R., Ullmann, B., Schilling, T.F., 1995. Stages of
embryonic development of the zebrafish. Dev. Dyn. 203 (3), 253-310.

Lemoine, P., 1992. Avenir des enfants de méres alcoholiques (étude de 105 cas retrouvés
al'age adult) et quelques ions d'intérét prophylactique. Ann. Pediatr. 29,
226-235.

Lombrose, P., 2004, Learning and memory. Rev. Bras. Psiquiatr. 26 (3), 207-210.

le-induced seizires in zebraﬂsh Zebrafish 12 (2), 127-136.

Va.rgas 1P, Bingman, V.F., Portavella, M., Lépez, J.C., 2006. Telencephalon and geo-
metric space in goldﬁsh Eur. J. Neurosci. 24 (10), 2870-2878.

Vasconcelos, 8., Escudeiro, §., Martin, AL, Soares, P., Vieira Filho, A, Silva, L., Cilene
Dias, K., Macédo, D., Sousa, F.C., Fonteles, M., 2012. In: Gallelli, Dr. Luca (Ed.),
Ethanol Interference on Adenosine System Pharmacology. InTech.

Weiner, J.L., Zhang, L., Carlen, P.L., 1994. G ine phosphate analogs
ethanol potentiation of GABAA-mediated synaptic currents In hippocampal CA1
neurons. Brain Res. 665 (2), 307-310.

Wullimann, M.F., Mueller, T., 2004. Teleostean and mammalian forebrains contrasted:
evidence from genes to behavior. J. Comp. Neurol. 475 (2), 143-162.

Zlumuzica A., Burghoff, 5., Schrader, J., Dere, E., 2013 Superiorr working memory and

ioural habituation but diminish ‘p;-‘ dination in mice lacking
the ecto-5"nucleotidase (CD73) gene. Purinergic Slgnal 9 (June (2)), 175-182.




36

3.2 Capitulo 11
Artigo Cientifico Original

Persistent increase in ecto-5’-nucleotidase activity from encephala of adult zebrafish
exposed to ethanol during early development

Autores: Aline Haab Lutte, Luiza Reali Nazario, Julia Huppes Majolo, Talita Carneiro
Branddo Pereira, Stefani Altenhofen, Adilio da Silva Dadda, Mauricio Reis Bogo, Rosane

Souza Da Silva

Artigo publicado no periédico Neurotoxicol Teratol. 2018 Nov-Dec;70:60-66. doi:
10.1016/}.ntt.2018.10.004.

Qualis Capes: B1

Area CB1


http://tede2.pucrs.br/tede2/browse?type=author&value=Pereira%252C+Talita+Carneiro+Brand%25C3%25A3o
http://tede2.pucrs.br/tede2/browse?type=author&value=Pereira%252C+Talita+Carneiro+Brand%25C3%25A3o
https://www.ncbi.nlm.nih.gov/pubmed/30366104

37

Neurotoxicology and Teratology 70 (2018) 60-66

Neurotoxicology and Teratology

journal homepage: www.elsevier.com/locate/neutera

L

NEUROTOXICOLAGEY

Contents lists available at ScienceDirect

Persistent increase in ecto-5-nucleotidase activity from encephala of adult | ) |

zebrafish exposed to ethanol during early development

Ghack for
upslatis

Aline Haab Lutte”, Luiza Reali Nazario®, Jiilia Huppes Majolo®, Talita Carneiro Brandio Pereira”,
Stefani Altenhofen®, Adilio da Silva Dadda®, Mauricio Reis Bogo”, Rosane Souza Da Silva™*

* Lab io de N fmica ¢ Psicofar logi

® Lab io de Biologia Gendmi

Escola de Ciéncias, Pontificia Universidade Catdlica do Rio Grande do Sul, Porto Alegre, RS, Brazil
€ Molecular, Escola de Ciéncias, Pontificia Universidade Catdlica do Rio Grande do Sul, Porto Alegre, RS, Brazil

© Instituto Nacional de Ciéneia e Tecnologia em Tuberculose, Centro de Pesquisas em Biologia Molecular e Funcional, Pontificia Universidade Catdlica do Rio Grande do Sul,

Porto Alegre, RS, Brazil

ARTICLE INFO

Keywords:
Adenosine

Aleohol

AMP hydrolysis
Neurodevelopment

ABSTRACT

Prenatal aleohol exposure causes alterations to the brain and can lead to numerous cognitive and behavioral
outcomes. Long-lasting effects of early ethanol exposure have been registered in glut. gic and dopaminergic
systems. The purinergic system has been registered as an additional target of ethanol exposure. The objective of

this research was to evaluate if the ecto-5"-nucleotidase and adenosine deaminase activities and gene expression
of adult zebrafish exposed to 1% ethanol during early development could be part of the long-lasting targets of
ethanol. Zebrafish embryos were exposed to 1% ethanol in two distinct developmental phases: gastrula/seg-
mentation (5-24 h post-fertilization) or pharyngula (24-48 h post-fertilization). At the end of three months, after
checking for morphological outcomes, the evaluation of enzymatic activity and gene expression was performed.
Exposure to ethanol did not promote gross morphological defects; however, a significant decrease in the body
length was observed (17% in the gastrula and 22% in the pharyngula stage, p < 0.0001). Ethanol exposure
during the gastrula/segmentation stage promoted an increase in ecto-5-nucleotidase activity (39.5%) when
compared to the control/saline group (p < 0.0001). The ecto-5-nucleotidase gene expression and the deami-
nation of adenosine exerted by ecto and cytosolic adenosine deaminase were not affected by exposure to ethanol
in both developmental stages. HPLC experiments did not identify differences in adenosine concentration on the
whole encephala of adult animals exposed to ethanol during the gastrula stage or on control animals (p > 0.05).
Although the mechanism underlying these findings requires further investigation, these results indicate that
ethanol exposure during restricted periods of brain development can have long-term consequences on ec-
to-5"-nucleotidase activity, which could have an impact on subtle sequels of ethanol early exposure.

1. Introduction

spectrum disorders (FASDs) (Popova et al., 2013).
Neurobehavioral deficits are reported relatively frequently in FAS,

The negative effects of prenatal ethanol exposure on development
are well documented and include a wide range of physical anomalies
and neurocognitive deficits (Jones and Smith, 1973). Depending on
how much, how long, and how frequently ethanol is consumed during
pregnancy, fetal alcohol syndrome (FAS) may manifest with differing
severity (Cartwright and Smith, 1995). This diagnosis is considered
when there is pre- or post-natal growth deficiency, cranio-facial ab-
normalities, and evidence of central nervous system (CNS) dysfunction
(Jones and Smith, 1973). When the prenatal ethanol exposure is asso-
ciated with cognitive and behavioral deficits in the absence of the facial
features and growth deficiency, this profile is known as fetal alcohol

for example, hyperactivity and attention deficits, deficits in motor co-
ordination, lack of regulation of social behavior or poor psychosocial
functioning, and deficits in verbal learning and memory (Sei et al.,
2003; Garriga et al., 2000; Mattson and Furukawa, 1998; Mattson et al.,
1996). The mechanisms behind the long-term neural outcomes of
ethanol exposure are difficult to define. Ethanol can interact or func-
tionally alter many target molecules, including receptors and ion
channels, cell signaling proteins, metabolizing enzymes, and lipids.
Ethanol can alter glucose utilization and transport (Fattoretti et al.,
2003), suppress protein and DNA synthesis (Shibley and Pennington,
1997), alter cell cycle, impair neurogenesis, migration, neurite
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outgrowth, synaptogenesis, and myelination (Miller, 1996; Liesi, 1997).

Long-lasting effects of early ethanol exposure have been registered
in glutamatergic and dopaminergic systems (Baggio et al., 2017; Melis
et al., 2009). The purinergic system has also been shown to be affected
by ethanol exposure (Vasconcelos et al, 2012), but the effects in
adulthood of ethanol embryonic exposure on the purinergic system has
not been reported. Considering acute exposure, ethanol appears to af-
fect adenosine tonus through inhibition of adenosine reuptake exerted
by type 1 equilibrative nucleoside transporters (ENT1) and an increase
in ecto-5-nucleotidase activity, which seems to promote activation of
A, adenosine receptors (Diamond et al, 1991; Nagy et al, 1990).
Adenosine is related to ethanol intoxication and behavioral responses.
In an in vivo study, ENT1-null mice exhibited decreased ethanol-
mediated behaviors and increased ethanol consumption associated with
decreased A; adenosine receptor function (Choi et al., 2004). Ad-
ditionally, striatal adenosine A. receptors appeared to be critically
involved in ethanol-induced behavior (Mam et al., 2013).

In the CNS, adenosine influences neurotransmitter release
(Burnstock, 2008; Fredholm et al., 2005). The extracellular levels of
adenosine are affected by the sequential hydrolysis of ATP exerted by
the cascade of ectonucleotidases, including an ecto-5'-nucleotidase
(Dunwiddie et al., 1997; Cunha, 2016), and the conversion to the in-
active metabolite inosine by ecto-adenosine deaminase (Dunwiddie
et al., 1997; Franco et al., 1997). An altered adenosinergic tonus at the
beginning of development can have long-lasting effects on locomotor
and behavioral activities (Ajarem and Brain, 1993). Recently, we found
increased ecto-5"-nucleotidase activity in encephala of zebrafish larvae
exposed to ethanol in the beginning of their development (Lutte et al.,
2015). The zebrafish have been proposed as a model organism for ex-
ploring the mechanisms of FASD (Gerlai et al., 2009; Gerlai, 2015). The
developing embryo inside the egg may be exposed to a concentration of
ethanol by immersing the eggs in an ethanol solution for a specific
period of time at any desired developmental stage (Fernandes and
Gerlai, 2009; Mahabir et al., 2014). The CNS of zebrafish begins to
form, followed by further subdivision of encephalic regions in the
gastrula/segmentation (5-24 hpf, hours post-fertilization) and phar-
yngula (24-48 hpf) stages (Kimmel et al., 1995). These periods of
zebrafish development combined with different ethanol concentrations
have been used to model ethanol effects on morphology and behavior
(Carvan et al., 2004; Joya et al., 2014).

