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RESUMO

As doencas neurodegenerativas mais prevalentes séo a doenga de Alzheimer (DA) e a doenca
de Parkinson (DP) afetando cerca de 35 e 10 milhGes de pessoas no mundo, respectivamente.
Essas patologias sdo caracterizadas pelo deposito de proteinas em células neuronais e pela
perda progressiva da fungdo ou estrutura no sistema nervoso central (SNC). Estudos tém
mostrado que o sistema purinérgico estd envolvido nos mecanismos relacionados a DA e DP.
A sinalizac&o purinérgica é mediada pela acdo do ATP e da adenosina através da ativagdo dos
receptores P2 e P1, respectivamente. Os niveis de nucleotideos e de nucleosideos séo
modulados pela acdo enzimatica das ectonucleotidases, especialmente pela ecto-nucleosideo
trifosfato difosfoidrolases (NTPDases) e ecto-5'-nucleotidase (EC-5"-Nt). Estas enzimas
hidrolisam ATP em adenosina, que é subsequentemente desaminado pela enzima adenosina
deaminase (ADA) a inosina. A adenosina é descrita como importante neuromodulador e
neuroprotetor do SNC e sua modulagdo tem se mostrado uma alternativa promissora para o
tratamento de doengas neurodegenerativas. Com isso, este estudo visa avaliar parametros
comportamentais em modelos de déficit cognitivo induzidos por escopolamina, por 6-
hidroxidopamina e por paraquat em peixe-zebra, e estudar o possivel efeito desses modelos
sobre o sistema purinérgico. Nossos resultados, utilizando o modelo farmacoldgico de déficit
cognitivo induzido por escopolamina em peixe-zebra adulto, mostraram que os inibidores
seletivos e ndo seletivos dos receptores de adenosina (Cafeina, ZM241385 e DPCPX)
preveniram o déficit causado pela escopolamina. Os mesmos resultados foram encontrados
para o inibidor do transportador de adenosina (dipiridamol) e inibidor da ADA (EHNA).
Esses dados suportam a hipdtese de que a sinalizacdo adenosinérgica pode modular o
processamento da memoria. Nosso estudo também caracterizou um novo modelo
experimental de neurodegeneracéo, tratando peixes-zebra adultos cronicamente com paraquat
(Pg), herbicida associado aos sintomas da DP. O tratamento consistiu de seis injecdes
intraperitoniais nas doses de 10 ou 20 mg/kg a cada trés dias. O comportamento locomotor foi
avaliado 24 horas ap6s cada injecdo e mostrou uma diminuicdo em ambas as doses. O angulo
de giro também foi avaliado 24 horas ap0s cada injecdo e demonstrou diferenca entre as doses
administradas. Comportamentos ndo motores como ansiedade e interacdo social nao
apresentaram diferenca significativa ap6s o tratamento cronico com Pg. No entanto, 0s
animais tratados com Pq demonstraram deéficit de memoria em tarefa de labirinto em Y
comparados com o grupo controle. Além dos dados comportamentais, nossos resultados
mostraram um aumento nos niveis de dopamina, enquanto os de DOPAC diminuiram nos
animais tratados com Pg, mostrando mudan¢a no metabolismo. Ja a tirosina hidroxilase ndo
apresentou diferenca significativa entre animais do grupo controle e tratados, porém a
expressao do transportador de dopamina diminuiu no grupo tratado com 10 mg/Kg de Pq, ndo
havendo alteracdo na maior dose. Nosso estudo também investigou os efeitos da exposicdo
crénica do Pg e da neurotoxina 6-hidroxidopamina (6-OHDA), comumente usada como
modelo animal de DP, sobre o metabolismo extracelular de nucleosideos e nucleotideos. Duas
doses de 6-OHDA foram testadas, 25 e 50 mg/kg, e os animais foram eutanasiados seis dias
apos a exposicdo. Nossos dados mostraram que o Pq ndo alterou a atividade das NTPDases e
EC-5"-Nt ou os niveis extracelulares de ATP, ADP e AMP. No entanto, o tratamento crénico
com Pq diminui os niveis extracelulares de adenosina e aumentou os niveis de inosina. Os



peixes tratados com 6-OHDA ndo apresentaram altera¢des na atividade das NTPDases e EC-
5-Nt, bem como nos niveis de ATP extracelular nas duas doses testadas. Porém, houve
mudangas nos niveis de ADP e uma diminuigdo, em ambas as doses, nos niveis de AMP. Ja
0s niveis extracelulares de adenosina e inosina apresentaram um aumento. Estes dados
sugerem que o sistema purinérgico pode ser modulado de forma diferente em animais
experimentais com sintomas de Parkinson. Além disso, este trabalho também apresentou um
novo modelo de neurodegeneracdo utilizando o Pq além de reforcar o envolvimento do
sistema purinérgico e o seu potencial farmacoldgico sobre doengas neurodegenerativas.

Palavras-chaves: adenosina. déficit cognitivo. doengas neurodegenerativas. peixe-zebra.
sistema purinérgico.



ABSTRACT

Alzheimer disease (AD) and Parkinson disease (PD) are the two most common
neurodegenerative disorders affecting around 35 and 10 million people worldwide,
respectively. These disorders are characterized by neuronal protein deposits and progressive
loss of function or structure of central nervous system (CNS). Studies have shown that
purinergic system is involved in mechanisms associated with neurodegenerative diseases such
as AD and PD. The purinergic signaling is meditated by ATP and adenosine through
activation of purinoceptors P2 and P1, respectively. The nucleotide and nucleoside levels are
modulated by the action of the ectonucleotidase family, especially by ecto-Nucleoside
triphosphate diphosphohydrolases (NTPDases) and ecto-5"-nucleotidase (EC-5"-Nt). These
enzymes hydrolyze ATP to adenosine, which is subsequently deaminated by the enzyme
Adenosine Deaminase (ADA) to inosine. Adenosine is described as an important
neuromodulator and neuroprotective of CNS, and its modulation has proven to be a promising
alternative for the treatment of neurodegenerative diseases. Thus, this study aims to evaluate
behavioral parameters in models of cognitive impairment induced by scopolamine, 6-
hydroxydopamine, and paraquat in zebrafish and study the possible effect of these models on
the purinergic system. Our results, using a model of pharmacological cognitive impairment
induced by scopolamine in adult zebrafish, showed that selective and non-selective inhibitors
of adenosine receptors (Caffeine, ZM241385, and DPCPX) prevented the cognitive deficit
induced by scopolamine. The same results were found for the adenosine transporter inhibitor
(dipyridamole), and ADA inhibitor (EHNA). These data support the hypothesis of
adenosinergic signalling can modulate memory mechanisms. We also developed a new
experimental model of neurodegeneration by treating adult zebrafish chronically with
paraquat herbicide (Pq) that results in symptoms of PD. Treatment consisted of six ip.
injections of Pq in doses of 10 or 20 mg/kg and each injection was administered every three
days. Locomotor behavior was assessed 24 hours after each injection and showed a decrease
in both doses. The turn angle was also evaluated and showed difference between the doses
administered compared to control group. Non-motor behaviors such as anxiety and social
interaction were not significantly different after chronic treatment with Pq. However, after Pq
exposure, the animals showed a deficit in Y-maze task memory. Apart from the behavioral
data, our results presented an increase on dopamine levels, whereas DOPAC decreased in the
experimental group showing change in dopamine metabolism. The amount of tyrosine
hydroxylase demonstrated no significant difference between control and treated fish;
however, dopamine transporter expression decreased in the group treated with 10 mg/kg Pq,
and there was no change at the highest dose. Our study also evaluated the effect of chronic
exposure of Pq and 6-hydroxydopamine (6-OHDA) neurotoxins, commonly used as an animal
model of PD, on extracellular nucleotide and nucleoside metabolism. Two doses of 6-OHDA
were tested, 25 and 50 mg/kg, and the animals were sacrificed at six days after exposure. Our
data showed no changes in ectonucleotidase activities or ATP, ADP and AMP levels after
exposure to Pg. However, a decrease of extracellular adenosine and increase in inosine levels
were observed when compared to the control group. The 6-OHDA treatment did not affect the
activity of NTPDase, EC-5"-Nt, and ATP levels in both tested doses. In contrast to the
previous results, ADP levels were different for each dose used, while the AMP levels



decreased in both doses. The adenosine and inosine showed an increase in both doses of 6-
OHDA tested in zebrafish brains. These data suggest that the purinergic system can be
modulated differently in experimental animals with symptoms of Parkinson's disease. In
addition, this study also presented a new model of neurodegeneration using the Pg and
confirms the involvement of purinergic system on neurodegeneration as well as its
pharmacological potential in neurodegenerative diseases.

Keywords: adenosine. cognitive impairment. neurodegenerative diseases. zebrafish.
purinergic system.



LISTA DE ABREVIATURAS
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1. INTRODUCAO

1.1 Doencas neurodegenerativas

O termo doencas neurodegenerativas descreve uma variedade de condigdes
hereditarias e esporadicas caracterizadas por disfuncdo progressiva do sistema nervoso,
resultante da degeneracdo de neurdnios no encéfalo ou na medula espinhal. O inicio da
degeneracdo neuronal ¢ marcado por sintomas leves, como problemas relacionados a
coordenacdo ou & memoria. A medida que a neurodegeneracdo acelera, os sintomas pioram
progressivamente (Migliore e Coppede, 2009). O envelhecimento € o maior fator de risco para
o desenvolvimento de doencas neurodegenerativas, pois ndo somente torna os pacientes mais
propensos a estas desordens, como tambem prejudica a capacidade de reparo celular neuronal
(Hindle et al., 2010). Alem do envelhecimento, a agregacdo anormal de proteinas no
citoplasma ou no nucleo das células do encéfalo também representa uma caracteristica
comum dessas patologias (Woulf, 2008). As doencas neurodegenerativas mais comuns séo a

doenca de Alzheimer e a doenca de Parkinson, descritas a seguir.

1.1.1 Doenca de Alzheimer

A doenca de Alzheimer (DA), caracterizada pela primeira vez por Alois Alzheimer em
1907, é uma neurodegeneracdo progressiva associada a deterioracdo cognitiva e a deméncia
(Goeder e Guetti, 2007; Selkoe, 2001). A prevaléncia global da deméncia foi avaliada pelo
estudo Delphi, o qual mostrou que em 2001 mais de 24 milhGes de pessoas possuiam
deméncia e que este nimero aumentaria para 42,3 milhdes em 2020 (Ferri et al., 2005). Uma
revisao recente, realizada com dados da literatura global entre os anos de 1980-2009, estimou
que a deméncia afeta cerca de 35,6 milhdes de individuos no mundo, e que este numero
podera chegar a 115,4 milhdes em 2050 (Prince et al., 2013).

A DA é neuropatologicamente caracterizada pela presenca de dois tipos de depdsitos
de proteinas: B amiloide (AP) e TAU. Os peptideos AP sdo produtos naturais do metabolismo,
originados atraves da protedlise da proteina precursora amiloide (APP) pelas enzimas -
secretase, [-secretase e y-secretase. A a-Secretase compde a via ndo amiloidogénica,

produzindo o peptideo AP soltvel, por clivar o APP no dominio amiloide. As outras duas
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enzimas compdem a via amiloidogénica, produzindo o peptideo AP patogénico; a [3-secretase
com atividade que se origina de uma aspartil protease chamada enzima de clivagem de APP
com sitio beta (BACE1); e a y-secretase, uma proteina com sitio catalitico complexado com
presenilina (Hass e Selkoe, 2007; Vassar et al., 1999). Estas enzimas produzem os peptideos
AP com diferentes nimeros de aminoacidos, sendo os mondmeros com 40 aminoacidos
(AB40) mais abundantes do que os com 42 aminoacidos (AB42) (Blennow et al., 2006; Jarrett
et al., 1993). Na DA, hd um desequilibrio no metabolismo dos peptideos AP, ocorrendo
acumulo e deposito desses peptideos, principalmente o AP42, em placas fibrilares, também
chamadas de placas amiloide (Hardy e Selkoe, 2002; Hass e Selkoe, 2007).

Outra proteina associada a DA é a TAU. A TAU é uma proteina axonal normal,
solavel, que se liga a microtibulos através dos seus dominios promovendo, assim, a
montagem e a estabilidade dos microtabulos. A fosforilacdo da TAU é regulada pelo balanco
entre quinases e fosfatases (Igbal, 2005). Em niveis normais, a TAU contém de 2 a 3 mols de
fosfato por mol de proteina para sua atividade 6tima (Kopke et al., 1993). Na DA, ocorre a
formacdo de agregados insoliveis da TAU que rompem a estrutura dos neurénios. Os
mondmeros de TAU primeiramente se ligam para formar oligdmeros, que entdo se agregam
em folhas B, formando os emaranhados neurofibrilares. Nesses emaranhados, a TAU se
encontra hiperfosforilada chegando a 6-9 mols de fosfato por mol de proteina (Ksiezak-
Reading et al., 1992). O mecanismo envolvido nesse aumento da fosforilagdo ainda néo foi
elucidado, mas ha evidéncias de que a hiperfosforilacdo parece ser importante na reducéo da
afinidade da TAU pelos microtubulos (Meraz-Rios, 2010).

Além da deposicdo de proteinas, a DA vem sendo caracterizada como de inicio
precoce ou familiar e de inicio tardio ou esporadico. A DA de inicio precoce representa de 5 a
10% dos casos de Alzheimer acometendo uma populacdo em idade adulta inferior a 65 anos.
Trés genes sdo considerados os principais fatores de risco para o desenvolvimento da DA
familiar: proteina precursora amiloide (APP), presenilina 1 (PSENL1) e presenilina 2 (PSEN2).
Mutacgdes nesses genes podem resultar em alteracbes na produgdo da proteina f amiloide,
levando a apoptose de neurdnios e a deméncia (Bertan e Tanzi, 2005; Tanzi et al., 1992). Por
outro lado, a DA de inicio tardio ou esporadico, principal forma da DA, que acomete
individuos com mais de 65 anos, possui diversos genes ja identificados como potencial risco
para desenvolvimento da doenga (Barral et al., 2012; Bettens et al., 2013; Hollingworth et al.,
2011). Dentre eles, o de maior destaque é o gene da apolipoproteina E (APOE), maior
carreador de colesterol no cérebro, envolvido na manutencao e no reparo neuronal. Pacientes

com DA apresentam alta frequéncia do alelo ¢4 da APOE. Este alelo estd associado a
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mudangas na estrutura da APOE, resultando em mudangas conformacionais associadas a
morte neuronal e & neurodegeneracgdo (Bu, 2009; Mahley e Huang, 2009).

Além dos fatores genéticos, a DA esporadica esta associada a outras anormalidades
como disfungdo mitocondrial, aumento do estresse oxidativo, falha no metabolismo
energético, neuroinflamacdo e distdrbios em varios sistemas de neurotransmissdo (Ferrer,
2012). Dentre os sistemas de neurotransmissdo, o sistema colinérgico estd fortemente
relacionado com os sintomas de DA (Giacobini, 2003).

O sistema colinérgico tem um papel importante nas funcbes de aprendizado e de
memoria, na manutencdo da atividade cortical e no fluxo sanguineo cerebral (Schlieb e
Arendt, 2006). Estudos mostraram que, na DA, ocorre perda precoce e progressiva de
neurdnios colinérgicos, principalmente no prosencéfalo basal e no hipocampo (Auld et al.,
2002; Schliebs, 2005), diminuicdo da liberagdo de  acetilcolina (ACh), principal
neurotransmissor do sistema colinérgico, bem como da expressdo dos seus receptores
muscarinicos e nicotinicos em pacientes com DA (Court et al., 2001; Mulugeta et al., 2003).
Esses estudos estdo de acordo com a hipotese colinérgica que associa a deterioracao cognitiva
com a diminuicdo dos niveis de acetilcolina, devido a sua rapida hidrélise pela
acetilcolinesterase (AChE) (Bartus et al., 1982).

A partir da hipdtese colinérgica, estratégias para aumentar a disponibilidade de
acetilcolina na fenda sindptica comecaram a ser estudadas. Com isso, os inibidores da
acetilcolinesterase (AChel) foram introduzidos na préatica clinica para o tratamento
sintomatico da DA. Esses inibidores aumentam a funcéo colinérgica central pela inibicdo das
enzimas que degradam a acetilcolina, aumentando, assim, a disponibilidade da ACh para
estimular os receptores nicotinicos e muscarinicos no cérebro (Casey et al, 2010).

Além dos inibidores da acetilcolinesterase, a memantina, um antagonista nao
competitivo dos receptores NMDA, também é usada no tratamento da DA (Wilcock, 2003).
Apesar dos investimentos em pesquisa para o0 desenvolvimento de novos farmacos para
diminuir os sintomas ou a cura da DA, moléculas e imunoterapias ndao tém mostrado
efetividade nos ensaios clinicos tardios (Cummings et al., 2014), sendo esta uma area de

grande interesse para a pesquisa e desenvolvimento de novos medicamentos.

1.1.2 Doenca de Parkinson

A doenga de Parkinson (DP) é uma desordem neurodegenerativa de alta prevaléncia.

Estima-se que mais de 10 milhdes de individuos no mundo vivam com essa patologia (Hindle
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2010). A DP, segunda desordem neurodegenerativa mais comum apés a DA, afeta cerca de
2% da populagdo com 65 anos ou mais, aumentando para 3 a 5% da populagédo em individuos
acima dos 85 anos (De Lau e Breteler, 2006; Hindle, 2010).

A DP tem como principal caracteristica neuropatoldgica a lesdo dos neurdnios
dopaminérgicos, localizados na substancia negra parte compacta (SNc), 0s quais enviam
projecbes para os ganglios da base, ocasionando uma reducdo nos niveis de dopamina no
estriado, uma das estruturas cerebrais essenciais no controle da fun¢do motora (Braak et al.,
2005; Forno 1996).

A neurodegeneracdo observada na DP ndo é restrita aos neurénios dopaminérgicos,
uma vez que 0s neurbnios ndo dopaminérgicos, como colinérgicos, serotoninérgicos e
noradrenérgicos também podem ser afetados (Brichta et al., 2013; Jellinger, 1991).
Recentemente, o sistema adenosinérgico também foi implicado na patofisioldgica da DP,
devido a sua interacdo com o sistema dopaminérgico e a seus efeitos sobre a fun¢do motora
(Canals et al., 2003; Fenu et al., 1997; Morelli et al., 2010).

Outra importante caracteristica neuropatoldgica da DP é o aparecimento de inclusdes
eosinofilicas citoplasmaticas denominadas corpos de Lewy, compostas principalmente pelo
acumulo da proteina a-sinucleina na forma agregada, oligomérica ou fibrilar (Dickson, 2001;
Miklya et al., 2014; Spillantini et al., 1998). A a-sinucleina € uma proteina pequena, soltvel
em seu estado nativo, com aproximadamente 14 KDa e composta de 140 aminoacidos (Beyer,
2006; Pihlstrom e Toft, 2011). Sua funcdo ainda ndo foi totalmente elucidada, porém
evidéncias sugerem que a a-sinucleina tem um papel no trafego de vesiculas, na liberacdo de
neurotransmissores e no recrutamento de vesiculas sinapticas no hipocampo, além de regular
diversos fatores-chave envolvidos na homeostase da dopamina (Burré et al., 2010; Cabin et
al., 2002; Yavich et al.,2004).

A DP é clinicamente caracterizada pelo inicio tardio e pela ocorréncia progressiva de
quatro sintomas principais que incluem rigidez, tremor de descanso, bradicinesia e
instabilidade postural (Djaldetti et al., 2006). A bradicinesia é a principal manifestacéo clinica
da DP e indica a existéncia de distdrbios dos ganglios da base. Caracteriza-se pela lentiddo de
movimentos e pela dificuldade para planejar, iniciar e executar o movimento (Beradelli et al.,
2001). O tremor em repouso, por sua vez, € o sintoma mais caracteristico e mais facil de ser
reconhecido na DP. Em geral, os tremores sdo unilaterais e proeminentes nas partes distais
dos membros. Ja a rigidez ocorre pelo aumento do tbnus muscular, enquanto a instabilidade
postural € desenvolvida nos estagios avancados da doenca (Hartelius et. al.,1994; Skodda et.
al., 2011).
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Além das manifestacdes clinicas ligadas ao movimento na DP, manifesta¢Ges clinicas
ndo motoras potencialmente incapacitantes também sdo relatadas. Entre elas, estdo
comprometimento cognitivo e deméncia, distlrbios do sono, disfuncdes olfatorias,
constipacdo, depressdo, entre outros (Chaudhuri e Schapira, 2009; Janvin et. al., 2006).
Alguns desses sintomas foram descritos, em 1817, por James Parkinson, primeiro autor a
descrever esta patologia, a qual leva seu nome. Além dos sintomas motores, Parkinson relatou
a ocorréncia de constipacdo, sialorreia, delirio e insdnia em seus pacientes (Alves et al., 2008;
Fahn, 2014). Outros pesquisadores da época também relataram a presenca de sintomas nédo
motores (Fahn, 2014). Atualmente, sabe-se que o0s sintomas ndo motores possuem um
impacto negativo na qualidade de vida dos pacientes com DP e estdo associados com a
progressdo da doenca. Além disso, um estudo multicéntrico mostrou que 98,6% dos pacientes
com DP possuem sintomas ndo motores, com uma média de 7,8 sintomas por paciente
(Barone et al., 2009).

A maioria dos casos de DP é esporadica e estd associada ao envelhecimento, sendo
que aproximadamente 10% dos casos ocorrem devido a mutacdes genéticas (Hindle, 2010).
Diversos genes tém sido associados a DP, entre eles destacam-se as mutacoes, duplicacdes e
triplicagcdes do gene da a-sinucleina, proteina com papel central nas inclusbes eosinéfilas
(Appel-Cresswell et al., 2013; Ozansoy e Basak, 2013; Pihlstrom e Toft, 2011;
Polymeropoulos et al., 1997). Genes associados a vias que se relacionam com o metabolismo
mitocondrial como a PINK1 e PARK2 (Ishihara-Paul et al., 2008; Kitada et al., 1998), gene
com sensor redox para estressse oxidativo como DJ-1 (Bonifati et al., 2003) e genes
associados a autofagia lisossomal como ATP13A2, GBA, LRRK2 (Kachergus et al., 2005;
Ramirez et al., 2006) foram identificados na DP. Além disso, recentemente mutacoes de genes
associados a neuroinflamacdo (HLA-DR), a reciclagem de vesiculas sinapticas, endocitose
mediada por clatrina, processamento da membrana (DNAJ e GAK-DGKQ) e transporte de
endossomos (VPS35) também foram identificados na DP (Edvardson et al., 2012; Hamza et
al., 2010; Vilarifio-Guell et al., 2011).

Além da predisposicdo genética, estudos epidemioldgicos sugerem que a exposicao a
agentes ambientais, como pesticidas, metais e solventes, pode também aumentar o risco de
desenvolvimento de DP (Baltazar et al., 2014; Campdelacreu, 2014; Cannon e Greenamyre,
2011). O interesse pelos pesticidas na DP aumentou a partir da década de 80 ap6s Langston e
colaboradores (1983) descreverem os sintomas da DP em jovens usuarios de droga injetavel.
A droga utilizada era uma preparacdo de um andlogo da meperidina contendo o 1-metil-4-

phenil-1,2,3,6-tetrahidropiridina (MPTP). O MPTP cruza a barreira hematoencefalica e é
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metabolizado pela monoamino oxidase B, produzindo o seu metabdlito ativo o 1-metil-4-
fenilpiridina (MPP). O MPP, quando carreado por transportadores de dopamina, bloqueia o
complexo | mitocondrial, causando dano em neurdnios dopaminérgicos (Przedborski et al.,
2000). A similaridade estrutural de certos pesticidas, como o paraquat (Pq), ao MPTP e seu
metabdlito MPP, somados ao dano em cérebros de individuos que morreram por intoxicacao
com Pq (Grant et al., 1980; Hughes, 1988), despertaram o interesse de pesquisadores. Estudos
populacionais tém demonstrado que a exposi¢cdo ao paraquat isolado ou em associagdes com
fungicidas aumenta o risco de desenvolver DP (Moretto e Colosio, 2013; Tanner et al., 2011).

Pesticidas e neurotoxinas s&o comumente utilizados como modelo animal para
mimetizar os sintomas da DP, como bradicinesia, rigidez e tremor de repouso (Boveé e Perier,
2012). Compostos reversiveis, como a reserpina, e compostos irreversiveis como o MPTP, 6-
hidroxidopamina (6-OHDA), Pq e rotenona vém sendo utilizados no desenvolvimento de
modelos animais para melhor entender a fisiopatologia da doenca e buscar novos alvos
terapéuticos (Blandine e Armentero, 2012; Boveé e Perier, 2012; Santos et al., 2013).

Atualmente, a estratégia farmacoterapéutica para DP visa restabelecer os niveis de
dopamina pelo uso de um precursor de dopamina, agonistas dopaminérgicos e inibidores da
degradacéo enzimatica de dopamina (Olanow et al., 2004; Stayte e Vissel, 2014). No entanto,
esse tratamento ndo impede a progressao da doenca, apenas trata 0s sintomas motores por um
periodo de tempo. ApOs esse periodo, 0s pacientes desenvolvem sintomas nao
dopaminérgicos, tais como distdrbio da marcha e deméncia. Um objetivo crucial é o
desenvolvimento de um tratamento neuroprotetor que retarde a progressao da doenca e tenha
efeitos benéficos sobre as caracteristicas dopaminérgicas e ndo dopaminérgicas (Schapira et
al., 2014).

1.2 Sistema purinérgico

O sistema purinérgico constitui uma rota comum de comunicacdo célula-célula,
envolvido em muitos mecanismos neuronais e ndo neuronais, como respostas imunes,
inflamacéo, dor, agregacao plaquetaria, vasodilatacdo mediada pelo endotélio, proliferacdo e
morte celular (Abbrachio et al., 2009).

A neurotransmissdo purinérgica, proposta pela primeira vez por Geoffrey Burnstock
em 1972 (Burnstock, 1972), possui como mensageiros nucleosideos e nucleotideos derivados
de purina, entre eles o ATP (adenosina 5’-trifosfato) e a adenosina (Burnstock, 2008). O ATP

é reconhecido como neurotransmissor, pois é sintetizado e armazenado em terminais
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sinépticos e liberado apds estimulo desses terminais. Além disso, este neurotransmissor pode
ser coliberado juntamente com varios outros neurotransmissores, como acetilcolina,
glutamato, dopamina, noradrenalina, serotonina e GABA (Burnstock, 2004; Zimmerman,
2008).

O ATP exerce seus efeitos através da ativacdo de receptores purinérgicos do tipo P2,
divididos em dois grupos de acordo com o mecanismo de acéo, a farmacologia e a clonagem
molecular: P2X e P2Y (Puchalowicz et al., 2014; Ravelic e Burnstock, 1998; Skaper et al.,
2010). A familia P2X consiste em receptores ionotropicos que apresentam permeabilidade
répida e seletiva para cations (Na*, K* e Ca?") e esta dividida em sete membros (P2X1-7),
distribuidos em neurénios, células gliais e no madsculo liso (Burnstock, 2004, Burnstock,
2012). A familia P2Y consiste em oito membros de receptores metabotropicos, acoplados a
proteina G, funcionalmente descritos (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13 e
P2Y14), que apresentam uma ampla distribui¢do nos tecidos e sistemas, tais como: vascular,
epitelial, nervoso e cardiaco (Burnstock, 2007; Zimmermann 2011).