While we detected increased ecto-5"-nucleotidase activity in larval
zebrafish exposed to ethanol, there was no evidence for the persistence
of altered ecto-5"-nucleotidase activity until adulthood, which could
underly the long-lasting neurocognitive outcomes of ethanol even in
doses not related to morphological outcomes. In this context, the ra-
tionale of this research was to evaluate if exposure to 1% ethanol during
early development promotes consequences to ecto-3-nucleotidase and
adenosine deaminase (ADA) enzymatic activities and gene expression
in adult zebrafish. Additionally, morphological outcomes were assessed
in the adult animal.

2. Material and methods
2.1. Chemicals

Ethanol (99.5%) was purchased from Merck KGaA (Darmstadt,
Germany). Instant Ocean (marine salt) was purchased from Marine
Enterprises International (Maryland, USA). Tris, EDTA, EGTA, and AMP
were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Other
reagents used were of analytical grade.

2.2, Animal maintenance
The progenitor animals used in this study were generated from the

mating of fish from commercial suppliers (Delphis LTDA, Porto Alegre,
Brazil). Adult wild type zebrafish (Danio rerio) (Tiibingen background,

6l
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3-5cm) from our breeding colony were maintained in an automated
recirculating tank system. For egg production, male and female zebra-
fish were separated at dusk to mate during the following dawn. The fish
were placed in a ratio of two males to each female, totaling 3 animals
per 3.5 L aquarium. After mating, eggs were collected and kept in water
for maintenance (water from reverse osmosis reconstituted with marine
salt, 0.4 parts per thousand) in an incubator at 28.5°C on a 14:10 light/
dark cycle. After the beginning of the swimming phase, larval zebrafish
were transferred to aquariums and kept until 3 months in proper fish
density (6-9 dpf: 16 fish/l; 18-22 dpf: 10 fish/1; 45 dpf or more: 5 fish/
1). The experiments were conducted with adult animals. Zebrafish reach
sexual maturity around 90 dpf (days post-fertilization) when develop-
ment is complete (Van der Heyden and Huysseune, 2000; Spence et al.,
2008; Kaslin et al., 2013). To obtain brain samples, zebrafish were
euthanized by hypothermal shock, and the brains were removed by
dissection (Matthews and Varga, 2012; Wilson et al., 2009).

2.3. Ethanol exposure

Zebrafish embryos were exposed to ethanol in two distinct devel-
opmental phases: gastrula/segmentation (5-24 hpf) or pharyngula
(24-48 hpf). The animals were exposed to 1% (v/v) ethanol (diluted
with water). Such dose is representative of the doses used in several
studies to induce behavioral changes (Fernandes and Gerlai, 2009;
Mathur and Guo, 2011).

After ethanol treatment, animals were kept for up to three months in
an aquarium (5L, 27 % 17 % 12cm, width % height =% depth) with
drug-free water under biological and mechanical filtration and aeration
(7.20 mg 0./L) and controlled temperature (28 + 2°C). At the end of
three months, the evaluation of enzymatic activity, gene expression,
and morphology was performed.

2.4. Morphological assessment

The adult animals were evaluated under stereomicroscopy (3x)
(Nikon SMZ1500, Melville, USA). Animals were anesthetized by im-
mersion in tricaine solution (M5-222, 100 mg/L) (Siebel et al., 2015).
Searching for body deformities (e.g., axial and craniofacial malforma-
tions) and measurement of body length through general visualization
were performed by photographical registration, followed by analysis
using the software NIS-Elements D 3.2 for Windows, supplied by Nikon
Instruments Inc. (Melville, USA). The body length was assumed from
the tip of the snout to the end of the spine (Naslund, 2014).

2.5. Preparation of soluble and membrane fractions

Adult zebrafish were euthanized and their whole brains (five brains
for each sample) were dissected and homogenized in tris-citrate buffer
for the ecto-5-nuclectidase assay. For ADA experiments, the brains
were homogenized in phosphate buffered saline (PBS). In brief, the
homogenates were centrifuged at 800 X g for 10 min, and the super-
natant fraction was subsequently centrifuged for 25 min at 40,000 x g.
For soluble ADA activity assays, the supernatant was collected and kept
on ice for enzyme assays. The pellets of membrane preparations were
frozen in liquid nitrogen, thawed, resuspended in the respective buffers,
and centrifuged for 20 min at 40,000 % g. This freeze-thaw-wash pro-
cedure was used to ensure the lysis of the brain vesicle membranes. The
final pellets were resuspended and used for enzyme assays. Protein
concentration was measured by the Coomassie blue method with bo-
vine serum albumin as a protein standard (Bradford, 1976).

2.6. Ecto-5"-nucleotidase assays
The ecto-5"-nucleotidase activity was determined as previously de-

scribed (Rico et al, 2003; Senger et al., 2004). Briefly, brain mem-
branes of adult zebrafish were added to the reaction medium containing
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50 mM tris-HCl (pH 7.2) and 5 mM MgCl, at a total volume of 200 pL.
The samples were preincubated and the reaction was initiated by the
addition of substrate (AMP). After 30 min, the reaction was stopped by
the addition of 200 pL 10% trichloroacetic acid, and the samples were
kept on ice for 10 min. To determine the inorganic phosphate released,
1 mL of a colorimetric reagent was added to the samples for 20 min. The
quantification of inorganic phosphate released was determined spec-
trophotometrically at 630 nm, and the specific activity was expressed as
nanomoles of inorganic phosphate released per minute per milligram of
protein. All enzyme assays were performed in triplicate.

2.7. Adenosine deaminase assays

Ecto- and cytosolic-ADA activities were determined as previously
described (Rosemberg et al., 2008). The brain fractions were added to
the reaction mixture containing 50mM sodium phosphate buffer
(pH 7.0) and 50 mM sodium acetate buffer (pH 5.0) for soluble and
membrane fractions, respectively, in a final volume of 200pL. The
samples were preincubated and the reaction was initiated by the ad-
dition of substrate (ADQ). The reaction was stopped after 75 min (so-
luble fraction) and 120 min (membrane fraction) by the addition of
500 uL. phenol-nitroprusside reagent. ADA activity was determined
spectrophotometrically by measuring the ammonia produced over a
fixed time using a Berthelot reaction, as previously reported (Weisman
et al., 1988). The reaction mixtures were immediately mixed with
500 uL of alkaline-hypochlorite reagent and vortexed. The samples
were incubated, and the colorimetric assay was carried out at 635 nm.
The ADA activity was expressed as nanomoles of ammonia released per
minute per milligram of protein. All enzyme assays were performed in
triplicate.

2.8. Ecto-5"-nucleotidase gene expression analysis

Gene expression analysis was performed using pools of 5 adult
brains (n = 4/group) as previously described elsewhere (Capiotti et al.,
2013) and in accordance with Minimum Information for Publication of
Quantitative Real-Time PCR Experiments (MIQE) Guidelines (Bustin
et al, 2009). Briefly, the total RNA was isolated using TRIzol® (In-
vitrogen, USA) and quantified by spectrophotometry using NanoDrop
Lite (ThermoScientific, USA) after DNase treatment (DNase [, Amplifi-
cation Grade, Invitrogen). The cDNA synthesis was performed from 1 pg
of RNA-treated samples using ImProm-II™ Reverse Transcription System
(Promega, USA). Quantitative PCR reactions were performed in 25 pL
under the following cycling conditions: Smin at 95°C and 40 cycles of
15s at 95°C, 35s at 60°C, and 15s at 72°C, in addition to a melting
curve analysis with fluorescence measures from 60 to 99°C in a 7500
Real-Time System Software v.2.0.5 (Applied Biosystems). Relative ex-
pression levels for the ecto-5-nucleotidase-related gene (cd73) (Rico
et al., 2003) were evaluated using B-actin, eflea, and rpll3a as reference
genes (Table 1) (Tang et al., 2007) by the 244 method and con-
sidering the individual sample calculated with LinRegPCR Software
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v2016.1 (http://LinRegPCR.nl).

2.9. Adenosine quantification in encephala

To obtain brain samples, zebrafish were euthanized by hypothermal
shock and brains were removed by dissection. Each independent ex-
periment was performed using biological preparations consisting of a
pool of 3 brains for endogenous adenosine analysis. Samples were
homogenized on ice with an Ultra-Turrax (T10 basic IKA®) in 500 pL of
ice-cold 6% perchloric acid and were centrifuged at 16,000 g for 15 min
at 4°C. The supernatants were neutralized with 100 pL of 4 M K,CO,
and centrifuged again at 16,000 g for 10 min at 4°C. The supernatants
were filtered (0.22 pM filter) and stored at —80 °C until the high per-
formance liquid chromatography (HPLC) analysis (Maccormack et al.,
2006). An HPLC system equipped with a diode array detector (DAD)
and an autosampler system was used (Dionex Ultimate 3000). Aliquots
of 20 L were injected to the HPLC system and chromatographic se-
parations were performed using a reverse-phase column C-18 (RP),
250/4.6 mm, 5pum (Macherey-Nagel, Bethlehem, PA, USA). The flow
rate of the mobile phase (60 mM KH;PO4, 5mM tetrabutylammonium
chloride, pH6.0, in 30% methanol) was 0.6 mL/min (isocratic). The
autosampler and column temperatures were maintained at 6 and 16 °C
respectively. The mobile phase was prepared daily due to low stability.
Absorbance was monitored at 260 nm with a DAD. The peak of ade-
nosine was identified by its retention time and quantified by compar-
ison with a standard. The results are expressed as micromolar of ade-
nosine.

2.10. Statistical analysis

Morphological parameters were expressed as the mean = S.EM
from at least 20 animals per group. Biochemical assays were run in
triplicate and expressed as the mean = S.E.M. The data was analyzed
by one-way analysis of variance (ANOVA). Post hoc comparisons were
made using Tukey's test. Gene expression data is shown as the
mean + 95% CI, after Shapiro-Wilk normality test, followed by one-
way ANOVA and for analysis of endogenous adenosine (HPLC), was
used Unpaired t-test considering p < 0.05 as statistically different.

3. Results

Exposure to 1% ethanol during gastrula/segmentation or phar-
yngula stages of zebrafish development did not promote gross mor-
phological defects assessed during adult life. The 1% ethanol dose was
chosen since it does not cause apparent and serious morphological
deformities (Fernandes and Gerlai, 2009) that would hamper the
growth and development of animals until adulthood. However, a sig-
nificant decrease in the body length and weight of adult animals oc-
curred in animals treated with ethanol during both developmental
stages (body length: 18% reduction in the gastrula stage group and 22%
in the pharyngula stage group, in relation to contrel group; weight: 45%

Table 1
Primer sequences for RT-gPCR experiments included in the study.
Gene Primer sequences (5-3") Accession number (mRNA) Amplicon size (bp)
fractin® F-CGAGCTGTCTTCCCATCCA ENSDARTO0000055194 86
R-TCACCAACGTAGCTGTCTTTCTG
Rpl13a” F-TCTGGAGGACTGTAAGAGGTATGC NM_212784 147
R-AGACGCACAATCTTGAGAGCAG
EFla* F-CTGGAGGCCAGCTCAAACAT ENSDART 86
R-ATCAAGAAGAGTAGTACCGCTAGCATTAC 00000023156
ecto-5'-nucleotidase” F-TGGACGGAGGAGACGGATTCACC BC055243.1 149

R-GGAGCTGCTGAACTGGAAGCGTC

* According to Tang et al., 2007,
® According to Capiotti et al., 2013.
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Table 2
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Morphological evaluation (body length and weight) of 90 days post-fertilization zebrafish exposed to 1% ethanol during gastrula/segmentation or pharyngula. N:
number of animals; Min: lowest value found; Max: highest value found; Mean: mean of values; SD: standard deviation. *Difference from control group, p < 0.0001.

Body Length (cm) Weight (g)
N Min Max Mean sD N Min Max Mean sD
Control 24 25 3.0 267 *0.18 24 0.160 0.357 0.248 *0.04
Gastrula/Segmentation 20 18 26 219" =031 20 0.107 0.208 0.160° =003
Pharyngula 28 16 26 208" +0.22 28 0.100 0.178 0.126* +0.03
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Fig. 1. Long-term effects of 1% ethanol treatment during gastrula/segmenta- Ll CT;!L GASTRULA PHARYNGULA
tion or pharyngula phases on ecto-5-nucleotidase enzyme activity from en- TR
cephala of adult zebrafish. Data is expressed as nmol Pi min™" mg ™" of protein. 1% Ethanol
Bars represent mean + SEM of at least five experiments performed in tripli-
cate. The data was analyzed by one-way analysis of variance (ANOVA). Post
hoc comparisons were made using Tukey's test. The asterisks represent a sig- B
nificant difference from the control group at p < 0.001. “ns” means not sig-
nificant from the control group.
5 104
reduction in the gastrula stage group and 49% in the pharyngula stage g
group, in relation to control group) (p < 0.0001) (Table 2). No deaths 5 8 oo
occurred during the experiments. it 6
The hydrolysis of AMP from whole encephala of adult zebrafish was _g
persistently affected by early ethanol exposure. Ethanol exposure E 44
during the gastrula/segmentation stage promoted a 39.5% increase in o
ecto-5-nucleotidase activity from the encephala of 3-month-old zeb- % 2
rafish when compared to the control group (p < 0.001) (Fig. 1). When E i
the ethanol was given during the pharyngula stage, the ecto-5nu- © 7 GTRL  GASTRULA PHARYNGULA
cleotidase activity from encephala of adult animals was not affected B el
(Fig. 1). The profile of AMP hydrolysis from encephala of adult zebra- 1% Ethanol

fish treated during gastrula/segmentation or pharyngula stages with
ethanol was not accompanied by an alteration in ecto-5"-nucleotidase
gene expression (Fig. 2). While one of the most important sources of
adenosine formation was affected by early ethanol exposure, the dea-
mination of adenosine exerted by ecto and cytosolic adenosine deami-
nase was not affected by exposure to ethanol in both developmental
stages studied (Fig. 2). In fact, HPLC indicated that the overall con-
centration of adenosine was similar between the control and ethanol-
exposed group (p > 0.05) (Fig. 4).

4. Discussion

The activation of A; and A,, adenosine receptors can balance
neuronal activity and modulate homeostasis, as well as improve the
ability of synapses to undergo and/or keep plasticity mechanisms (Dias
et al., 2013). Alteration in the adenosinergic tonus can be triggered by
several external factors, including exposure to ethanol. Ethanol, when
given acutely, can alter adenosine levels in the brain, and several me-
chanisms have been proposed (Nagy et al., 1990; Lutte et al., 2015;
Sharma et al., 2010; Carmichael et al., 1991; Cullen and Carlen, 1992;
Carmichael et al., 1993; Allen-Gipson et al., 2009; Kim et al,, 2011).
Here, we investigated if early exposure to ethanol was able to
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Fig. 2. Long-term effects of 1% ethanol treatment during gastrula/segmenta-
tion or pharyngula phases on (A) cytosolic-ADA and (B) Ecto-ADA activities
from encephala of adult zebrafish. Data is expressed as nmol NH? min™!mg ™!
of protein. Bars represent mean + SEM of at least five experiments performed
in triplicate. The data was analyzed by one-way analysis of variance (ANOVA).
Post hoc comparisons were made using Tukey's test. “ns” means not significant
from the control group.

permanently affect adenosine production through the ecto-5"-nucleoti-
dase. While the cleavage of AMP to produce adenosine is a major im-
plication of catalytic action of ecto-5"-nucleotidase, this enzyme also
appears to have non-catalytic properties, such as acting in intercellular
adhesion, signaling, growth, proliferation, and cell migration processes,
what can generate impacts on neural development (Bianchi and
Spychala, 2003; Neary and Burnstock, 1996; Zimmermann et al., 1998;
Vogel et al,, 1991).

The developmental stage and the concentration of ethanol are im-
portant factors to define the extent of ethanol consequences on normal
development, from strong morphological impacts to subtle cognitive
outcomes (Jones and Smith, 1973; Khoury et al., 2018). The ethanol
concentration used in this study did not promote gross morphological
outcomes but reinforced one of the consequences already associated
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Fig. 3. Ecto-5-nucleotidase-related gene expression analysis from encephala of
adult zebrafish after 1% ethanol exposure during gastrula/segmentation or
pharyngula phases. RT-qPCR analyses were performed with f-actin, efla, and
ripl3a as reference genes using the 2724 method. Data is expressed as
mean * 95% Cl after performing the Shapiro-Wilk normality test and one-way
analysis of variance (ANOVA), considering p < 0.05 as statistically significant
(n = 4/group). “ns” means not significant from the control group.

ADO

0.4+
T 0.3 T
=
o
a
E 0.2
(1]
]
2 0.1

0.0 ;

CTRL  GASTRULA PHARYNGULA
—_
1% Ethanol

Fig. 4. Quantification of endogenous adenosine from whole encephala of con-
trol and ethanol-treated animals. HPLC analysis was performed with at least
three pools of four encephala from each group. The data represents the
mean *+ SEM.

with embryonic exposure to ethanol in larval zebrafish, the decrease in
body length and, consequently, the weight (Joya et al., 2014; Ramlan
et al., 2017; Muralidharan et al., 2017). The correct formation of the
body axis in vertebrates usually depends on the development of the
notochord and somites (Stemple, 2005). Zebrafish embryos start this
process in the gastrula stage, where formation of the axis and neural
plate, brain, and notochord rudiments begin (https://zfin.org/zf _info/
zfbook/stages/). The role of notochord includes cells convergence and
lengthening to settle the anterior/posterior extent of the body axis, and
it serves as a signaling center during development through the secretion
of proteins named hedgehog (Stemple, 2005; Fernandes and Gerlai,
2009; Warga and Kimmel, 1990). The suppression of the Sonic
hedgehog signaling gene (Shh-s) has been suggested to support the
morphological effects of ethanol in zebrafish (Loucks and Ahlgren,
2009; Hammerschmidt et al., 1996) and can be related to the body
length and weight decrease registered here.

Several targets can be identified as contributors of subtle effects of
ethanol early exposure, including neurotransmitters and neuromodu-
lators, such as adenosine. Lutte et al. (2015) showed that 7-day old
zebrafish larvae exposed acutely and chronically to 2% ethanol during
early development exhibited a 28% and 58% increase in ecto-5-nu-
cleotidase activity, respectively. Here, we demonstrated that this effect
persists in adulthood when exposure to 1% ethanol occurs during the
gastrula/segmentation stage, but not during pharyngula stage. The 1%
ethanol is a high concentration (171 mM) in comparison to human
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levels, which often reach 66 mM (Burd et al., 2012). The egg chorion is
an important barrier, in fact some studies indicate that the concentra-
tion in the actual embryo exposed to 1% ethanol from 6 to 24 hpf
reaches 2.7-4.2-fold lower than ethanol media levels, while embryos
exposed at 48 hpf were 5.7-6.2-fold lower (Fernandes and Gerlai, 2009;
Alli et al., 2011; Lovely et al., 2014). Several investigators consider this
ethanol concentration suitable to the study of long-lasting effects of
ethanol on brain activity (Baggio et al., 2017; Fernandes and Gerlai,
2009).