O ATP, apos a sua liberacdo, pode ser metabolizado pela acdo de ectonucleotidases
que fazem a conversdo de ATP até adenosina (Robson et al., 2006; Zimmermann et al., 2012).
As ectonucleotidases se encontram ancoradas na membrana celular, possuindo seu sitio ativo
voltado para o meio extracelular ou presentes na forma solivel no meio intersticial. As
ectonucleotidases sdo constituidas por quatro familias de enzimas: Ecto-nucleosideo trifosfato
difosfoidrolases (NTPDases), Ecto-nucleotideo pirofosfatase/fosfodiesterases (E-NPPSs),
fosfatases alcalinas e Ecto-5’-nucleotidase (E-5"NT) (Bonan, 2012; Schetinger et al., 2007,
Zimmermann, 2012).

A familia das E-NTPDases (EC 3.6.1.5) sdo responsaveis pela hidrolise de
nucleotideos 5’-trifosfatados em 5"-difosfatados (Zimmermann, 2001). Os membros da
familia das NTPDases sdo codificados por oito genes diferentes chamados entpd. Quatro
dessas enzimas (NTPDases 1, 2, 3 e 8) estdo localizadas na membrana celular com o sitio
ativo voltado para o meio extracelular; duas (NTPDases 4 e 7) estdo localizadas
intracelularmente com o sitio ativo voltado para o limen de organelas citoplasmaticas e duas
(NTPDases 5 e 6) podem ser excretadas de forma heter6loga apds expressdo intracelular
(Robson et al., 2006). Em termos de hidrélise, as NTPDases hidrolisam tanto ATP como ADP
(adenosina difosfato), formando AMP (adenosina monofostato) na presenca de jons Ca* e
Mg*? (Robson et al., 2006).

A E-5-NT (EC 3.1.3.5) possui distribuigdo tecidual ampla, sendo responsavel pela

desfosforilagdo de nucleosideos monofosfatados. Esta enzima é ancorada na membrana
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plasmatica por um glicosilfosfatidilinositol (GPI) e tem seu sitio catalitico voltado para o
meio extracelular. O ancoramento por GPI pode ser clivado dando origem a formas sollveis
dessa enzima (Bianchi e Spychala, 2003; Zimmermann, 1992; Zimmermann, 2012). Dentre 0s
nucleotideos, o AMP (adenosina monofosfatado) tem a hidrélise mais eficiente pela E-5"-NT,
formando adenosina. A participacdo da E-5"-NT na via das ectonucleotidases exerce um papel
regulatorio sobre a producdo de adenosina extracelular, sendo a enzima marca-passo desta
cascata enzimética (Zimmermann, 2001; Knapp et al., 2012).

A adenosina é um metabdlito constituinte de todas as células, desenvolvendo diversos
papéis no organismo, tais como sintese de &cidos nucleicos, metabolismo de aminoéacidos e
modulagdo do estado metabdlico da célula. No sistema nervoso central (SNC), a adenosina
atua como neuromodulador e neuroprotetor, ndo sendo descrita como neurotransmissor por
ndo ser armazenada em granulos sinapticos ou liberada de forma quéntica (Fredholm et al.,
2005, Shen e Chen, 2009). Devido a seu papel de neuromodulagdo, a adenosina, esta
envolvida na regulacdo de importantes mecanismos do SNC, como estados de ansiedade (El
Yacoubi et al., 2000; Maximino et al., 2011), sono (Carus-Cadavieco e de Andrés, 2012),
cognicao e memoria (Chen et al., 2014; Shen et al., 2012), entre outros.

A adenosina exerce seus efeitos através da ativacdo de receptores de membrana
especificos do tipo P1. Esses receptores, descritos ha mais de 40 anos, sdo divididos em
quatro subtipos: A1, Aza, Azg € Ags, e identificados como membros da familia de receptores
acoplados a proteina G (Fredholm et al., 2001; Fredholm et al., 2011). Os receptores A; e Az
se ligam a familia das proteinas Gj,, responsaveis pela inibicdo da producdo do segundo
mensageiro AMPc. Os receptores Aya € Agg estimulam a producdo de AMPCc via ativacao de
proteinas Gs (Fredholm et al., 2001, Fredholm et al., 2011; Ralevic e Burnstock, 1998).

A concentracdo de adenosina pode ser controlada a partir de sua hidrolise pela
Adenosina deaminase (ADA), pela fosforilacio a AMP pela adenosina quinase (AK) ou
atraves de sua liberacdo e recaptacdo celular através de transportadores de nucleosideos
(Bonan, 2012; King et al., 2006; Latini e Pedata, 2001). A ADA (EC 3.5.4.4) é uma enzima
envolvida no metabolismo das purinas por catalisar a desaminacdo hidrolitica da adenosina e
da 2-deoxiadenosina a seus produtos inosina e deoxiinosina, respectivamente (Zavialov e
Engstrom, 2005). A ADA ¢é encontrada tanto no meio citosolico quanto na membrana celular
e esta presente em diferentes tecidos, entre eles, sistema gastrointestinal, encéfalo e timo. Dois
membros dessa familia ja foram descritos, sendo eles denominados como ADA1 e ADA2
(Hirschhorn e Ratech, 1980; Zavialov e Engstrom, 2005), além de um grupo similar dessa

familia de proteinas denominado ADAL (adenosine deaminase-like). Todos esses membros
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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
desaminagdo hidrolitica de adenosina a inosina (Maier et al., 2005).

O sistema purinérgico, através de seus receptores P2 e P1, estd envolvido com os
mecanismos relacionados a doengas neurodegenerativas, entre elas a DA (Burnstock 2008;
Burnstock et al., 2011; Erb et al., 2014). Dados da literatura demonstram uma mudanga na
expressdo de receptores P2Y em humanos e em modelos animais da DA (Erb et al., 2014; Lai
et al., 2008). Os receptores P2Y também parecem participar da regulacéo e producédo da APP,
na neuroinflamacdo e nas funcGes neurovasculares envolvidas na DA, e 0s peptideos Ap
aumentam a liberacdo de ATP e/ou modulam a expressdo de receptores P2Y em modelos in
vitro e in vivo (Erb et al., 2014; Peterson et al., 2010). Interessantemente, a eliminacdo do
receptor P2Y2 em um modelo roedor de DA acelera a mortalidade e modifica o acimulo de
AP (Ajit et al., 2014). Do mesmo modo, a expressdo reduzida do receptor P2Y2 foi relatada
em amostras de cérebro post-mortem de pacientes com DA, sugerindo que a diminui¢do da
expressdo desse receptor esta correlacionada com o fendtipo da DA (Lai et al., 2008). Além
dos receptores P2Y, os receptores P2X também estdo associados a DA, em especial o receptor
P2X7, que tem sua regulacdo aumentada em torno das placas senis em modelos animais da
DA (McLarnan et al.,, 2006; Parvathenani et al.,, 2003). A ativacdo desse receptor em
neurdnios esta associada a ativacdo da via ndo amiloidogénica da APP (a-secretase), tendo
assim um possivel efeito neuroprotetor na DA (Allinson et al., 2003; Delarasse et al., 2011).

Além dos receptores P2, os receptores P1 também estdo envolvidos na DA. Analises
post-mortem do cortex frontal de pacientes com DA mostraram que o0 niumero total e os niveis
de receptores A; e A,a estdo aumentados nessa patologia (Albasanz et al., 2008). Angulo e
colaboradores (2003) também mostraram uma redistribuicdo dos receptores de adenosina no
hipocampo e no cértex de pacientes com DA e demonstraram a colocalizacdo do receptor A;
com placas senis contendo peptideos AB. Além disso, estudos tém mostrado que a modulacéo
desses receptores pode contribuir para a diminui¢do da neurodegeneracdo relacionada a DA.
Estudos com modelos animais de inducdo do déficit cognitivo observaram que a
administracdo de antagonistas seletivos e ndo seletivos dos receptores de adenosina
promoveram beneficios na cogni¢do (Arendash et al., 2006; Arendash et al., 2009; Cunha,
2008). Em roedores, o uso de cafeina, antagonista ndo seletivo dos receptores de adenosina,
preveniu 0 acimulo de peptideo AP no cérebro e em torno de vasos sanguineos cerebrais

(Cupino e Zabel, 2013; Gahr et al., 2013). Estudos com modelos da DA tém verificado que o
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consumo de cafeina esta relacionado com a reversdo do déficit cognitivo e diminuicdo dos
niveis de peptideos AP em encéfalos (Cao et al., 2009; Chu et al., 2012). Em humanos, um
estudo sobre "Fatores de Risco Cardiovasculares, Envelhecimento e Deméncia" (CAIDE
study) observou que o consumo de 3 a 5 xicaras de café por dia foi associado com uma
diminuicdo de 65% no risco de desenvolver deméncia ou DA (Eskelinen e Kivipelto, 2010).
Outro estudo analisou os niveis de cafeina e o estado cognitivo em 124 idosos diagnosticados
com deméncia leve. Os dados mostraram que 0 aumento da cafeina no plasma foi associado a
ndo conversdo para deméncia (Cao et al., 2012). Além disso, estudos em humanos e modelos
animais mostraram que o prejuizo da memoria causado pela administracdo de escopolamina
(um antagonista dos receptores muscarinicos) pode ser prevenido pelo tratamento com cafeina
(Bortolotto et al., 2015; Botton et al., 2010; Riedel et al., 1995).

O sistema purinérgico também estd envolvido em processos relacionados com a DP.
Em particular, os receptores de adenosina, principalmente o receptor A,a, VEm chamando
atencdo como uma promessa para a terapia da DP (Jenner et al., 2009; Morelli et al., 2009;
Zhu et al.,, 2014). A adenosina estd associada ao controle da funcdo motora devido a
colocalizacdo e a heterodimerizacdo dos receptores de dopamina D, e adenosina Aza no
estriado, tanto na membrana como intracelularmente (Ferré et al., 2004; Fuxe et. al., 2010;
Schiffmann et al., 2007). Esses receptores possuem acdo antagbnica, ou seja, a ativacao do
receptor A,a causa mudancgas conformacionais no receptor D, levando a uma reducdo do
reconhecimento do sinal. O mesmo ocorre durante a ativacdo do receptor D, (Ferré et al.,
1997; Fuxe et al., 2007). Assim, o resultado da deplecdo de dopamina no estriado causa o
aumento da sinalizacdo do receptor Aja, resultando nos sintomas hipolocomotores da DP
(Gomes et al., 2011).

Estudos com antagonistas ndo seletivos dos receptores A,a em pacientes com DP
mostraram sua habilidade em controlar o comprometimento motor e induzir neuroprotecdo
(Ascherio et al., 2001; Ross et al., 2000). Em modelos animais de DP, os antagonistas de
receptores A,a, administrados isoladamente ou coadministrados com farmacos
dopaminomiméticos ou agonistas de dopamina, melhoraram a fun¢do motora (Cerri et al.,
2014; Koga et al., 2000). Porém, estudos clinicos em pacientes com DP e antagonistas de Aza
geraram dados inconclusivos devido a manutencdo dos efeitos motores desta patologia
(Fernandez, 2008; Morelli et al., 2009). Um dos antagonistas de receptores A,a testados, o
KW-6002, foi rejeitado pelo FDA (Food and Drug Administration) nos Estados Unidos uma
vez que o0s ensaios clinicos demonstraram que o0s pacientes apresentavam discinesia como

efeito adverso. J&, no Japdo, esse antagonista foi recentemente aprovado para uso como
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auxiliar no tratamento para DP. Atualmente, o preladenante (antagonista de receptor Aza)
encontra-se em ensaios clinicos fase Il e fase 11l para o tratamento da DP com modestos, mas
promissores resultados positivos para esta patologia (Hauser et al., 2011; Jenner et al., 2009;
Stay e Vissel, 2014).

Estudos indicam também que a adenosina antagoniza a transmissdo mediada pelo
receptor D; e estimula os receptores A; (Ferré, 1997; Ferré et al., 2001), e estes estdo
colocalizados no estriado (Ferré et al., 1991). Um estudo com modelos de DP mostrou que o
antagonismo do receptor A; aumenta o efeito de ativagdo motora do SK 38393, um agonista
de D1, em ratos (Popoli et al., 1996). Outro estudo utilizando ratos knockout para o receptor,
A1, Aza, A1-Aza e ratos pré-tratados com cafeina (antagonista ndo seletivo de receptores de
adenosina) demonstraram integridade neuronal avaliada pelo teor de dopamina no estriado
nos knockout e pré-tratados com cafeina apos lesdo com 6-OHDA (Xiao et al., 2011). Estudos
sugerem um efeito sinérgico do antagonismo dos receptores A; e Aza, OU Seja, 0 antagonismo
do receptor A; parece facilitar a liberacdo de dopamina, enquanto o antagonismo do receptor
Az potencializa a resposta deste neurotransmissor (Moore et al., 2003; Rebola et al., 2003).

Além dos receptores P1, os receptores P2 também estdo envolvidos na DP. Estudos
tém mostrado que um subtipo de receptor P2, o receptor P2X7, pode parcialmente prevenir a
diminuicdo de dopamina em modelo de roedores de DP (Carmo et al., 2014; Marcellino et al.,
2010). Dados também indicam que o receptor P2X7 é expresso em areas dopaminérgicas
afetadas pela DP (Able et al., 2011; Yu et al., 2008) e que ele pode estar envolvido no
controle do dano de células dopaminérgicas (Jun et al., 2007; Orellano et al., 2010).
Recentemente, o receptor P2X1 também foi associado a DP, uma vez que Gan e
colaboradores (2014) mostraram em modelos de células neuronais que o receptor P2X1 pode
estar associado ao mecanismo de agregacdo protéica na DP. Além disso, 0s experimentos
sugerem que o ATP tem um papel na agregacdo da a-sinucleina. Esses dados somados aos
demais colocam o sistema purinérgico, em especial seus receptores, como alvos potenciais no

tratamento terapéutico da DP.