The persistence of increased ecto-5"-nucleotidase in to adulthood
without an alteration to gene expression of ecto-5"-nucleotidase raises
the concept that responses at the mRNA level did not have direct im-
pacts at the protein level or at the level of the active enzyme
(Glanemann et al., 2003) and could indicate that several types of ec-
to-5"-nucleotidase posttranslational regulations could be involved. This
enzyme is controlled in many levels, such as the allosteric control
performed by ADP, ATP, and H™ (Heylige et al.,, 1981). Also, analysis
from computational tools indicates that the ecto-5"-nucleotidase from
zebrafish presents several predictive phosphorylation sites, which could
also contribute to the increased activity (NetPhos 3.1 Server, University
of Denmark). In fact, the control of ecto-5"-nucleotidase by protein ki-
nase C was already shown in a canine heart (Node et al., 1997). Another
possibility of enzymatic control that should be further evaluated in the
context presented here is the different levels of N-glycosylation. Ec-
to-5-nucleotidase is a glycosylphosphatidylinositol-anchored raft-as-
sociated enzyme that suffers regulation from Ca®*-dependent me-
chanisms, annexin-mediated stabilization of membrane rafts, which is a
major candidate to contribute for long-term effects (Babiychuk and
Draeger, 2006). In fact, ethanol can remodel membranes in rodents and
zebrafish (Podechard et al., 2017; Tang et al., 2011).

Shan et al. (2015), showed that ethanol exposure during gastrula-
tion can alter neuronal morphology and behavior in zebrafish, mainly
by affecting excitatory synaptic and morphology associated with
mauthner cells. Here, the gastrula period appeared to be a more vul-
nerable period, and this could be a reflection of the large number of cell
migrations and the modeling of neural structures occurring during this
period (Kimmel et al., 1995). Acute and chronic exposure to ethanol
can affect expression of several cellular targets related to neuro-
transmission, such as dopamine synthesis and glutamate receptor
function (Fernandes and Gerlai, 2009; Marszalek-Grabska et al., 2018).
Here, the persistent altered ecto-5"-nucleotidase could contribute to the
deregulation of adenosine signaling and, at least in part, be implicated
in the long-term effects on brain function associated with fetal alcohol
spectrum disorders. However, impaired memory of adult zebrafish
treated with ethanol during pharyngula phase is restored with ec-
to-5-nucleotidase inhibitor (Lutte et al., 2018).

Curiously, HPLC experiments identified similar adenosine con-
centration from encephala of adult animals exposed to ethanol during
the gastrula and pharyngula stages and control animals. These data are
not expected with the altered ecto-5-nucleotidase activity and some
technical limitations could contribute to that. One of the technical
constraints is the fact that the whole adenosine content was measured
(intra and extracellular). On the other hand, this same adenosine con-
tent is in accordance with the absence of alteration on the activity of
adenosine deaminase. However, the analysis of whole brain adenosine
content could mask some regional adenosine tonus and actions, since it
has been demonstrated in several cellular sources that one of the im-
pacts of ecto-5-nucleotidase on neuromodulation is related to the
channeling of adenosine to Az, adenosine receptors, while the diffusion
of adenosine from transporters mainly acts on A; adenosine receptors
(Boeck et al., 2007; Cunha et al., 1996).

These findings raise the question of whether the purinergic system
could be a potential long-lasting target of ethanol exposure. However,
several other aspects of the purinergic system, such as adenosine re-
lease, preferential activation, sensitization, density, and transduction
efficiency of the adenosine receptors, should be analyzed under this
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context of early exposure to ethanol.
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ABSTRACT

The behavioral impacts of prenatal exposure to ethanol include lowering of 1Q, learning problems, anxiety and
conduct disorders. The purinergic system has been investigated as one of the targets of ethanol. We used
zebrafish as a model to evaluate the role of adenosine metabolism in the long-lasting behavioral effects of
ethanol. Embryos of zebrafish were exposed to 1% (v/v) ethanol in two distinct developmental stages: gastrula /
segmentation (from 5 to 24 hpf [hours post-fertilization]) or pharyngula (from 24 to 48 hpf). Ethanol-treated
animals did not show alteration on morphological or locomotor outcomes when evaluated at 3 or 12 months
post-fertilization (mpf). However, ethanol-treated animals had long-lasting behavioral effects. At adult life, the
manipulation of purinergic system was reached by pharmacological inhibition of ecto-5’-nuclectidase or
adenosine deaminase using AMPCP (150 mg/kg) or EHNA (100 mg/kg), respectively, by intraperitoneal
injection of adults. At 3 mpf, but not at 12 mpf, ethanol-treated animals from both groups exhibited anxiolytic
effect and AMPCP and EHNA did not counteract this effect. The exposure to 1% ethanol during gastrula /
segmentation did not alter aggressiveness when this behavior was evaluated at 3 or 12 mpf. However, animals
exposed to 1% ethanol at pharyngula stage increased the aggressiveness at 3 and 12 mpf and this effect was
reversed by AMPCP at 3 and 12 mpf, but not by EHNA. Social interaction was decreased in animals at 3 mpf
that received 1% ethanol during gastrula / segmentation or pharyngula stages. These alterations were recovered
by EHNA and AMPCP in those animals treated with 1% ethanol at gastrula / segmentation stage, while only
AMPCP recovered this parameter in those animals treated with 1% ethanol during pharyngula stage. Ethanol-
treated animals had no significant alterations in social interaction at 12 mpf. These results suggest that ethanol

could have adenosine metabolism as a target during early life with long-lasting behavioral effects.

Keywords: Alcohol, Development, Purinergic system, Neurodevelopment, Nucleosides.
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1 INTRODUCTION

The worldwide consume of ethanol is estimated around 10% of pregnant women (WHO, 2017). The
term alcohol-related neurodevelopmental disorder (ARND) describes a particular pattern of disordered behavior
and impaired cognitive development in children and young who did not develop physical and morphological
impacts of alcohol exposure (Comasco et al., 2018). The behavioral impacts of prenatal exposure to ethanol
include lowering of 1Q, learning problems, anxiety and conduct disorders (Streissguth et al., 1990; Khoury et al.,
2018). Several animal models were developed to contribute to a trustworthy picture of the neurobiology of
behavior sequels of ARND (Brady et al., 2012; Hellemans et al., 2010). Several cellular targets have been
related to long-lasting neurological outcomes of ethanol exposure including components of serotoninergic,
glutamatergic and dopaminergic systems (Savage et al., 2002; Samudio-Ruiz et al., 2009; Sliwowska et al.,

2014).

The purinergic system is also one of the targets of ethanol exposure but data on the relationship of
purinergic signaling and behavioral effects of ethanol are limited. Besides the activity of adenosine into energy
metabolism, epigenetic mechanisms, and the genetic transmission of information, this nucleoside exerts
important neuromodulatory role (Dunwiddie et al., 1997; Rivkees and Wendler, 2017). The extracellular levels
of adenosine is a result of several enzymatic activities, such as ecto-5’nucleotidase and ecto-adenosine
deaminase, and equilibrative and concentrative transport, controlling the availability of adenosine to the P1
receptors and, consequently, the neuromodulation of major neurotransmitter systems (Zimmermann and Braun

1999; Fredholm et al., 2005).

Acute and chronic ethanol exposure can affect adenosine metabolism and action, through production of
AMP and, consequently, adenosine during ethanol metabolism (Carmichael et al., 1991), reduction of adenosine
reuptake by inhibition of bidirectional nucleoside transporters (Krauss et al., 1993), and facilitation of the
receptor-mediated activation of adenylyl cyclase by hormones and neurotransmitters, enhancing the action of
intracellular cascade of adenosine receptors (Rabin and Molinoff, 1981). However, little is known about the
long-lasting consequences of altered metabolism and action of adenosine induced by ethanol exposure during

early brain development.

Behavior impairments caused by ethanol has been widely studied over the years in zebrafish (Danio

rerio) model (Gerlai, Lee and Blaser 2006; Echevarria, Toms and Jouandot, 2011; Sterling et al., 2016). The
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embryonic zebrafish has some advantages as a model of early ethanol exposure, for example, the easy
manipulation and clear differentiation of the developmental stages through a transparent egg (Kimmel et al.,
1995). Zebrafish neuroanatomy has many similarities to mammals, especially in areas such as the spinal cord
and hindbrain, also zebrafish shares major neurotransmitter pathways (Cheng et al., 2014). An increasing
number of studies have demonstrated that ethanol exposure affects a variety of zebrafish behaviors as anxiety
(Egan et al., 2009), aggressiveness (Gerlai et al., 2000; Gerlai, 2003), memory (Lutte et al., 2018) and social
interaction (Baggio et al., 2018), and some of these effects are long-lasting (Baggio et al., 2018; Fernandes and

Gerlai, 2009; Lutte et al., 2018).

Because adenosine is a potent neuromodulator and ethanol is able to affect adenosinergic tonus, the
objective of this research was to investigate and understand the possible association of adenosine in the long-

lasting behavioral effects caused by ethanol exposure in different stages of early development.

2 MATERIAL AND METHODS

2.1 Animals

Adult zebrafish (Danio rerio) (09-12 months-old; measuring 3.4 + 0.5 cm; 2:1 male/female ratio) were
used for obtaining fertilized eggs. Animals were housed in a re-circulating system equipped with mechanical and
biological filtration at a temperature of 28 °C and pH of 7.4. After mating, eggs were collected and kept in water
for maintenance (water from reverse osmosis reconstituted with marine salt [Instant Ocean, Blacksburg, VA] 0.4
parts per thousand) on a 14:10 light / dark cycle. After the beginning of the swimming phase, larval zebrafish
were transferred to aquariums and kept until 3 months or 12 months in proper fish densities (6—9 dpf [days post-
fertilization]: 16 fish / L; 18-22 dpf: 10 fish / L; 45 dpf or more: 5 fish / L). Animals were fed three times a day

with commercial flakes (TetraMin™, NC, USA) and supplemented with live brine shrimp.

Animals were cryoanesthetized using flocked ice immersion with water with controlled
physicochemical parameters and temperature of about 2 °C, followed by euthanasia through decapitation. All
procedures were in accordance with the National Institute of Health (NIH) Guide for the Care and Use of
Laboratory Animals (NIH Publications No. 80-23) and were approved by the Institutional Animal Care

Committee (15/00468 — CEUA PUCRS).

2.2 Ethanol treatment
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Embryos of zebrafish were exposed to 1% (v/v) ethanol (diluted in the maintenance water) in two
distinct developmental stages: gastrula / segmentation (from 5 to 24 hpf [hours post-fertilization]) or pharyngula
(from 24 to 48 hpf). The animals were exposed in groups of 50 embryos kept in Petri dishes. After the gastrula /
segmentation or pharyngula stages, animals were maintained in drug-free water until the end of the experiments
(3 or 12 months post-fertilization (mpf)). The proper fish densities were adjusted all period long (6-9 dpf [days

post-fertilization]: 16 fish / L; 18-22 dpf: 10 fish / L; 45 dpf or more: 5 fish / L).

2.3 Exposure to a,p-Methyleneadenosine 5’-diphosphate (AMPCP) or erythro-9-(2-Hydroxy-3-

nonyl)-adenine hydrochloride (EHNA)

The pharmacological treatments (AMPCP; 150 mg/kg or EHNA; 100 mg/kg) of adults were performed
by intraperitoneal (ip) injection with the use of a Hamilton microliter syringe in a volume of 10 uL per animal
(20 mL/Kkg). Prior to the injection, the adult animals were anesthetized in tricaine solution (MS-222; 100 mg/L)
(Siebel et al., 2015). The behavior analysis was performed 30 min after drug exposure. Control animals received

saline.

2.4 Locomotion and anxiety assessment

At 3 or 12 mpf, after 30 minutes of exposure to AMPCP, EHNA or saline, the locomotor and anxiety
assessments were performed. Zebrafish were placed individually in a tank (30 x 15 x 10 cm length x height x
width). After 30 seconds of adaptation, the zebrafish activity was recorded for 5 minutes and analyzed using the
video-tracking system Ethovision® XT8 (Noldus, Netherlands). The locomotor parameters analyzed were
distance traveled (m) and mean speed (m/s) (assessed only during moving time). Exploratory behavior, an
indicator of anxiety, was assessed as the time spent in the top section of tank, virtually divided into two
horizontal lines (lower and top section) (Egan et al., 2009). The locomotion and anxiety were evaluated
individually for each drug (AMPCP or EHNA) in each stage (gastrula / segmentation or pharyngula) and for

each control (no ethanol added) with 10 animals per group.

2.5 Aggressiveness assessment
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At 3 or 12 mpf, aggressive behavior was analyzed in control and ethanol-treated animal 30 minutes
after injection of AMPCP, EHNA or saline. Individually, the fishes were placed in a single tank (30 x 15 x 10
cm length x height x width) with a mirror (22 cm) positioned in the back of the tank forming a 22.5° angle (Way
et al., 2015; Gerlai et al., 2000). The fish were habituated for 30 seconds, after which the video was recorded for
8 minutes (Way et al., 2015). The tank was virtually divided into four equal sessions from which the time spent
in each zone was analyzed, with the time spent in the zone near the mirror being the sign of aggressive behavior.
The activity was analyzed using the video-tracking system Ethovision® XT8 (Noldus, Netherlands).
Additionally, was made the observation of aggressive behavior like biting, sprinting, and changes in color
pattern. Usually, attack behavior is a characteristic short bout of fast swimming directed towards the opponent

and is sometimes accompanied by opening the mouth and biting (Gerlai et al., 2000) (n = 10).

2.6 Social interaction assessment

At 3 or 12 mpf, social interaction behavior from control and ethanol-treated animals was analyzed 30
minutes after AMPCP, EHNA, and saline injections. Three tanks (30 x 15 x 10 cm length x height x width)
were placed side by side, the far left being empty, the one in the middle with the test animals, and the far right
with 15 stimulus conspecific fishes (Gerlai et al., 2000). Zebrafish were placed individually in the test aquarium
and after 5 minutes habituation, the social interaction was recorded for 10 minutes. The tank with the test fish
was separated into two equal sessions, with the social interaction indicator being the time spent in the side with
the stimulus fishes. All data were analyzed using the video-tracking system Ethovision® XT8 (Noldus,

Netherlands) (n = 10).

2.8 Statistical analysis

The normality of data was checked by D’Agostino & Pearson Omnibus normality test. Two-way
Analysis of Variance (ANOVA) was used to compare groups exposed to ethanol (during gastrula or pharyngula
stages) and AMPCP or EHNA followed by Tukey’s multiple comparisons test in behavior and locomotors
parameters. The significance levels were attributed at p < 0.05. Data were expressed as mean + standard

deviation.
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3 RESULTS

Animals treated with 1% ethanol during gastrula / segmentation or pharyngula stages did not show
morphological (data not shown) or locomotors (distance traveled and mean speed) altered outcomes when
evaluated at 3 or 12 mpf (Figure 1 and 2). The inhibitors of ecto-5’-nucleotidase (AMPCP) and adenosine
deaminase (EHNA) alone did not generate a significant effect on any locomotor parameter when compared to
the control / saline group (Figure 1 and 2). However, EHNA gave to 3 mpf animals treated with ethanol at

pharyngula stage reduced significantly the mean speed (Figure 2A).

Zebrafish treated with 1% ethanol during gastrula / segmentation or pharyngula stages had long-lasting
behavioral effects. As EHNA gave to zebrafish at 3 mpf had negative effects to locomotor activity (Figure 2A)
and to the majority of behavioral parameter altered in animals exposed to ethanol (Figures 3A, 4A, and 5A), this
inhibitor was not assessed at 12 mpf. To check the behavior related to anxiety, we have analyzed the time of
zebrafish in the upper zone of the aquarium. At 3 mpf, ethanol treated animals from both groups exhibited
anxiolytic effect, since the animals increased their time on upper zone (61% in gastrula / segmentation group and
92% in pharyngula group in comparison to control group) (p=0.0052 and p=0.0004) (Figure 3). AMPCP and
EHNA did not alter the anxiolytic effect detected in 3mpf animals exposed to ethanol during early stages of
development (Figure 3A). At 12 mpf, there is no alteration on time in upper zone between experimental groups

(Figure 3B).

Data analysis from aggressiveness indicated interaction between the factors treatment and
developmental stage of ethanol exposure [Fs.108=5.114; p=0.0003; for 3 mpf animals; F64=3.149; p=0.003, for
12 mpf animals]. The exposure to 1% ethanol during gastrula / segmentation did not alter aggressiveness when
this behavior was evaluated at 3 or 12 mpf (Figures 4AB). However, animals exposed to 1% ethanol at
pharyngula stage increased the aggressiveness at 3 [p=0.0338] and 12 mpf [p=0.0051] (76% and 137%,
respectively in comparison to control group) (Figures 4AB). This increased aggressiveness was reduced by

AMPCP at 3 and 12 mpf (4AB), but not by EHNA (Figure 4A).

Social interaction was decreased in animals at 3 mpf that received 1% ethanol during gastrula /
segmentation or pharyngula stages (Figure 5A). Animals exposed to ethanol at gastrula / segmentation stage
decreased in 20% the time in the stimulus side of the aquarium when the animals were at 3mpf (p=0.0079)
(Figure 5A). Ethanol gave to animals at pharyngula stage decreased in 33% the time in the stimulus side of the

aquarium when the animals were at 3mpf (p<0.0001) (Figure 5A). These alterations were recovered by EHNA
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and AMPCP in those animals treated with 1% ethanol at gastrula / segmentation period, while only AMPCP
recovered this parameter in those animals treated with 1% ethanol during pharyngula stage (Figure 5A). While
the factor treatment was detected as a source of variation [F(1.72=9.659; p=0.0027], the multiple comparison
between groups indicated that ethanol-treated animals had no significant alterations in social interaction at 12

mpf (Figure 5B).

4 DISCUSSION

Zebrafish have been emerged as an excellent animal model to evaluate long-term effect of early
exposure to ethanol (Fernandes and Gerlai, 2009; Buske and Gerlai, 2011; Baggio et al., 2018; Lutte et al.,

2018). Here, we evaluated the possible role of adenosine in long-term behavioral effects of ethanol.

Exposure to 1% ethanol during gastrula / segmentation or pharyngula stages did not affect locomotor
activity of animals at adult stages in agreement with the literature (Fernandes et al., 2015ab; Baggio et al., 2018;
Lutte et al., 2018). While the methods of exposure to ethanol are sensitive variable in the literature, these data

suggest that none of the long-term behavioral outcomes was affected by locomotor impairment.