1.3 Sistema colinérgico

A acetilcolina (ACh) foi descoberta em meados de 1920 e representa o primeiro
neurotransmissor descoberto na historia da neurociéncia (Brown, 2006). A acetilcolina é
sintetizada a partir de acetil-CoA e colina e é transportada para o interior de vesiculas

sinapticas. Sua liberacdo depende das variagdes no potencial elétrico das membranas dos
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terminais nervosos, e esse processo é dependente da concentracdo de célcio intracelular. Ao
ser liberada, a ACh interage com receptores especificos, causando despolarizacdo e
propagacao do potencial de acdo na célula pos-sinéptica (Brown, 2006; Oda, 1999).

Na fenda sindptica, a ACh ativa duas classes de receptores: muscarinicos
(metabotrdpicos) e nicotinicos (ionotrépicos). Os receptores muscarinicos séo membros da
superfamilia de receptores acoplados a proteina G (Wess, 1996). Cinco subtipos desse
receptor sdo descritos na literatura pelas distintas propriedades moleculares e funcionais. Os
receptores M1, M3 e M5 séo acoplados a proteina Gy e sua estimulagdo promove a
sinalizacdo por meio da hidrolise do fosfoinositideo e a ativagdo da fosfolipase C. Por sua vez,
0s receptores M2 e M4 inibem a atividade da adenilato ciclase via proteina G; (Bymaster et
al., 2003; Wess, 2004).

Os receptores nicotinicos sdo considerados receptores excitatorios e membros da
superfamilia de receptores acoplados a canais i0nicos. Apresentam-se como proteina
transmembrana pentamérica composta de duas subunidades a e uma subunidade B, y ¢ 6. Uma
variedade de estudos mostra a expressao desse receptor em vertebrados e invertebrados e cita
ainda mudancas na estrutura das subunidades, gerando um total de 17 subunidades derivadas
da a, B, y e & (Millar e Harkness, 2008; Millar e Gotti, 2009). Estudos estruturais mostram
que as subunidades estdo arranjadas ao redor de uma cavidade central, com uma grande
porcdo de proteina voltada para a superficie extracelular. A ACh se liga normalmente a
subunidade o, produzindo mudangcas conformacionais que permitem a passagem
principalmente de cations (Brejc et al.,, 2001). No SNC, a ACh desempenha um papel
fundamental em diversas fungdes bioldgicas relacionadas ao comportamento, ao aprendizado,
a memdria, a organizacdo cortical do movimento e ao controle do fluxo sanguineo cerebral
(Moretto et al., 2004; Ness, 2014).

A ACh, que permanece na fenda sinaptica, é hidrolisada por duas colinesterases
diferentes: a acetilcolinesterase (AChE; E.C.3.1.1.7) e a butirilcolinesterase (BuChE;
E.C.3.1.1.8), formando colina e acetato. A AChE pode ser usada como um marcador da
funcdo colinérgica, uma vez que mudancas na atividade da enzima podem indicar alterac6es
na disponibilidade de ACh e do nivel de seus receptores (Soreq e Seidman, 2001). Além
disso, € também conhecido o importante papel da acetilcolinesterase em doencas cuja
incidéncia se eleva com o aumento da idade, como a DA (Bartus et al., 1982; Casey et al.,
2010; Singh et al., 2013).
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1.4 Sistema dopaminérgico

A dopamina é um neurotransmissor do tipo catecolaminérgico. Cerca de 80% do total
da dopamina no SNC encontram-se no estriado, enquanto que o restante estd distribuido
difusamente pelo cortex e outras regides cerebrais. A dopamina € responsavel por regular a
locomocgéo, a cognicdo, a emocédo e o sistema de recompensa (Bjorklund e Dunnett, 2007,
Goldman-Rakic, 1998; Schultz, 2002).

A neurotransmissao dopaminérgica ocorre por meio de varios processos relacionados,
incluindo sintese, liberacdo, captacdo, armazenamento, catabolismo, e ativacdo do receptor de
dopamina (Jones e Miller, 2008). A enzima tirosina hidroxilase (TH), quando ativada,
converte o aminoacido L-tirosina em L-DOPA, que é descarboxilado para formar a dopamina
(Missale et al, 1998). Uma vez sintetizada, a dopamina é armazenada em vesiculas pré-
sinapticas. Dois modos distintos de liberacdo de dopamina sdo promovidos pelos neurénios
dopaminérgicos, um com atividade fasica, representado pelo padréo explosivo de disparos que
ocorrem em resposta a estimulos comportamentais e outro com atividade tonica que ocorre
atraves de disparos espontaneos desses neurdnios. A liberacdo fasica de dopamina ativa
receptores pos-sinapticos e é rapidamente removida da fenda por mecanismos de recaptacao,
enquanto a liberagcdo tbnica determina os niveis extracelulares desse neurotransmissor em
estruturas sub-corticais (Missale et al., 1998).

Existem cinco receptores de dopamina D, D,, D3, D4 € Ds que podem ser divididos
em receptores Di-like (D1,Ds) e Do-like (D2, D3, D), agrupados por suas propriedades
farmacoldgicas e por similaridade de sequéncia. Estes receptores sdo metabotropicos e
acoplados a proteina G. A ativacdo dos receptores de dopamina D;-like estimula a proteina
Gs, que, por sua vez, ativa a adenilato ciclase, aumentando AMPc, enquanto os receptores do
D,-like inibem a proteina G; exercendo influéncia negativa sobre a atividade da adenilato
ciclase, diminuindo o AMPc (Hurley e Jenner, 2006; Missale et al., 1998; Sokoloff e
Schwartz, 1995). Os receptores de dopamina sdo bem distribuidos pelo cérebro, porém cada
subtipo possui distribuicdo Unica. Os receptores D; possuem alta densidade no nucleo
caudado, no putamen e no ndcleo accumbens em ratos (Gerfen et al., 1995). Além disso, 0s
receptores D; também foram encontrados em terminais pré-sinapticos com projecoes
glutamatérgicas para cortex e talamo em humanos (Hurley et al., 2003). Os receptores Ds
possuem distribuigdo restrita e foram localizados no estriado ventral, no glébulo pélido e no

hipocampo em cérebro de ratos e de humanos (Khan et al., 2000).
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O receptor D, é o mais abundante da familia D,-like, sendo encontrado em alta
densidade no ndcleo caudado, no putdmen e no ndcleo accumbens. Ele esta localizado nos
dendritos estriatopalidais gabaérgicos. Niveis moderados deste receptor foram detectados no
tubérculo olfatorio e nas ilhas de Calleja, e baixos niveis estdo presentes na substancia negra
compacta reticulada (Gurevich e Joyce, 1999). Os receptores D3 possuem distribuicdo mais
restrita que o D,, sendo que altos niveis deste receptor foram encontrados nas ilhas de Calleja
e, em niveis menores, em cerebelo, tAlamo e hipotdlamo (Gurevich e Joyce, 1999; Hurley et
al., 1996). Por fim, os receptores D, sdo encontrados no cortex e regibes nao estriadas, com
baixos niveis de expressdo em regibes estriadas (Primus et al., 1997).

1.5 Peixe-zebra

O Danio rerio, popularmente conhecido como zebrafish ou peixe-zebra, € um pequeno
teledsteo de agua doce proveniente do sudeste da Asia, india e Nepal. Seu habitat natural é a
agua lentamente fluida, como pequenos riachos, lagoas, cérregos e campos de arroz (Engeszer
et al., 2007). Seu pequeno tamanho, a capacidade de viver em confinamento e a alta producdo
de ovos transparentes e grandes, variando de 2 a 300 ovos por fémea, chamaram a atencao dos
cientistas para o emprego deste peixe na investigacdo da biologia do desenvolvimento
(Lieschke e Currie, 2007; Shin e Fishman, 2002). Concomitante aos estudos da biologia do
desenvolvimento, diversas ferramentas genéticas foram desenvolvidas para o peixe-zebra
(Davis et al., 2014; Patton e Zon, 2001); e, recentemente, seu genoma foi completamente
sequenciado, demonstrando que 70% dos genes deste teledsteo tém um ortélogo humano
identificavel (Howe et al., 2013).

O acumulo de conhecimento genético aliado a descricdo da organizacdo geral e de
circuitos neuronais semelhantes aos observados em mamiferos, presenca dos principais
neurotransmissores, hormonios e receptores (Arenzana et al., 2005; Boehmler et al., 2004;
Boehmler et al., 2007; Panula et al., 2006; Rink e Wullimann, 2001; Zirger et al., 2003)
destacaram o peixe-zebra como um importante modelo para estudos comportamentais (Sager
et al., 2010; Stewart et al., 2014). O repertorio comportamental do peixe-zebra é complexo.
Essa espécie vive em cardumes tanto no seu habitat natural quanto em laboratério. Individuos
exibem preferéncias sociais pelos seus semelhantes formando grupos, sendo este
comportamento efetivo contra predadores em diversas espécies de peixes (Gerlai et al., 2000;
Miller e Gerlai., 2007). O comportamento locomotor também desempenha um importante

papel na atividade social do peixe-zebra, na alimentacdo e na defesa contra predadores
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(Gerlai, 2000; Granado et al., 1996). Além disso, nos ultimos anos, outras caracteristicas
comportamentais desse teledsteo como agressividade (Jones et al., 2015), ansiedade
(Maximino et al., 2014; Puty et al., 2014), memdria e aprendizado vém sendo estudadas
(Blank et al., 2009; Gerlai, 2011).

O peixe-zebra tem sido cada vez mais utilizado para a analise de aprendizado e de
memoria (Colwill et al., 2005; Cognato et al., 2012; Gerlai et al., 2011). No entanto, na ultima
década, houve um aumento do desenvolvimento de tarefas de memoria especificas para o
peixe-zebra. Essas tarefas demonstraram que esse pequeno vertebrado tem a capacidade de
associar uma variedade de estimulos condicionados e ndo-condicionados (Fernades et al.,
2014; Sison e Gerlai, 2011; Zala e Méaattanen, 2013), possui memoria espacial (Cognato et al.,
2012; Spence et al., 2012 ), memoria aversiva (Blank et al., 2009) e visual (Avdesh et al.,
2012). Nesse contexto, 0 peixe-zebra tem se tornado uma excelente ferramenta de pesquisa da
memdaria e da cognicdo, com possibilidade de realizar triagens geneéticas e farmacologicas
(Gerlai, 2010; Hicks et al., 2006).

Além de estudos comportamentais, 0 peixe-zebra vem se destacando como um bom
modelo para estudo de doengas do SNC, entre elas as doencas neurodegenerativas como DA e
DP (Newman et al., 2014; Xi et al., 2011). Na DA, modelos transgénicos e knockout do peixe-
zebra vém sendo utilizados na literatura (Xi et al., 2011). O gene da APP em peixe-zebra
possui dois genes associados a APP humana, APPa and APPb (Musa et al., 2001). O bloqueio
da APPa por morfolino no peixe-zebra tem poucos efeitos em lavas, porém o bloqueio de
APPb causa defeito no desenvolvimento neuronal do peixe (Song e Pimplikar, 2012),
incluindo defeito no desenvolvimento axonal e na formacdo de sinapses (Abramsson et al.,
2013). Outro estudo realizado com este teledsteo expressando um gene humano mutado da
TAU associado a promotor fluorescente mostrou um crescimento axonal defeituoso,
hiperfosforilacdo da TAU, permitindo a triagem de novas moléculas terapéuticas (Paquet et
al., 2009). Alem dos modelos genéticos, 0 modelo de déficit cognitivo farmacoldgico de DA,
utilizando a escopolamina, um antagonista dos receptores muscarinicos, apresentou prejuizo
cognitivo e no processamento da memoria aversiva e de reconhecimento no peixe-zebra
(Cognato et al., 2012; Kim et al., 2010; Richetti et al., 2011).

Na DP, genes ortologos associados a esta patologia como pink 1, dj-1, parkin e Irrk2
foram encontrados em peixe-zebra. Da mesma forma que na DA, modelos transgénicos e
knockout do peixe-zebra para DP vém sendo utilizados na literatura (Anichtchik et al., 2008;
Flinn et al., 2009; Xi et al., 2011). Recentemente, um estudo utilizando peixe-zebra mutante

para pink 1 apresentou perda de neurdnios dopaminérgicos, além do comprometimento
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precoce da funcdo mitocondrial e morfologia (Flinn et al., 2013). J& o knockout de dj-1 em
peixe-zebra ndo afetou o nimero de neurénios dopaminérgicos, mas os embrides ficaram mais
susceptiveis ao estresse oxidativo (Bretaud et al., 2007). Além disso, a anulacdo da atividade
de parkin em peixe-zebra leva a uma diminuicdo significativa no ndmero de neur6nios
dopaminérgicos ascendente no tubérculo posterior (homélogo a substantia nigra em seres
humanos), um efeito aumentado pela exposicdo a MPP (Flinn et al., 2009). Exposi¢do a
neurotoxinas como o MPTP, seu metabdlito MPP e a 6-OHDA mostrou um efeito
hipolocomotor e uma diminuicdo dos niveis de dopamina no cérebro de peixe-zebra
(Anitchtchik et al., 2004; Bretaud et al., 2004; Feng et al., 2014; Panula et al., 2010).
Exposicdo a pesticidas, como paraquat e rotenona, também tem demonstrado diminuicdo na
locomocéo (Bretaud et al., 2004), na modulacéo dos niveis de dopamina, e comprometimento
na aquisicdo e consolidacdo da memoria espacial em peixe-zebra (Bortolotto et al., 2014).