Here, the results suggest an anxiolytic effect of ethanol. Ethanol exposure in the gastrula / segmentation
and pharyngula stages caused an increased time in the upper zone of the tank, indicating an increase of
exploratory behavior at 3 mpf, which was not persistent until 12 mpf. Recently, the exposure to 1% ethanol
during 2h at 24 hpf embryos of zebrafish also revealed to be able to promote anxiolytic-like behavior in adult
zebrafish (Baggio et al., 2018). This behavior could be related to the decrease of cortisol levels since, in
zebrafish the hypothalamic—pituitary—interrenal axis is fundamental to stress and anxiety responses, and involves
the cortisol hormone (Egan et al., 2009). In fact, zebrafish exposed to low doses of ethanol during development
has the cortisol levels reduced when evaluated at 6-months of age (Baiamonte et al., 2015). When the
homeostasis is altered by ethanol, zebrafish can respond adaptively by altering their metabolism, physiology and
behavior. When homeostasis is threatened by a stressor, as ethanol, a diverse suite of neuronal, endocrine, and
autonomic response mechanisms can be utilized to reestablish homeostasis (Clark, Boczek and Ekker, 2011). A
normal stress response is required for healthy living. However, intense acute, repetitive, or chronic stress may
overwhelm the ability to regain homeostasis leading to overloaded or imbalanced stress pathways (Clark, Boczek

and Ekker, 2011). The results presented here could suggest that there are adaptations to ethanol exposure and
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development alterations able to reduce the sensibility to effects of ethanol permitting that anxiolytic effects

appear in young but not adult animals.

Zebrafish is a social species and the preference for being close to a conspecific may be a result of
aggressive behavior, but it could also be due to social interaction tendencies, both of which may be influenced by
ethanol (Gerlai et al, 2000; Gerlai, 2003). To differentiate the behaviors, additionally to mirror test, was made
the observation of aggressive behavior like biting, sprinting, attack behavior and changes in color pattern. Here,
the social interaction was decreased, while aggressiveness was increased, at young adult phase of animals
exposed to ethanol during early phases of development. While the social interaction reduction was not persistent
until 12 mpf, the aggressive behavior persisted until 12 mpf in the animals exposed to ethanol during pharyngula

stage.

Thought in the morphological abnormalities, ethanol exposure during the first 24 hours of development
seems affected the zebrafish more than ethanol exposure during any other 24-hour period (Bilotta et al., 2004,
Dlugos and Rabin, 2010), our results showed that at least in behavior alterations, the pharyngula stage seems to
be the period more affected by ethanol exposition. In the pharyngula stage, the heartbeat, vascularization and
circulation in the yolk occur (Kimmel et al., 1995). Studies performed on mice and zebrafish have demonstrated
that ethanol can affect vasculogenesis and angiogenesis development that can affect neuronal activity, a
necessary prerequisite to growth and behavior development (Radek et al., 2005; Radek et al., 2008; Qian et al.,

2005).

Embryonic ethanol exposure seems alter social behavior in zebrafish across strains (AB and TU) and
likely throughout adulthood, at least from 4 months (Parker et al., 2016) up to 24 months (Fernandes,
Rampersad and Gerlai 2015b). Although in our results the social interaction reduction was not persistent until 12
mpf, studies demonstrated that zebrafish embryos that were exposed to 1% ethanol for two hours, 24 hours after
fertilization, has an impaired social interaction response with twenty four-month-old, not due to altered motor
function or visual perception, but likely to a Central Nervous System alteration affecting social behavior itself
(Fernandes, Rampersad and Gerlai, 2015b). The dopaminergic system appears to be one of the systems
impaired in adult fishes by embryonic exposure to ethanol under the above experimental conditions

(Fernandes, Rampersad and Gerlai, 2015a).
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Mahabir, Chatterjee and Gerlai, (2018) found that embryonic ethanol exposure do not have any
significant effect on the levels of glutamate, aspartate, glycine and GABA in both AB and TU zebrafish. These
and other results available from literature suggest that behavioral abnormalities resulting from embryonic ethanol
exposure may primarily be due to altered dopaminergic and serotoninergic mechanisms

(Fernandes, Rampersad and Gerlai, 2015a; Mahabir, Chatterjee and Gerlai, 2018).

Baggio et al. (2018) showed another explanation for changes in social interaction, using a positive
control, the anxiolytic drug buspirone, they showed a reduction of anxiety leads to reduction of the social
interaction response, thus, our finding of impaired social interaction response in the embryonic ethanol treated

adult zebrafish could be explained too as a result of diminished anxiety.

Studies suggest that adenosinergic systen can be involved on aggressiveness behavior. Behavioral
assessment of mice lacking adenosine A; receptors showed increased aggressiveness (Giménez-Llort et al.,
2002). Others data show that dipyridamol, an inhibitor of nucleoside transporter, antagonized this aggressiveness
behavior in mice, implying that endogenous adenosine seem to play a role in the brain in influencing the
aggressive behavior (Ushijima et al., 1984). Our results show that adenosine could be related to persistent
aggressiveness behavior, because the AMPCP inhibitor was able to reverse this behavior in 3 or 12 mpf. There
are discrepant effects of adenosine metabolism in aggressive responses and the neuronal pathways involved in
aggressive behavior clearly includes different mechanisms. The persistence of the effect in adulthood suggests
that a profound change has occurred during development in the treated animals, and this must be linked to
irreversible functional changes, presumably in the adenosine metabolism, while social interaction seems to be

temporary and linked to adenosine metabolism in the pharyngula stage, when is reverted by AMPCP.

These results suggest that ethanol could have adenosine metabolism as a target during early life with
long-lasting effect, which could be implicated in behavioral consequences. While ecto-5’-nuclectidase
modulation appears to be implicated in this process, the nucleoside transporter, another major target of ethanol,

must be evaluated regard to these late consequences.
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Fig. 1AB: The locomotor parameter distance traveled (m) evaluated at 3 mpf (A) and 12 mpf (B) was not
affected by 1% ethanol during the gastrula/segmentation and pharyngula stages. AMPCP or EHNA inhibitors
alone did not generate significant effects on any parameter or period of ethanol exposure when compared to the
control/saline group. Data were expressed as mean + S.D. and analyzed by Two-Way Analysis of Variance
(ANOVA), used to compare control and ethanol-treated animal during gastrula and pharyngula when exposed to
AMPCP or EHNA. Multiple analysis of group was performed using Tukey’s test (n = 10 animals per group per

experiments/3 experiments).

Fig. 2AB: The locomotor parameter mean speed (m/s) evaluated at 3 mpf (A) and 12 mpf (B) was not affected
by 1% ethanol during the gastrula/segmentation and pharyngula stages. AMPCP and EHNA inhibitors alone did
not generate a significant effect on any parameter or period of ethanol exposure when compared to the
control/saline group. EHNA inhibitors when used with ethanol treatment at 3 mpf in the pharyngula stage (A)
decreased the mean speed when compared to specific control (p < 0.05). Data were expressed as mean + S.D.
analyzed by Two-Way Analysis of Variance (ANOVA), used to compare control and ethanol-treated animal
during gastrula and pharyngula when exposed to AMPCP or EHNA. Multiple analysis of group was performed

using Tukey’s test (n = 10 animals per group per experiments/3 experiments).
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Fig. 3AB: Long-term effects of 1% ethanol treatment during gastrula/segmentation or pharyngula stages on time
in the upper zone (seconds) at 3 mpf (A) and 12 mpf (B). AMPCP or EHNA inhibitors alone did not generate a
significant effect on any parameter or period of ethanol exposure when compared to the control/saline group. At
3 mpf (A) the ethanol increased the time in the upper zone in all groups. Time spent in the upper zone was
registered for 5 minutes by video recording in the tank diving behavioral test. Data were expressed as mean +
S.D. and analyzed by Two-Way Analysis of Variance (ANOVA) used to compare control and ethanol-treated
animal during gastrula and pharyngula when exposed to AMPCP or EHNA. Multiple analysis of group was
performed using Tukey’s test. The asterisks represent a significant difference from the control group at *

p<0.01; ** p<0.001; ***p<0.0001 (n = 10 animals per group per experiments/3 experiments).

Fig. 4AB: Long-term effects of 1% ethanol treatment during gastrula/segmentation or pharyngula stages on
aggressiveness behavior at 3 mpf (A) and 12 mpf (B). The treatment during gastrula/segmentation stage and the
use of AMPCP or EHNA inhibitors alone did not generate a significant effect on any parameter or time when
compared to the control/saline group. In the pharyngula stage, 1% ethanol treatment caused an increase in
aggressiveness behavior that was recovered by AMPCP at 3 mpf (A) and 12 mpf (B). Data were expressed as
mean + S.D. and analyzed by Two-Way Analysis of Variance (ANOVA) used to compare control and ethanol-
treated animal during gastrula and pharyngula when exposed to AMPCP or EHNA. Multiple analysis of group
was performed using Tukey’s test. The asterisks represent a significant difference from the control group at *
p<0.05 and ** p<0.01. The hashtag represent a significant difference from the ethanol/saline group at * p<0.05 (n

= 9-10 animals per group per experiments/3 experiments).