A sinalizagdo purinérgica, um possivel alvo terapéutico para DA e DP (Burnstock,
2011; Zhu et al., 2014), ja foi caracterizada em peixe-zebra. Estudos realizados pelo nosso
laboratério identificaram a presenca de NTPDases e EC-5'NT em membranas cerebrais, as
quais sdo dependentes de cations, apresentando atividade 6tima a temperatura de 37 °C, pH
Otimo entre 7,2 e 8,0, Km na faixa do micromolar ¢ uma ampla especificidade por outros
nucleotideos (Rico et al., 2003; Senger et al., 2004). Rico e colaboradores (2006)
identificaram trés isoformas da NTPDase 2, que foram nomeadas como NTPDase2mv,
NTPDase2mq e NTPDase2mg em peixe-zebra. Recentemente, um estudo caracterizou o
padrdo de expressdo da NTPDase 3 em peixe-zebra (Appelbaum et al., 2007), assim como
Rosemberg e colaboradores (2010) demonstraram a expressdo de NTPDases 1,2,3,4,5,6 ¢ 8
em cérebro, coracdo e figado de peixe-zebra. O mapeamento do padrdo de expressao de genes
relacionados a adenosina deaminase (ADAL, ADAL e dois ortdlogos da ADAZ2) foi realizado
por nosso laboratorio em varios tecidos de peixe-zebra (Rosemberg et al., 2007), bem como a
caracterizacao cinética da atividade da ADA em encéfalo de peixe-zebra (Rosemberg et al.,
2008).

Receptores do sistema purinérgico, P2 e P1, também foram clonados e identificados
no peixe-zebra (Appelbaum et al., 2007; Diaz-Hernandes et al., 2002; Kucenas et al., 2003;
Young, 2010). A familia P2X possui nove membros. Desses seis ortdlogos a genes dos
receptores P2X de mamiferos, dois paralogos e um gene ainda precisam ser devidamente
classificado (Kucenas et al., 2003; Kucenas et al., 2009). Os subtipos dos receptores P2X do
peixe-zebra contém residuos altamente conservados, 0s quais sdo encontrados nas

subunidades de mamiferos (Ralevic e Bursntock, 1998). Dos receptores P2Y, somente 0S
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receptores P2Y1 foram identificados em trombdcitos de peixe-zebra (Gregory e
Jagadeeswaran, 2002). Dos receptores P1, foi demonstrada a presenca de duas formas de
receptores Az em cérebros de embrides de peixe-zebra e uma forma de Ay (Boehmler et al.
2009). Um estudo realizado pelo nosso grupo também mostrou que as isoformas A, Asaai,
Aoa2 € Asg s80 expressas desde 24 horas ap0s a fertilizacdo em peixe-zebra (Capiotti et al.,

2011).
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2 OBJETIVOS

2.1 Objetivo geral

Considerando que a adenosina possui um importante papel neuromodulador e que sua
modulacdo tem se mostrado uma alternativa promissora para o tratamento de doencas
neurodegenerativas, este estudo visa avaliar pardmetros comportamentais em modelos de
déficit cognitivo induzidos por escopolamina, e neurodegeneracdo induzidos por 6-
hidroxidopamina ou por paraquat em peixe-zebra, bem como, estudar o possivel efeito desses

modelos sobre o sistema purinérgico e dopaminérgico.

2.2 Objetivos especificos

- Avaliar os efeitos de antagonistas dos receptores de adenosina A; e A;a no modelo
de déficit cognitivo induzido por escopolamina, utilizando parametros comportamentais;

- Avaliar os efeitos de inibidores de transportadores de nucleosideos e da adenosina
deaminase no modelo de déficit cognitivo induzido por escopolamina, utilizando parametros
comportamentais;

- Avaliar parametros comportamentais, tais como atividade locomotora, ansiedade,
interacdo social e memdria apos inducdo do modelo de déficit cognitivo induzido por
paraquat;

- Caracterizar o0 modelo de neurodegeneracdo induzido por paraquat utilizando
medidas de dopamina e seu metabdlito DOPAC, tirosina hidroxilase e niveis de mRNA do
transportador de dopamina em encéfalos de peixe-zebra adulto.

- Analisar a atividade enzimatica e a expressdo génica das enzimas ecto-5’-
nucleotidase, NTPDases e adenosina deaminase nos modelos de neurodegeneracdo induzidos

por 6-hidroxidopamina e paraquat em peixe-zebra.
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Adenosine, a purine ribonucleoside, exhibits neuromodulatory and neuroprotective effects in the brain
and is involved in memory formation and cognitive function. Adenosine signaling is mediated by aden-
osine receptors (Aq, Aza, Aze,and As); in turn, nucleotide and nucleoside-metabolizing enzymes and aden-
osine transporters regulate its levels. Scopolamine, a muscarinic cholinergic receptor antagonist, has
profound amnesic effects in a variety of learning paradigms and has been used to induce cognitive deficits
in animal models. This study investigated the effects of acute exposure to caffeine (a non-selective antag-

ﬁt‘: g:?:e onist of adenosine receptors A, and Az), ZM 241385 (adenosine receptor Az, antagonist), DPCPX (aden-
Inhibitory avoidance osine receptor A, antagonist), dipyridamole (inhibitor of nucleoside transporters) and EHNA (inhibitor of
Memory adenosine deaminase) in a model of pharmacological cognitive impairment induced by scopolamine in
Scopolamine adult zebrafish. Caffeine, ZM 241385, DPCPX, dipyridamole, and EHNA were acutely administered inde-
Zebrafish pendently via i.p. in zebrafish, followed by exposure to scopolamine dissolved in tank water (200 pM).

These compounds prevented the scopolamine-induced amnesia without impacting locomotor activity
or social interaction. Together, these data support the hypothesis that adenosine signaling may modulate
memory processing, suggesting that these compounds present a potential preventive strategy against
cognitive impairment.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Alzheimer's disease (AD) is a complex neurodegenerative dis-
order characterized by memory loss and cognitive deficits
(Selkoe, 2001). AD etiology is not yet fully understood, though
hallmark neuropathological features have been identified and
include the deposition of senile plaques, neurofibrillary tangles,
and progressive synaptic and neuronal loss (Haass & Selkoe,

Abbreviations: AD, Alzheimer disease; DPCPX, 8-cyclopentyl-1,3-dipropylxan-
thine; DMSO, dimethylsulfoxide; EHNA, erythro-9-(2-hydroxy-3-nonyl}-adenine
hydrochloride; ZM 241385, 4-(2-[7-amino-2-{ 2-furyl}{ 12 4}triazolo-{2,3-a}{1.3.5}
triazin-5-yl-aminojethyl) phenol.

# Corresponding author at: Avenida Ipiranga, 6681 - Prédio 12D, sala 301, Bairro
Partenon - 92425-190, Porto Alegre, RS, Brazil.
E-mail address: chbonan@pucrs.br (CD. Bonan).

http: [/dx.doi.org/10.1016/j.nlm.2014.11.016
1074-7427|@ 2014 Elsevier Inc. All rights reserved.

2007). Additionally, cholinergic transmission deficiencies have
been implicated in the cognitive decline observed in AD patients.
According to the cholinergic hypothesis, cognitive deterioration is
associated with a decrease in acetylcholine (ACh) levels due to its
rapid hydrolysis by acetylcholinesterase (AChE) (Bartus, Dean,
Beer, & Lippa, 1982). This hypothesis was the foundation for the
use of acetylcholinesterase inhibitors (AChEi) for the treatment
of cognitive deficits in AD patients (Casey, Antimisiaris, &
OBrien, 2010; Small, 2005).

Scopolamine, a muscarinic cholinergic receptor antagonist, is
known to impair learning and memory formation and used to
model cognitive deficits in animal models (Klinkenberg &
Blokland, 2010). The zebrafish, a small tropical freshwater teleost,
has emerged as a prominent animal model for studying complex
behaviors including learning and memory. Several memory tasks
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were established for this model organism in recent years, including
the plus maze, Y-maze, and inhibitory avoidance task, which have
proven to be useful tools for evaluating several behavioral and
pharmacological conditions in this species (Blank, Guerim,
Cordeiro, & Vianna, 2009; Cognato et al., 2012; Sison & Gerlai,
2010). The high genomic similarity to humans (Howe et al.,
2013) and the identification of classical neurotransmitter systems
involved in learning and memory processing, such as glutamater-
gic (Todd, Slatter, & Ali, 2004) and cholinergic (Clemente et al,
2004) systems, are important aspects for modeling neurological
disorders in zebrafish (Best & Alderton, 2008; Stewart, Braubach,
Spitsbergen, Gerlai, & Kalueff, 2014). Previous studies have demon-
strated that scopolamine induces cognitive impairment and dis-
rupts aversive and recognition memory processing in zebrafish
(Cognato et al., 2012; Kim, Lee, Kim, Jung, & Lee, 2010; Richetti
et al., 2011).

Adenosine, a purine ribonucleoside, plays important roles as a
homeostatic regulator and neuromodulator, controlling neuronal
excitability and, consequently, modulating physiological and path-
ological conditions of the central nervous system (CNS) (Boison,
2012; Chen, Eltzschig, & Fredholm, 2013; Dias, Rombo, Ribeiro,
Henley, & Sebastido, 2013). Adenosine signaling is mediated via
four G-protein coupled receptors: A;, Az, Az, and A;. These recep-
tors were identified in several species including zebrafish
(Boehmler et al., 2009; Capiotti et al., 2011) and are linked to a
variety of transduction mechanisms (Fredholm, IJzerman,
Jacobson, Linden, & Miiller, 2011). Extracellular adenosine levels
are dynamically controlled by the action of ectonucleotidases,
involved in adenosine production by ATP degradation and equili-
brative and concentrative nucleoside transporters (Bonan, 2012).
In addition, adenosine may be deaminated by adenosine deami-
nase (ADA), a mainly cytosolic enzyme that is also found in the
external cell surface already described in zebrafish (Rosemberg
et al., 2007).

The involvement of adenosine receptors in cognitive processes
in humans and rodents has been demonstrated (Gomes, Kaster,
Tomé, Agostinho, & Cunha, 2011; Sebastiao, Ribeiro, & Ribeiro,
2012). Post-mortem analysis of frontal cortex from AD patients
revealed a significant increase in A; and Ay, receptor expression
in early and advanced stages of disease (Albasanz, Perez,
Barrachina, Ferrer, & Martin, 2008). Epidemiological studies dem-
onstrated that the incidence of AD was inversely associated with
consumption of caffeine, which acts as a non-selective adenosine
receptor antagonist (Maia & De Mendonca, 2002; Ritchie et al.,
2007). Caffeine also prevented the scopolamine-induced disrup-
tion of short- and long-term memory in rodents and humans
(Botton et al., 2010; Riedel et al, 1995). Studies using the A, and
Azp dual antagonist ASP5854 exhibited reversion of scopolamine-
induced memory deficits in rats, whereas the specific Aag
antagonist KW-6002 had no such effect. Similarly, selective Aaa
antagonist SCH58261 failed to reverse either MK-801- or scopol-
amine-induced amnesia in rats (Cunha et al, 2008). This evidence
supports the specific involvement of A; receptor antagonism in
cognition (Mihara et al., 2007).

Therefore, considering: (i) the role of adenosine receptors in
prevention or reversion of scopolamine-induced memory deficits,
(ii) the relevance of zebrafish as a powerful model for modeling
neurological disorders and pharmacological studies and, (iii) the
modulation of adenosine signaling exerted by nucleotide and
nucleoside-metabolizing enzymes and adenosine transporters, this
study aimed to investigate the effects of acute administration of
caffeine, ZM 241385 (adenosine Ass receptor antagonist), DPCPX
(adenosine A; receptor antagonist), dipyridamole (inhibitor of
nucleoside transporters) and EHNA (inhibitor of adenosine deami-
nase) in a model of pharmacological cognitive impairment induced
by scopolamine in adult zebrafish.

2. Materials and methods
2.1. Animals

Adult wild type zebrafish (0.3-0.5 g) were obtained from a spe-
cialized supplier (Redfish Agroloja, RS, Brazil). Animals were kept
in 30-L housing tanks with unchlorinated water at a targeted tem-
perature of 26+2°C and continuously aerated under 14:10h
light:dark photoperiod. The fish were acclimated to the laboratory
environment for at least 14 days and were fed three times a day
with commercial flake food supplemented with brine shrimp. All
procedures were approved by the institutional Animal Care
Committee (11/00257-CEUA-PUCRS).

2.2. Pharmacological treatments

Caffeine (1,3,7-trimethylxanthine; Sigma Chemical Co., USA),
M 241385 (4-(2-[7-amino-2-{2-furyl}{1,2,4}triazolo-{2,3-
a}{1,.3,5}triazin-5-yl-amino]ethyl) phenol; Tocris Cookson, USA),
DPCPX (8-cyclopentyl-1,3-dipropylxanthine; Tocris Cookson,
USA), EHNA (erythro-9-2-hydroxy-3-nonyl}-adenine hydrochlo-
ride; Sigma-Aldrich, St Louis, MO) and dipyridamole (Sigma-
Aldrich, St Louis, MO) were used in the study. Caffeine and EHNA
were dissolved in saline (0.9% NaCl); ZM 241385, DPCPX and dipy-
ridamole were dissolved in 1% DMSO (dimethylsulfoxide). Caffeine
(10mg/kg), ZM 241385 (10 pg/kg), DPCPX (0.5 mg/kg), dipyridam-
ole (5 mg/kg), and EHNA (100 pg/kg) were administered via intra-
peritoneal (i.p.) injection in a volume of 10 uL using a 3/10-mL
U100 BD Ultra-Fine™ Short Insulin Syringe 8 mm (5/16") = 31G
Short Needle (Becton Dickinson and Company, New Jersey, USA)
(Kinkel, Eames, Philipson, & Prince, 2010). Drug doses and admin-
istration routes were chosen and adjusted based on previous stud-
ies demonstrating effects on memory in rodents (Melani, Cipriani,
Corti, & Pedata, 2010; Prediger & Takahashi, 2005). Only doses that
were unable to alter locomotor activity were used to ensure the
effects observed were related to memory processing. Before drug
or vehicle administration, fish were anesthetized by immersion
in 0.1 g/L tricaine solution (ethyl 3-aminobenzoate methanesulfo-
nate salt; Fluka, Buchs, Switzerland).