Fig. 5AB: Long-term effects of 1% ethanol treatment during gastrula/segmentation or pharyngula stages on
social interaction behavior at 3 mpf (A) and 12 mpf (B). The use of AMPCP or EHNA inhibitors alone did not
generate a significant effect on any parameter or period of ethanol exposure when compared to the control/saline
group. The treatment during gastrula/segmentation and pharyngula stage decreased the social interaction that
was recovered by AMPCP and EHNA in the gastrula/segmentation stage and by AMPCP in the pharyngula stage
at 3 mpf (A). Data were expressed as mean + S.D. and analyzed by Two-Way Analysis of Variance (ANOVA)
used to compare control and ethanol-treated animal during gastrula and pharyngula when exposed to AMPCP or
EHNA. Multiple analysis of group was performed using Tukey’s test. The asterisks represent a significant
difference from the control group at ** p<0.01; ****p<0.0001. The hashtag represent a significant difference

from the ethanol / saline group at *** p<0.0001 (n = 9-10 animals per group per experiments/3 experiments).
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4. DISCUSSAO E CONCLUSAO

Os transtornos do espectro alcodlico fetal, apesar de totalmente preveniveis, sdo a causa
mais comum de retardo mental ndo congénito no mundo (OMS, 2017). Na fisiopatologia da
sindrome, durante a gestacdo, ocorre uma diminuicdo da transferéncia placentéaria de
aminoéacidos essenciais, vasoconstricdo placentaria causando hipoxia fetal crénica,
proliferagdo celular indiferenciada do sistema nervoso central, disfuncdes hormonais e

disfuncdes nos sistemas de neurotransmissao (Segre, Rego e Cardoso, 2017).

Embora néo esteja totalmente claro o envolvimento da adenosina nos efeitos causados
pela exposicdo ao etanol durante o desenvolvimento, alguns trabalhos j& mostraram que a
adenosina € um componente importante e essencial no controle do desenvolvimento
embrionario, fetal e da organogénese (Fumagalli et al., 2017). A relacéo das perturbacdes na
sinalizacdo adenosinérgica e a exposicdo ao etanol durante as fases inicias do
desenvolvimento do sistema nervoso tem sido alvo crescente na pesquisa no decorrer dos

altimos anos (Tchekalarova, Kubova e Mares, 2014; Rivkees e Wendler, 2017).

No primeiro capitulo desta tese, uma possivel alteracdo no tonus adenosinergico
causado pela exposicdo embriondria ao etanol, poderia alterar a neuromodulacdo de
componentes importantes na formagdo da memdria, uma vez que, foi mostrado que o ajuste
nos niveis de adenosina através da inibicdo da enzima ecto-5"-nucleotidase parece restaurar a

aquisicdo de memoria em animais adultos, expostos ao etanol no estagio da faringula.

Em humanos, em qualquer periodo gestacional, o etanol pode causar efeitos no sistema
nervoso central (SNC) fetal, sendo esses, possivelmente mais graves nas primeiras cinco
semanas (Maier e West, 2001; Jones e Bass, 2003). Em peixe-zebra, pode-se perceber que
alteracdes morfoldgicas severas, embora possam ocorrer em ambos 0s estagios, parecem estar
mais suscetiveis a acontecer quando a exposicdo ao etanol ocorre no estagio de gastrula /
segmentacdo, quando acontece a organogénese primaria e morfogénese (Arenzana et al.,
2006; Kimmel et al., 1995). Enquanto que concentraces menores de etanol, como neste
estudo, parecem ter mais efeitos no desenvolvimento do cérebro e refinamento neural que

ocorrem no estagio de faringula (Carvan et al., 2004; Kimmel et al., 1995).
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Pesquisas ja& mostraram que os efeitos estruturais de altas concentracfes de etanol no
SNC incluem a atrofia cerebral com microcefalia, alteragdes estruturais de forma e tamanho
do corpo caloso, incluindo agenesia, diminui¢do do volume dos génglios basais e hipoplasia
do cerebelo e do hipocampo (Medina, 2011) e pode ocorrer microcefalia e / ou microencefalia
consequentes a diminuicdo do crescimento cerebral (Jones e Bass, 2003). Embora ndo tenha
sido observada méa-formacao corporal severa em animais expostos tanto no estagio de gastrula
/ segmentacdo quanto no estagio de faringula, foi verificado que o comprimento corporal e a
area encefalica foram menores nos animais tratados, comparando com os controles, €, além
disso, proporcionalmente ao tamanho total do encéfalo, estruturas como telencéfalo e cerebelo

sofreram uma diminui¢do no tamanho.

Para evitar que qualquer consequéncia da exposicdo ao etanol pudesse afetar os
parametros comportamentais avaliados, foi analisada a locomog¢édo dos animais. Os dados
locomotores atestaram a ndo manifestagdo de qualquer prejuizo capaz de interferir na

avaliacdo dos parametros mneménicos.

Este trabalho, além de mostrar que a exposicdo embrionaria ao etanol pode causar
prejuizos na memoria durante a vida adulta, sugere que os mecanismos de modulacdo dos
niveis de adenosina estdo envolvidos nestes efeitos em longo prazo, sendo que a modulacéo

da enzima ecto-5"-nucleotidase parece exercer um papel chave neste processo.

Estudos confirmaram a proximidade da ecto-5"-nucleotidase e dos receptores de
adenosina A, no estriado de roedores e mostram que a formacao de adenosina extracelular
mediada pela ecto-5"-nucleotidase € a principal responsavel pela ativacdo da funcdo dos
receptores de adenosina A;a do estriado (Augusto et al., 2013). J& foi demonstrado que a
ativacdo dos receptores de adenosina A;a parece estar associada a prejuizos na memoria, em
especial na aquisicdo da memoria (Kim e Ruy, 2008; Pereira et al., 2005). Em todos 0s
vertebrados, o estriado é uma das subdivisdes do subpalio que faz parte do telencéfalo. O
subpalio é umas das regides de controle do comportamento e cognicdo e estudos relatam a
regido do telencéfalo como area essencial para aquisicdo de memoria aversiva em peixe-zebra
(Rink e Wullimann, 2001; Lal, 2013).

Juntos, esses achados ddo suporte para uma possivel via pela qual o metabolismo da

adenosina pode atuar sobre as alteracbes mnemadnicas encontradas no nosso estudo, onde o



65

uso do inibidor da ecto-5"-nucleotidase, possivelmente causou a diminuicdo dos niveis de
adenosina, consequentemente diminuindo a ativacdo dos receptores A,a € recuperando o
déficit de memoria causado pelo aumento da adenosina extracelular em consequéncia da
exposicdo embrionaria ao etanol. Nossos resultados corroboram com Kim e Ruy (2008) que
relatam que a ativagdo dos receptores A, causam prejuizo na aquisicdo da memoria, mas ndo
na consolidacdo, assim como nossos resultados mostraram que o uso do inibidor da ecto-5"-

nucleotidase foi capaz de recuperar a aquisicdo da memdria, mas ndo a consolidacao.

No segundo capitulo, seguindo o raciocinio de que a enzima ecto-5"-nucleotidase,
parece estar envolvida nas alteragdes causadas pelo etanol, e com base no fato de que ja
haviamos constatado aumento nos niveis desta enzima aos 7 dpf de larvas expostas ao etanol
(2%) durante o desenvolvimento (Lutte et al., 2015), tivemos por objetivo verificar se a
exposi¢cdo ao etanol (1%) e em dois estagios distintos do desenvolvimento causariam um
aumento na atividade da enzima persistente até a vida adulta, quando muitas alteracGes
comportamentais sdo manifestadas. Como resultado, obtivemos o persistente aumento na
atividade da enzima nos animais expostos ao etanol 1% no estagio de gastrula / segmentacdo,
no entanto, sem alteracdo na expressao génica da mesma, 0 que corrobora com pesquisas que
levantam a hipdtese de que o aumento nos niveis de RNAmM podem néo ter impacto direto nos
niveis da enzima ativa (Glanemann et al., 2003) e que outras formas de regulagdo pos-

traducionais poderiam estar envolvidas.

A realizacdo da quantificagdo da adenosina por HPLC aos 3 mpf ndo mostrou
diferencas significativas nos niveis de adenosina enddgena entre controles e animais expostos
ao etanol, embora a atividade da enzima ecto-5"-nucleotidase mostrou-se elevada nos animais
expostos ao etanol no estagio de gastrula / segmentacdo, o que poderia levar ao aumento da
adenosina extracelular. Entretanto, este resultado esta de acordo com a auséncia de alteracédo
na atividade da enzima adenosina deaminase e deve-se levar em conta que a adenosina
quantificada corresponde a adenosina enddgena total (intra e extracelular) o que poderia
mascarar acdes regionais da adenosina. Além disso, estudos mostram que o aumento da
atividade da ecto-5"-nucleotidase, pode ter como destino final, outras funcGes que ndo a
clivagem do AMP em adenosina, como por exemplo, fungcdes ndo cataliticas como adesao
intracelular, sinalizacdo, crescimento, proliferacdo e migracdo celular que podem impactar no
desenvolvimento neural (Bianchi e Spychala, 2003; Neary and Burnstock, 1996;

Zimmermann et al., 1998; Vogel et al., 1991).
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No terceiro capitulo, foram realizados experimentos comportamentais com peixe-zebra
aos 3 e 12 mpf, apds exposicdo ao etanol nos estagios de gastrula / segmentacdo e faringula.
Foi constatado que a locomogdo ndo sofre alteracdes significativas, enquanto o parametro
ansiedade ¢ alterado aos 3 mpf, tanto em animais expostos ao etanol no estagio de géstrula /
segmentacdo, quanto no estagio de faringula, porém este efeito ansiolitico ndo se manteve até
0s 12 mpf. O uso de inibidores das enzimas ecto-5"-nucleotidase e adenosina deaminase néo
causou nenhum efeito significativo sobre os parametros de ansiedade dos animais. Estudos
realizados por Baggio et al. (2018) também demonstraram um efeito ansiolitico em animais
adultos com 4 mpf, causado pela exposi¢do ao etanol por 2 horas, 24 hpf, um periodo que
abrange o fim do estagio de gastrula / segmentacdo e inicio do estagio de faringula. Em
resultados anteriores, com o mesmo protocolo de exposigéo e idade de avaliagdo, Baggio et al.
(2017) encontraram um prejuizo no transporte de glutamato que poderia estar ligado as

alteracOes nos parametros de ansiedade.