After treatment, animals were placed in a separate tank with
aerated, unchlorinated tap water to recover from the anesthesia.
Caffeine, ZM 241385, DPCPX, dipyridamole, EHNA, and the appro-
priate vehicle (used as control group) were injected 2 h before the
beginning of each experiment. One hour prior to the start of the
behavioral assay, animals were transferred to a tank containing
200 pM scopolamine solution (dissolved in aerated, unchlorinated
water). Animals that did not receive scopolamine were also trans-
ferred to another tank with water to control for handling effects
(Kim et al., 2010).

2.3. Behavioral analysis

2.3.1. Inhibitory avoidance task

Long-term memory was evaluated using the inhibitory avoid-
ance (IA) protocol previously described in detail (Blank et al.,
2009). After treatment, zebrafish were individually trained and
tested in a glass tank (18 cmL x 9cmH = 7cm W) divided by a
sliding guillotine-type partition (9 cm = 7 cm)in two equally sized
compartments, white and dark. During a training session, animals
were individually placed in the white side of the tank with the par-
tition closed. After 1 min of habituation, the partition was raised
1 ¢m, allowing fish to cross to the dark side of the tank. Immedi-
ately after crossing and entering the dark side, the slide partition
was closed and a pulsed electric shock of 3 £ 0.2V was adminis-
tered for 5s. Fish were then removed from the apparatus and
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placed in a temporary tank; they were later returned to their hous-
ing tank. Twenty-four hours after a training session, animals were
submitted to a test session. The test session repeated the training
protocol except that no shock was administered. The latency to
completely enter the dark compartment was measured during
both sessions.

2.3.2. Exploratory assessment

After animals received the second treatment, they were placed
individually in the experimental tanks (30cmL=x 15c¢mH x
10cmW) and habituated for 30s, as previously described
(Gerlai, Lahav, Guo, & Rosenthal, 2000). After the habituation per-
iod, locomotor activity was video recorded for 5 min using Logitech
Quickcam PRO 9000 and quantitatively analyzed using ANY-Maze
recording software (Stoelting Co. Wood Dale, IL, USA). The tank
was virtually divided into equal sections with three vertical lines
and one horizontal line. The behavioral patterns quantified were
the number of sectional line crossings, distance traveled, mean
speed, and time spent in each tank section (i.e., the bottom vs.
upper levels). Because zebrafish have a natural tendency to spend
more time at the bottom of a novel tank before gradually exploring
higher portions of the tank over a period of minutes, time spent in
each tank section can be used as a measure of anxiety (Levin,
Bencan, & Cerutti, 2007). All exploratory assessment was per-
formed between 9:00 am. and 1:00 p.m.

2.3.3. Social interaction

The zebrafish is a social animal. To test social interaction,
animals from the same shoal were used in each experiment. Five
experimental fish were placed in a small experimental aquarium
(30cmL < 15cmH = 10 cm W). On one side of the experimental
aquarium, an empty tank was placed; on the opposing side, a
“stimulus tank” of identical size held 15 zebrafish. The behavior
of experimental fish was recorded after 30 s of habituation time.
In order to quantify any inherent preference for the “stimulus”
side, the central tank was in two equal parts; the time that exper-
imental fish spent in the virtual half adjacent to the conspecific
school was measured (Cerlai, 2003).

24. Statistical analysis

Inhibitory avoidance memory data are presented as mean+
S.EM. Training and test latencies for each group were compared
by Wilcoxon matched pairs test. Latencies of multiple groups were
compared using Kruskal-Wallis and Mann-Whitney U tests.
Exploratory assessment and social interaction data were analyzed
via one-way analysis of variance (ANOVA) followed by post hoc
comparisons using Tukey's HSD test and were expressed as the
mean +5.EM. For all comparisons, p<0.05 was considered
significant.

3. Results

3.1. Caffeine, ZM 241385, DPCPX, dipyridamole, and EHNA prevent
scopolamine-induced memory deficits

We first analyzed the influence of pretreatment with adenosine
receptor antagonists on scopolamine-induced memory impairment
using an inhibitory avoidance task. We independently evaluated
the effects of caffeine (10 mg/kg), ZM 241385 (10 pg/kg), and
DPCPX (0.5 mg/kg) i.p treatment, followed by pre-training scopol-
amine (200 pM) exposure (Fig. 1). Saline was used as vehicle for
caffeine and 1% DMSO was used as vehicle for both ZM 241385
and DPCPX. Vehicle-exposed animals followed by water treatment
demonstrated robust retention of memory during the test session
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Fig. 1. Pretreatment with adenosine receptor antagonists caffeine (CAF), ZM
241385 (ZM), and DPCPX (DP) prevented scopolamine-induced memory impair-
ment in the inhibitory avoidance task. Animals received a single ip. injection of
saline (5), DM50 (D), caffeine (10 mg/kg), ZM 241385 (10 pg/kg) or DPCPX (0.5 mg/
kg) 2h before the maining session. The i.p. treatment was followed by a 1h
exposure to water or scopolamine prior to testing. Effects of scopolamine or water
on the latency to enter the dark compartment during training and test sessions in
the inhibitory avoidance task were evaluated. Data are presented as mean + SEM
(n=12 per group) *p<0.05 ~p<0.001 = p<0.0001 indicate differences between
training and test session for each group compared by Wilcoxon matched pair test.
No differences were found between training performances among all groups as
evaluared by Kruskal-Wallis rest.

performed 24 h after training (p < 0.05). Pretreatment of caffeine
(p <0.001), ZM 241385 (p < 0.05) or DPCPX (p <0.001), followed
by water treatment, resulted in significant differences between
zebrafish training and test sessions, thus suggesting effective learn-
ing of the task. However, vehicle-exposed animals subsequently
treated with scopolamine did not exhibit memory retention during
the test session performed 24 h after training. Interestingly, treat-
ment with either caffeine, ZM 241385 or DPCPX prevented the
memory impairment induced by pre-training scopolamine expo-
sure, as observed by the difference in latencies between training
and test sessions for each treatment (p <0.0001, p < 0.001, and
p < 0.0001, respectively) (Fig. 1). In addition, there were no signifi-
cant differences in the latencies for test sessions between the
groups pretreated with adenosine receptor antagonists (Caffeine,
ZM241385, or DPCPX) followed by water or scopolamine treatment.
These results suggest that adenosine A; and A, receptor antago-
nists ameliorated scopolamine-induced memory impairment.

To elucidate the roles of nucleoside transporters and nucleo-
side-metabolizing enzymes in scopolamine-induced memory defi-
cit, respectively, we tested an inhibitor of nucleoside transporters,
dipyridamole, and an inhibitor of adenosine deaminase, EHNA
(Fig. 2). Animals treated with 1% DMSO or dipyridamole (5 mg/
kg) followed by water exposure presented robust memory reten-
tion, exhibiting significant differences between their training and
test sessions (p<0.05 for each group analyzed separately)
(Fig. 2A). However, pre-training scopolamine exposure disrupted
memory formation in 1% DMSO-treated animals. In contrast, dipy-
ridamole prevented scopolamine-induced impairment, as evident
in the significant difference between training and test session
latencies (p < 0.05) (Fig. 2A). Similarly, pretreatment with EHNA
prevented scopolamine-induced memory deficits (p<0.001;
Fig. 2B). Taken together, these results suggest that acute treatment
of either dipyridamole or EHNA before scopolamine treatment pre-
vents the reliably induced memory impairment that would follow.

3.2. Effects of scopolamine and purinergic modulation on exploratory
assessment

Zebrafish exploratory activity was evaluated after i.p. injections
of caffeine, ZM 241385, DPCPX, dipyridamole, and EHNA, com-
bined with subsequent water or scopolamine treatment. No signif-
icant difference in either distance travelled or mean speed were
found in animals that received any of the treatments when
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Fig. 2. Prereatment with dipyridamole (DIPI) or EHNA prevented scopolamine-induced memory impairment during the inhibitory avoidance sk (A) Animals received a
single i.p. injection of DMSO (D) or DIPI (5 mg/kg). (B) Animals received a single i.p. injection of saline (S) or EHNA (100 pg/kg). The Lp. treatment, administered 2 h before the
training sessions, was followed by a 1 h exposure of either water or scopolamine prior to testing. The effects of scopolamine and water on the latency to enter the dark
compartment in training and test sessions in the inhibitory avoidance task were evaluated. Data are presented as mean + SEM (n=12 per group); *p<0.05 **p <0.001
indicate the differences berween training and rest sessions for each group compared via Wilcoxon matched pair test No differences were found berween training

performance among all groups as evaluated by Kruskal-Wallis test.

compared to the control group (saline or 1% DMSO; Fig. 3 and 4).
Swimming coordination was also evaluated; none of the treat-
ments altered the absolute body turn angle during swimming
(Figs. 3C and 4C). Time spent in the upper and lower portions of
the tank was measured to evaluate anxiety; no significant differ-
ences were found in treated animals when compared to their
respective control group (saline or 1% DMSO; Figs. 3D and E and
4D and E).

3.3. Effects of scopolamine, caffeine, ZM 241385, DPCPX, dipyridamole,
and EHNA on social interaction

Social interaction was evaluated after i.p. injections of caffeine,
ZM 241385, DPCPX, dipyridamole, and EHNA, followed by water or
scopolamine (Fig. 5A and B). There were no significant changes
between experimental groups in the time spent near the stimulus
tank, indicating that social interaction was not altered by either
scopolamine or modulators of adenosine signaling.
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4. Discussion

In this study, we evaluated the preventive role of adenosine sig-
naling modulation on scopolamine-induced memory deficits in
zebrafish. Previous studies using adult zebrafish showed that sco-
polamine triggered robust impairment of memory during an inhib-
itory avoidance task (Kim et al., 2010; Richetti et al, 2011). Our
data demonstrated that acute i.p pretreatments with non-selective
adenosine receptor antagonist caffeine, and the selective antago-
nists of A (ZM 241385) and A, (DPCPX) receptors all prevented
the scopolamine-induced memory deficits observed in the inhibi-
tory avoidance task. This study also demonstrates that the inhibi-
tion of either nucleoside transporters or nucleoside-metabolizing
enzyme adenosine deaminase using dipyridamole and EHNA,
respectively, prevents scopolamine-induced memory impairment,

Studies have also demonstrated the prevention of scopolamine-
induced cognitive impairment in mice using acute pretreatment
with caffeine (10 mg/kg) (Botton et al, 2010). Other studies
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Fig. 3. Locomotor activity was evaluated after an i.p. injection of adenosine receptor antagonist caffeine (CAF), ZM 241385 (ZM) or DPCPX (DP) followed by scopolamine (S) or
water (W) exposure. Metrics measured include distance traveled (A), mean speed (B), absolute turn angle (C), time spent in upper zone (D), and time spent in lower zone in
(E). No differences were found between groups. Data are expressed as mean + S.EM. of 12 different animals for each group and were analyzed by one-way ANOVA test. SW,
saline + water; SS, saline+ scopolamine; DW, DMSO + water; DS, DMSO + scopolamine; CAFW, caffeine + water; CAFS, caffeine +scopolamine; ZMW, ZM 241385 + water;

ZMS, ZM 241385 + scopolamine; DPW, DPCPX + water; DPS, DPCPX + scopolamine,
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Fig. 4. Locomotor activity was evaluated after an i.p. injection of dipyridamole (DI) or EHNA (EH), followed by scopolamine (S) or water (W) exposure. Analyzed metrics
include distance traveled (A), mean speed (B), absolute turn angle (C), time spent in upper zone (D), and time spent in lower zone in (E). No differences were found between
groups. Data are expressed as mean + S.EM. of 12 different animals for each group and were analyzed by one-way ANOVA test. SW, saline + water; SS, saline + scopolamine;
DW, DMSO + water; DS, DMSO + scopolamine; DIW, dipyridamole + water; DIS, dipyridamole + scopolamine; EHW, EHNA +water; EHS, EHNA + scopolamine.
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Fig. 5. Social interaction was evaluated after the i.p. injection of adenosine receptor antagonist caffeine (CAF), ZM 241385 (ZM), DPCPX (DP; A) or dipyridamole (DI), EHNA
(EH; B), followed by scopolamine or water treatment. Saline (5) or saline plus DMSO (D) was used as a control. No differences were found between groups. Data are expressed

as mean + S.EM. of 6 different groups and were analyzed via one-way ANOVA.

revealed similar beneficial effects of caffeine in mice with respect
to memory deficits induced by a variety of factors such as alcohol
(Spinetta et al., 2008) and beta-amyloid ( Dall'lgna et al., 2007). Fur-
thermore, chronic intake of caffeine in a transgenic mouse model
of AD improved cognition in mice (Arendash et al., 2006) and
reduced the deposition of senile plaques (Arendash et al, 2009;
Cao et al., 2009). Short and long-term memories formed during
an inhibitory avoidance task were improved in middle-aged mice
chronically treated with caffeine (Sallaberry et al, 2013). In
humans, a placebo-controlled blind crossover study showed that
three cups of coffee per day attenuated the scopolamine-induced
impairment of several parameters in a word learning task, includ-
ing free recall from short- and long-term memory, retrieval quality
and speed (Riedel et al., 1995). Other studies performed in humans
corroborate the potential of caffeine with respect to reducing cog-
nitive decline (Ritchie et al, 2007; van Gelder et al., 2007). Our
results are in agreement with previous studies, demonstrating that
acute caffeine treatment prevents the memory disruption caused
by scopolamine in zebrafish.

The psychostimulant effect of caffeine on the central nervous
system (CNS) is primarily due to the antagonism of adenosine
receptors A; and A., (Ferré, 2008; Fredholm, Bittig, Holmén,
Nehlig, & Zvartau, 1999). We have shown that selective antago-
nism of adenosine A,, or A, receptors by ZM 241385 and DPCPX,

respectively, prevented scopolamine-induced memory deficits
during an inhibitory avoidance task in zebrafish. Other studies
have also described the beneficial effects of Aza antagonism on
the synaptic mechanisms of learning and memory in AD animal
models and patients (Cunha & Agostinho, 2010; Takahashi,
Pamplona, & Prediger, 2008). Rats overexpressing Az, receptors
presented memory deficits (Giménez-Llort et al, 2007), while mice
lacking adenosine Aza receptors have improved spatial recognition
memory (Wang, Ma, & van den Buuse, 2006). Interestingly, the Aza
receptor antagonist SCH5861 was unable to prevent the memory
deficits induced by scopolamine treatment in rats during a Y-maze
task (Cunha et al., 2008). The discrepancies between our work and
this result can be attributed to the different memory tasks
employed andjor the different methods of scopolamine adminis-
tration. In addition, we did not observe alterations in locomotion
after scopolamine treatment, which differs from the results
observed by Cunha et al. (2008 ). Our results suggest that Az antag-
onism can improve memory performance without changes in loco-
motor activity.

Our results demonstrated that blockade of adenosine A, recep-
tor by DPCPX prevents scopolamine-induced memory impairment
in zebrafish. Accordingly, previous work demonstrated significant
improvement of scopolamine-induced memory impairment using
DPCPX in mice (Zhang & Ren, 2003). Another study characterized
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the effects of a novel adenosine A, antagonist, FRO4921, on passive
avoidance memory. FR194921 ameliorated scopolamine-induced
memory deficits in rats, suggesting this compound harbors a
potential for cognitive enhancement (Maemoto et al., 2004). Simi-
lar results were observed by Pitsikas and Borsini (1997) using an
antagonist of A; receptors, BIIP 20, which restored the memory
deficits caused by scopolamine in rats (Pitsikas & Borsini, 1997).

To better understand the role of adenosine signaling in memory
impairment, we tested the effects of inhibitors of nucleoside trans-
port (dipyridamole) and adenosine deamination (EHNA) on scopol-
amine-induced memory deficits in zebrafish. Nucleoside
transporters were acutely blocked with dipyridamole, resulting
in a significant improvement in scopolamine-induced memory
impairment. Dipyridamole was previously used in a model of vas-
cular cognitive impairment in rats caused by bilateral carotid
artery occlusion (Melani et al, 2010). After one week of intrave-
nous perfusion, it significantly restored spatial memory in the
Y-maze test. Dipyridamole is commonly used to inhibit platelet
aggregation and reduce thrombi formation in vivo (Heptinstall,
Fox, Crawford, & Hawkins, 1986). However, few investigations
have demonstrated any neuroprotective properties of this com-
pound in vivo. In vitro studies, however, have revealed a neuropro-
tective effect of dipyridamole in neuronal cultures, most likely due
to its role as an antioxidant (Blake, 2004; Farinelli, Greene, &
Friedman, 1998). More recently, studies have suggested that dipy-
ridamole can augment vessel function, restoring blood flow in
cerebrovascular disease (Chakrabarti & Freedman, 2008). In blood
cells, the antiplatelet mechanism of dipyridamole is due in part
to the inhibition of adenosine uptake. The increased extracellular
concentration of adenosine results in vasodilation (Geiger, 2001).
As adenosine is known for its neuroprotective role in the CNS, it
is possible that dipyridamole acts by controlling nucleoside levels
and, consequently, inducing an improvement in scopolamine-
induced memory deficits in zebrafish.

Adenosine deaminase catalyzes the irreversible deamination of
adenosine to inosine (Franco et al., 1997). A previous study demon-
strated that scopolamine increased adenosine deaminase activity
in rat cerebral cortex and hippocampus synaptosomes. However,
adenosine levels measured by HPLC did not change upon scopol-
amine treatment (Gutierres et al., 2012). Our results demonstrate
that acute pretreatment with EHNA, an ADA inhibitor, protected
zebrafish from the memory impairment caused by scopolamine.
Adenosine has been reported as a neuromodulator, with an impor-
tant role in synaptic plasticity and memory processing, and its
depletion can disrupt memory formation (de Mendonca,
Costenla, & Ribeiro, 2002; de Mendon¢a & Ribeiro, 1997). The data
presented here suggests that modulation of adenosine levels via
the inhibition of nucleoside transporters or adenosine metabolism
can prevent scopolamine-induced effects, reinforcing the proposed
involvement of adenosine signaling in cognitive function.

Scopolamine is a classical model of induced amnesia. However,
some studies have been questioned the use of scopolamine for
inducing cognitive impairment due to differences in data related
to locomotor analyses (Klinkenberg & Blokland, 2010). As shown
in Figs. 3 and 4, we did not observe changes in locomotor param-
eters between control and treated fish. In addition, there were no
changes in the time spent in the upper or lower portions of the
tank, suggesting that scopolamine did not alter anxiety parameters
in zebrafish. These data are in agreement with previous studies in
both zebrafish and rodents (Botton et al, 2010; Gutierres et al.,
2012; Kim et al., 2010; Richetti et al., 2011). However, Cunha and
coworkers (2008) observed scopolamine-induced hyperlocomo-
tion that was not prevented by SCH58261 (Cunha et al., 2008).

Zebrafish are a social species and they prefer to swim in groups
(Engeszer, Patterson, Rao, & Parichy, 2007; Miller & Gerlai, 2007).
Evidence suggests that the cholinergic system participates in social

recognition (Wang, Karp, Winblad, & Fratiglioni, 2002; Winslow &
Camacho, 1995). Our data revealed no changes in social interaction
between the control and treated groups (Fig. 5). In mice, social
interaction was not altered by different doses of scopolamine;
however, social memory was impaired by scopolamine in a dose-
dependent manner (Riedel, Kang, Choi, & Platt, 2009). These results
suggest that scopolamine promotes memory disruption without
changes in social interaction.

5. Conclusion

In conclusion, our results support the idea that the antagonism
of adenosine receptors or a possible increase of adenosine levels
induced by inhibition of nucleoside transport or adenosine catabo-
lism prevented scopolamine-induced memory deficits. This data
corroborates the hypothesis that adenosine signaling is involved
in memory processing in zebrafish and may be a target for
the development of preventive strategies against cognitive
impairment.
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Abstract

Chronic exposure to paraquat (Pq), a toxic herbicide, can result in Parkinsonian symptoms. This study evaluated
the effect of the systemic administration of Pq on locomotion, learning and memory, social interaction, tyrosine
hydroxylase (TH) expression, dopamine and 3.4-dihydroxyphenylacetic acid (DOPAC) levels, and dopamine
transporter (DAT) gene expression in zebrafish. Adult zebrafish received an i.p. injection of either 10 mg/kg
(Pq10) or 20mg/kg (Pq20) of Pq every 3 days for a total of six injections. Locomotion and distance traveled
decreased at 24 h after each injection in both treatment doses. In addition, both Pq10- and Pq20-treated animals
exhibited differential effects on the absolute turn angle. Nonmotor behaviors were also evaluated, and no
changes were observed in anxiety-related behaviors or social interactions in Pg-treated zebrafish. However, Pg-
treated amimals demonstrated impaired acquisiion and consolidation of spatial memory in the Y-maze task.
Interestingly, dopamine levels mcreased while DOPAC levels decreased in the zebrafish brain after both
treatments. However, DAT expression decreased in the Pql0-treated group, and there was no change in the
Pg20-treated group. The amount of TH protein showed no significant difference in the treated group. Our study
establishes a new model to study Parkinson-associated symptoms in zebrafish that have been chronically treated
with Pq.

Introduction

HE DOPAMINERGIC SYSTEM mediates several important

brain functions, such as motor activity, cognition, emo-
tion, motivation, and reward.'? The degeneration of dopa-
minergic neurons in the substantia nigra results in the
depletion of dopamine (DA) in the striatum, which is asso-
ciated with a commonly occurring movement disorder called
Parkinson disease (F‘D)x“’4 PD is characterized by motor ab-
normalities such as resting tremor, rigidity, bradykinesia, and
postural instability.® Nonmotor symptoms, including ol-
factory deficits, sleep impairment, anxiety, and depression,

and at later stages, impaired cognition and dementia are also
observed.”®

The majority of PD cases are sporadic, which suggests a role
for environmental factors or more complex gene-environmental
interactions.” Neurotoxins, such as 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) and 6-hydroxydopamine (6-
OHDA), have been widely used in animal models to mimic
specific pathogenic events and behavioral features that are
observed in PD.'®! In addition, pesticides such as paraquat
(Pq) or rotenone have been described as potential environ-
mental Parkinsonian toxicants both in humans and in exper-
imental animals.'>"
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Some of these neurotoxins have also been used in adult
zebrafish. The teleost zebrafish (Danio rerio) has become
popular for behavioral studies'*'® and appears to be a good
animal model to study movement disorders such as PD,"”
because the basic brain anatomy and neurotransmitter sys-
tems in these fish are similar to those found in mammalian
brains.'®2° DA neurons are detected early in zebrafish de-
velopment in the posterior tuberculum of the ventral dien-
cephalon®' and project to the prosencephalon. which is
anatomically similar to the mammalian striatum. This path-
way is comparable to the nigrostriatal network in hu-
mans.'*° Tyrosine hydroxylase (TH), an important enzyme
involved in DA synthesis, also exists in zebrafish, which have
two nonallelic 'IH genes (thl and th2) due to gene dupllcauon
in teleost fish.>> This enzyme catalyzes the conversion of
tyrosine to L-DOPA, which is a precursor for rhe catechol-
amines DA, epinephrine, and ni)repmephrme ? Therefore,
TH is commonly used as a marker for catecholinergic neu-
rons.”*?> Zebrafish express the DA receptor subtypes DI-
like, D2-like, D3-like, and D4-like. This expression pattern
resembles that of mammals, with the exception of the D5-like
receptor, which is absent in zebrafish.26-28 Furthermore, PD-
related genes such as J-1, UCH-LI, SNCA, Pinkl, PARK2,
and LRR2 are evolutionarily conserved in both zebrafish and
humans, ! 7-2%:30

In zebrafish, acute exposure (i.e., intramuscular injection)
to either MPTP or 6-OHDA has been shown to diminish DA
and noradrenaline levels in the brain without changing TH
levels. One day after being exposed to these drugs, the fish
exhibit a decrease in both swimming velocity and total dis-
tance traveled, and these behaviors remain impaired for 9
days.®" A previous study has demonstrated that adult zebra-
fish given a single intraperitoneal injection of MPTP exhibit
reduced locomotion but experience no change in the number
of TH-positive neurons. In contrast, exposure to rotenone or
Pq via immersion (i.e., pesticides diluted in tank water) has
not been shown to alter either locomotion or the number of
DA neurons in zebrafish.?? In rodents, the systemic admin-
istration of Pq has been shown to affect dopamine l:rampor[er
(DAT) and DA metabolism in nigrostriatal neurons.” The
subchronic administration of Pq has also been shown to in-
fluence DA mel:abo]1<;m and cause oxidative stress and cell
death in rats.** Previous studies have also demonstrated that
the continuous administration of Pq can result in behavioral
changes and modification of DA levels. Pg-treated rats dis-
play anxiety-like phenotypes.*>® the progressive loss of
olfactory discrimination, 36 diminished locomotion,”’” and
motor deficits in the pole test,* all of which mimic PD
symptoms. However, little is known about the effects of
systemically administering Pq in zebrafish.

The idea that Pq contributes to dopaminergic neurode-
generation is based on its structural similarity to 1-methyl-4
phenylpyridinium (MPP ™), which is the active metabolite of
MPTP. Previous studies have demonstrated that Pq in its
monovalent state can be absorbed by neurons through the
DAT and can induce oxidative stress and cytotoxicity.*® The
role of Pq as a environmental neurotoxin that is associated
with an increased risk for neurodegenerauve diseases after
chronic exposure has been investi gated by Costello et al.,
who used geographic information from the Central Valley of
California to demonstrate that exposure to Pq alone or in
combination with other pesticides increases the risk for PD.*
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In addition, cumulative exposure to Pq has been shown to
significantly augment the risk of developing PD. a3
Therefore, this study aimed at evaluating a possible neuro-
toxic effect of systemically administering Pq on the loco-
motion profile, learning and memory, social interaction, TH
expression, DA and 3,4-dihydroxyphenylacetic acid (DO-
PAC) levels, and DAT gene expression in zebrafish.

Materials and Methods
Animals

Adult male wild-type zebrafish (0.4-0.6 g) were obtained
from a commercial supplier (Redfish) and were housed at a
controlled temperature (26°C £2°C) in a 30 L aquarium at a
density of three animals per liter. The fish were allowed to
acclimate to the laboratory environment for at least 14 days.
They were subjected to a day:night cycle of 14:10 h and were
fed thrice per day with commercial flake food that was sup-
plemented with live brine shrimp. All protocols were ap-
proved by the Animal Care Committee from Pontificia
Universidade Catolica do Rio Grande do Sul (11/00257-
CEUA- PUCRS) and adhered to all relevant guidelines on the
care and use of fish in research, teaching, and testing as
specified in Brazilian legislation, the Brazilian Collegium of
Animal Experimentation (COBEA), and the Canadian
Council for Animal Care (CCAC).