Segundo estudos de Egan et al. (2009), a diminui¢cdo dos niveis de cortisol causada pela
exposicdo ao etanol também pode ser um dos mecanismos envolvidos neste efeito ansiolitico,
ja que niveis elevados de cortisol estdo relacionados ao estresse. A exposicdo pré-natal ao
etanol em humanos e ratos parece induzir a adaptacdes duradouras em multiplos niveis dentro
do eixo HPA (Hellemans et al., 2010; Glavas et al., 2007), e em peixe-zebra, o efeito
ansiolitico da exposicdo ao etanol durante o desenvolvimento tem sido mostrado como

duradouro até o 6 mpf (Baiamonte et al., 2016).

O efeito ansiolitico registrado aos 3 mpf em animais expostos ao etanol no inicio do
desenvolvimento ndo persistiu aos 12 mpf, isso pode ser devido a uma série de fatores que
precisam ser aprofundados. Possivelmente estes fatores envolvam o préprio desenvolvimento
dos animais, o ambiente de crescimento e a diminuicdo na manipulacdo, visto que
recentemente foi mostrado que o ambiente enriquecido, ou seja, o fato de haver uma melhora
no ambiente é capaz de modular e reduzir a vulnerabilidade ao estresse no peixe-zebra
(Marcon et al.,, 2018). O sistema dopaminérgico também tem sido ligado a estados de
ansiedade em peixes-zebra jovens e adultos e pesquisas recentes mostram que o0
envelhecimento do peixe-zebra pode estar associado a déficits nos transportadores de
dopamina e a um estado de ansiedade (Kacprzak et al., 2017), o que colabora com o fato de

que o efeito ansiolitico do etanol pode ser diminuido pelo envelhecimento.
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Os reflexos sobre o comportamento de agressividade foram diferentes quanto a fase de
exposicdo ao etanol. O tempo na zona proxima ao espelho, utilizado como indicador de
agressividade, foi aumentado apenas nos animais expostos ao etanol no estagio de faringula
tanto aos 3 quanto aos 12 mpf. Em ambas as idades este efeito foi revertido com a inibicdo da
ecto-5"-nucleotidase, embora a poténcia deste efeito seja diferente em cada estagio de
desenvolvimento. O estdgio da faringula, mais uma vez se mostrou o0 mais suscetivel para
levar a alteracGes comportamentais quando se usam concentragdes baixas de etanol. Embora o
sistema purinérgico ndo seja extensivamente estudado quando se trata de comportamento
agressivo, diferente do que observamos no parametro ansiolitico, as alteracbes na
agressividade parecem estar de alguma forma ligadas as interagdes com o metabolismo da
adenosina, visto que a possivel alteracdo dos seus niveis parece reverter 0 comportamento
agressivo causado pela exposicdo ao etanol no estdgio da faringula, poréem ainda séo
necessarios mais estudos para aprofundar o conhecimento acerca dos mecanismos envolvidos
neste processo. Ja ha dados bem consolidados que mostram alteracbes na expressdo de
receptores de adenosina e aumento da agressividade, como por exemplo, em camundongos
knockout para os receptores A; que apresentam um comportamento mais agressivo (Giménez-
Llort et al., 2002). Além disso, a adenosina pode interagir e participar de diversos
mecanismos com diferentes sistemas de neurotransmissdo, entre eles o0s sistemas
dopaminérgico, gabaérgico e serotoninérgico (Werner e Covefias, 2017), que segundo uma
recente revisdo de Gutwinski, Heinz e Heinz (2018) estdo ligados ao comportamento

agressivo causado pelo consumo do etanol.

Na avaliacdo da interacdo social, a exposi¢do ao etanol levou a uma diminuicdo deste
parametro quando analisado em ambos o0s estagios de desenvolvimento analisados.
Entretanto, este parametro foi revertido no estagio de gastrula / segmentacdo tanto pela
inibicdo da ecto-5"-nucleotidase quanto pela inibicdo da adenosina deaminase, enquanto no
estagio de faringula, apenas a inibicdo da ecto-5"-nucleotidase reverteu esse parametro aos 3
mpf. As alteraces na interacdo social ndo foram persistentes até os 12 mpf. O peixe-zebra é
conhecido por naturalmente formar grupos, um comportamento chamado shoaling (Miller e
Gerlai, 2011) que ¢ alterado pela exposi¢do ao etanol, mesmo em baixas concentracoes, sendo
essa alteracdo persistente até a vida adulta (Fernandes, Rampersad e Gerlai, 2015). Nossos

resultados mostram que tanto a inibicdo da ecto-5"-nucleotidase, a qual pode reduzir os niveis

.....
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niveis de adenosina extracelular reverteram as alteragdes na interagdo social, pelo menos nos
animais expostos no estagio de gastrula / segmentacdo. Tal resultado intrigante, nos leva a
crer que outros mecanismos compensatorios possam estar agindo na regulacdo dos niveis
extracelulares de adenosina, como 0s transportadores de adenosina ou que outros sistemas de

neurotransmissao estejam envolvidos no processo.

Sabe-se que imagens de coespecificos induzem a uma réapida elevacdo dos niveis de
dopamina e DOPAC no cérebro do peixe-zebra, mas isso parece ndo acontecer em animais
que foram expostos ao etanol durante o desenvolvimento embrionario (Fernandes, Rampersad
e Gerlai, 2015). Embora Fernandes, Rampersad e Gerlai (2015) mostrem um efeito persistente
na diminuicdo da interacdo social até os 2 anos ap0s a exposicdo ao etanol, nas nossas
condicdes de exposicdo, a diminuicdo na interacdo social ndo foi persistente até os 12 mpf,

isso pode ter ocorrido devido as diferencas nos estagios e tempo de exposicao ao etanol.

No presente estudo foi possivel observar que as intervengbes na sinalizagédo
adenosinérgica na fase embrionaria resultaram em alteraces no sistema nervoso capazes de
causar, no peixe-zebra, alteragdes mnemdnicas, bioguimicas e comportamentais induzidas
pela exposicdo ao etanol, mesmo em um longo periodo ap6s a interrupcdo da
exposicdo. Além de ter efeitos por si sO, a capacidade da adenosina de interferir na liberacao
e sinalizacdo de outros neurotransmissores como GABA, glutamato e dopamina, faz com que
perturbacGes em suas concentracbes possam causar alteracfes significativas na sinalizacéo
exercida por esses neurotransmissores, principalmente na fase inicial do desenvolvimento
(Delic e Zimmermann, 2010; Ferreira et al., 2014; Fredholm e Svenningsson, 2003; Popoli et
al., 2003).

Com base em todas as questdes discutidas nesse trabalho, fica evidente que a maioria
das alteracdes podem ocorrer em ambas as fases de exposicao ao etanol e que a adenosina tem
um importante papel na formacdo da rede neural e alteracGes na sua sinalizacdo durante esse
processo sao altamente danosas e duradouras. Além disto, a participacdo do controle da ecto-
5’-nucleotidase parece ser um requisito importante para restauracdo de parametros
mnemonicos e comportamentais afetados pelo etanol. O processo de aquisicdo de memoria,
mas ndo a consolidacdo, parece estar mais ligado ao metabolismo da adenosina, uma vez que
0 uso do AMPCP foi capaz de recuperar o prejuizo causado pela exposicéo ao etanol na fase

da faringula. Como o aumento da atividade da ecto-5"-nucleotidase foi visto apenas na
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gastrula, possivelmente, neste pardmetro também estejam envolvidas alteracdes nos
transportadores de adenosina, pois o controle do tdénus adenosinérgico ndo € atribuicdo
exclusiva desta enzima e a participagdo de transportadores de nucleosideos neste contexto de
efeitos em longo prazo do etanol deve ainda ser explorado.

Tais dados poderdo contribuir para o embasamento acerca da suscetibilidade do
cérebro em desenvolvimento a altera¢fes no ténus adenosinérgico, as quais podem ocorrer em
situacOes que ainda sdo comuns, como a exposi¢cdo ao etanol durante a gestacdo. Dados de
estudos de ciéncia basica acerca da exposicdo gestacional ao etanol sdo subsidios importantes
para a conscientizacdo de gestantes sobre 0s potenciais riscos da exposi¢do ao etanol mesmo
que em baixas concentracdes, além de permitir avancar nos estudos em busca de um manejo

adequado das sequelas da exposicdo embrionaria ao etanol.
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ANEXO A - APROVACAO DA COMISSAO DE ETICA

metabolismo da adenosina hos efe tosvcfo
embrionaria ao etanol em peixe-zebra (Danio r
Sua investigagao, respeitando com detalhe as descrigoes oontld ‘
ulérios avaliados pela CEUA, esta autorizada a partir da presente data. ) =
Informamos que é necessério o encaminhamento de relatorio final quando
 finalizar esta investigagao. Adicionalmente, ressaltamos que conforme previsto na Lei
no. 11.794, de 08 de outubro de 2008 (Lei Arouca), que regulamenta os
procedimentos para o uso cientifico de animais, € fungao da CEUA zelar pelo
cumprimento dos procedimentos informados, realizando inspegdes periédicas nos

locais de pesquisa.

N° de Animais Espécie Duragao do Projeto
1.901 Danio reric 09/2015 — 09/2019 !
Atenciosamente,

=
Prof. Dr. Joao Batista Blessmann Weber
Coordenador da CEUA/PUCRS
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