Treatment

After the acclimation period, the fish were divided into
three experimental groups (Pql0, Pq20 and control) and re-
ceived a total of six 1.p. injections (one injection every 3 days;
Fig. 1). Before each injection, the fish were anesthetized with
0.1 g/L tricaine solution (ethyl 3-aminobenzoate methane-
sulfonate salt; Fluka). Two different doses of Pq (10 and
20mg/kg; Pq dichloride x-hydrate, PESTANAL®) were
used, while the control group instead received the same
volume of saline.** Each injection consisted of a total volume

of 10 uL.
Behavioral analyses
Locomotion. Twenty-four hours after each injection

(days 1,4, 7,10, 13, and 16), the locomotion of each animal
was measured between 9:00 and 13:00. Animals were placed
individually in the experimental tanks (30cm longx 15cm
high x 10em wide) and habituated for 30 s, after which their
behavior was recorded on video for 10min.*® The videos
were analyzed using ANY-maze software (Stoelting Co.),
which virtually divided the tanks into equal sections with
three vertical lines and one horizontal line. The behavioral
patterns measured in these videos were the number of sec-
tional line crossings, distance traveled, mean speed, and time
spent in each tank section (i.e., the bottom vs. upper levels).
Since zebrafish have a natural tendency to spend more time at
the bottom of a novel tank before gradually exploring higher
portions of the tank over a period of minutes,*® the time spent
in each tank section could be used as a measure of anxiety. In
addition, we measured the absolute turn angle, which repre-
sents a sum of the movement vectors from one position rel-
ative to the animal’s center point and the next both clockwise
and anti-clockwise. The absolute value of this angle is sum-
med for all the positions of the animal throughout the test. To
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Behavioral analysis and measurements of

DA, DOPAC, TH levels and DAT expression.
FIG. 1. Timeline of the experimental procedure. Zebrafish received i.p. injections of either saline (control group; Cirl) or

Pq at a dose of 10 mg/kg (Pq10) or 20 mg/kg (Pq20). The injections were administered during every 3 days for a total of six
injections over the course of 16 days. On day 17, DA, DOPAC, and TH levels and DAT gene expression were determined.
DA, dopamine; DAT, dopamine transporter; DOPAC, 3.4-dihydroxyphenylacetic acid; Pq, paraquat; TH, tyrosine hy-

droxylase.

measure this parameter, each fish was placed in a 20-cm
diameter round tank for 10min, and the data were collected
as described earlier.”!

Social interaction. Zebrafish are a social species, and they
prefer to swim in groups.*”*® To measure their social inter-
action, we used a protocol previously described by Saverino
and Gerlai*® with some modifications. The apparatus con-
sisted of three tanks (designated as left, central, and right),
each with the same dimensions (30 cm longx 15 cm highx
10em wide). First, one Pg-treated fish was individually
placed into the central tank, and its actions were recorded on
video over the course of 8 min (**habituation period™). After
the habituation period, 15 female zebrafish of identical size
were positioned in the left tank, while the right tank remained
empty. Then, a video was recorded for another 8min
(*“*stimulus period™). The central tank was divided in two
equal parts, and the amount of time that the experimental fish
spent near the conspecific school was measured during the
stimulus period to quantify their preference for the stimulus
tank versus the empty tank.

Y-maze task. The spatial memory of both Pg-treated fish
and controls was evaluated using the Y-maze task.>® For this
task, the control, Pql0, and Pq20 animals (n=15) were in-
dividually trained and tested in a Y-Maze glass aquarium
with three arms (25cm long, 8cm wide, and 15em high),
which were designated as the “start’” arm, the “other’” arm
(always open), and the “novel’” arm (open only during the
test trial). During the training session (5 min), the fish were
individually placed in the start arm, and the novel arm was
closed. After 1h, the test session (5min) began, and the fish
was again placed in the start arm, but this time, the novel arm
was open. The time spent in each arm was determined, and
locomotion parameters were measured (distance traveled and
mean speed). Both the training and test sessions were re-
corded and analyzed further using the ANY-Maze software
(Stoelting Co.).

Westem blot analysis of TH levels

Dissected brain tissue from euthanized fish (n = 5 per group
in sixplicate) was placed in a cooled protease inhibitor so-
lution (Complete Mini; Roche Applied Science) and stored
at —80°C for subsequent analysis as previously described?!

with a few modifications. The protein extract was prepared
in RIPA buffer (Sigma-Aldrich). Total protein (25 pg) was
separated on a 12% SDS-polyacrylamide gel and trans-
ferred electrophoretically to a nitrocellulose membrane.
Next, the membrane was blocked with 5% albumin (Sig-
ma-Aldrich) in TBS containing 0.05% Tween-20 and in-
cubated overnight with rabbit polyclonal antibody against
B-actin (ab34731, 1:2000; Abcam) or mouse monoclonal
anti-TH antibody (MAB318, 1:1000; Millipore) that
served as primary antibodies. Goat anti-mouse (G-21040,
1:2000; Molecular Probes) and goat anti-rabbit (ab97069,
1:2000; Abcam) horseradish peroxidase-conjugated sec-
ondary antibodies were used to detect the primary anti-
bodies, and the resulting signal was measured with the
Western Lighting-Enhanced Chemiluminescence detec-
tion kit (NEL 104001EA; Perkin Elmer). Prestained mo-
lecular-weight protein markers (Benchmark marker;
Invitrogen) were used to determine the molecular weight
of each detected band and to confirm antibody target
specificity. Densitometry quantification of each replicated
gel (n=6) was performed using Carestream software
(Carestream Health). Total protein levls were normalized
for each sample relative to B-actin protein levels.

Determination of DA and DOPAC levels by liquid
chromatography-tandem mass spectrometry

The presence of DA and its metabolite DOPAC was ana-
lyzed according to a previously described method® with
some modifications. Five brains were pooled for each of the
four replicates. The samples were homogenized in 500 L of
formic acid (0.1 M) and centrifuged at 20,000 g for 20 min at
4°C. Next, the supernatant was filtered (0.22 yum filter) and
injected into the UHPLC 1290/MS 6460 TQQQ—Agilent
(all HPLC components and the MassHunter software were
obtained from Agilent Technologies®). Chromatographic
separations were performed using a Zorbax Eclipse Plus C18
2.1x50mm L8um column. The flow rate of methanol
(eluent A): 0.05% formic acid with 1 mM of heptafluorobutyric
acid (HFBA) (eluent B) in the mobile phase was (.2 mL/min
with a column temperature of 30°C. A gradient of flow was
used, which started at 95% of eluent B for 0.5 min and sub-
sequently decreased to 0% over 3.5 min. A total volume of
5 uL. was injected into the UHPLC system for each sample.
The monitored transitions were as follows: DA (154> 137
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and 154>91) and DOPAC (169>123 and 169> 77). The
results were expressed as ng of analyte per mg of total protein
from brain homogenates.

Gene expression analysis by quantitative
real-time reverse transcription polymerase
chain reaction (qRT-PCR)

Gene expression analysis was carried out only when kinetic
alteration occurred. Total RNA was isolated with Trizol® re-
agent (Invitrogen) in accordance with the manufacturer’s in-
structions. The total RNA was quantified by spectrophotometry
(A260/A280), and the cDNA was synthesized with ImProm-
[I™ Reverse Transcription System (Promega) from 1 pug of
total RNA, following the manufacturer’s instructions. Quanti-
tative polymerase chain reaction (PCR) was performed using
SYBR®™ Green I (Invitrogen) to detect double-strand cDNA
synthesis. Reactions were done in a volume of 25 ul using
12.5 uL of diluted cDNA, containing a final concentration of
0.2xSYBR Green [ (Invitrogen), 100uM dNTP, 1xPCR
Buffer, 3mM MgCls, 0.25 U Platinum® Taq DNA Polymerase
(Invitrogen), and 200nM of each reverse and forward primers
(Table 1). The PCR cycling conditions were as follows: an
initial polymerase activation step for Smin at 95°C, 40 cycles
of 15 s at 95°C for denaturation, 35 s at 60°C for annealing, and
15s at 72°C for elongation. At the end of cycling protocol, a
melting-curve analysis was included; fluorescence was mea-
sured from 60°C to 99°C and showed in all cases one single
peak. Rpli3x and EFla were used as an endogenous control.
Relative expression levels were determined with 7500 Fast
Real-Time System Sequence Detection Software v.2.0.5 (Ap-
plied Biosystems). The efficiency per sample was calculated
using  LinRegPCR 20123  Software  (http://LinReg
PCR.nl), and the stability of the references genes, EFla
and Rlpl3a (M-value) and the optimal number of reference
genes according to the pairwise variation (V) were analyzed
by GeNorm 3.5 Software (http://medgen.ugent.be/genorm/).
Relative RNA expression levels were determined using the
272" method.

Statistical analysis

Differences in locomotor parameters, for a comparison
between doses (Pq10 and Pq20) and day after treatment (days
1,4,7,10, 13, and 16), were evaluated by two-way analysis
of variance (ANOVA) followed by posthoc comparisons
using Bonferroni correction and were expressed as the
mean +S.E.M. Social interaction, spatial memory and DAT
gene expression were analyzed by one-way ANOVA fol-
lowed by post-hoc comparisons using Tukey's HSD test and
were expressed as the mean +S.E.M. Western blot results and
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DA and DOPAC levels were evaluated by one-way ANOVA
followed by a post-hoc Tukey's HSD test and were expressed
as the mean+ S.D. For all comparisons, the significance level
was set at p<0.05.

Results

Locomotor activity was measured at 24 h after each i.p.
injection of Pql0 or Pq20. Both dosages resulted in marked
alterations in zebrafish swimming behavior relative to controls
(Fig. 2). Specific parameters of fish swimming activity were
measured in the tank test. The total distance traveled was
measured 24 h after each Pq20 injection and decreased at
all timepoints when compared with the control group
(F2.23,=1.621; p<0.05). In contrast, Pql0-treated fish dis-
played a difference in the distance traveled only at day 10, 13,
and 16 (F223,=1.621; p<0.05; Fig. 2A). Another locomotor
parameter analyzed was the absolute turn angle, which cal-
culates the overall movement relative to a center point and also
takes into account the direction of the movement. According to
Blazina et al. ,54 the absolute turn angle is a sensitive measure
of motor coordination, as it is affected by drug treatments at
doses that failed to alter locomotion. Zebrafish exposed to Pq
showed significant changes in the absolute turn angle. Pql0-
treated fish increased the turn angle only at day 10 when
compared with the control group (F; »3,=7.273; p<0.001),
while Pq20-treated fish demonstrated a decrease in turn angle
after all treatments (F503,=7.273; p<0.001) with the ex-
ception of day 10 and 16, where no significant differences
were observed in comparison to the control group (Fig. 2B).
The number of line crossings of PqlO-treated fish decreased at
day 10,13, and 16 (F»53,=1.974; p < 0.05); while no changes
were found at day 1, 4, or 7. The Pq20-treated fish demon-
strated a 26% decrease in the number of line crossings at 24 h
after the first Pq20 injection. This pattern remained altered at
each subsequent timepoint (F» »3,=1.974; p <0.05) (data not
shown). The mean velocity of PqlO-treated fish decreased only
atday 10, 13, and 16 (F(523,=1.372; p <0.05); this parameter
was not significantly different from that of the control group at
day 1, 4, and 7. In contrast, Pq20-treated fish demonstrated a
decrease in mean velocity at all time points when compared
with the control group (F».3,=1.372; p<0.05) (data not
shown). Taken together, these results suggest a dose-depen-
dent effect on the initiation and maintenance of motor symp-
toms in zebrafish chronically treated with Pq.

Nonmotor behaviors that are commonly present in PD
were also analyzed, such as anxiety, cognition, and social
interaction. The same tank used to measure swimming ac-
tivity was also used to observe the index of anxiety, which
was determined by the time spent in the upper portion of the
tank at 24 h after each injection.*® As illustrated in Figure 3,

TABLE 1. PRIMER SEQUENCES FOR REVERSE TRANSCRIPTION-QUANTITATIVE
PoLYMERASE CHAIN REACTION EXPERIMENTS

Gene Forward primer Reverse primer

EFIa* 5-CTGGAGGCCAGCTCAAACAT-3’ 5-ATCAAGAAGAGTAGTACCGCTAGCATTAC-3’
Rpli3o® 5-TCTGGAGGACTGTAAGAGGTATGC-3’ 5-AGACGCACAATCTTGAGAGCAG-3’

dat® 5-AGACATCTGGGAAGGTGGTG-3" 5-ACCTGAGCATCATACAGGCG-3'

*According to Tang et al>?

According to Barreto-Valer et al >
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FIG. 2. Locomotion profile of control and Pg-treated zebrafish. Twenty four hours after each injection, total distance
traveled (A) and absolute turn angle (B) were evaluated. The data are expressed as the mean +S.E.M. from 24 animals for
each group and were analyzed by two-way ANOVA followed by Bonferroni post-hoc test. *p<0.05, #¥p<0.01, and
##%p < (.001 relative to the control group. Ctrl, saline injection; Pq10, 10mg/kg Pq; Pq20, 20 mg/kg Pq; ANOVA, analysis

of variance.

there were no significant differences in the time spent in the
upper portion of the test tank among the Pq10- or Pq 20-
treated groups at any timepoint when compared with the
control group. These results indicate that the repeated i.p.
injection of Pq did not induce anxiety in the fish. Spatial
memory was also evaluated in Pqg-treated fish by subjecting
them to the Y-Maze task after all six injections had been
given (day 17). In this test, the time spent in each arm (novel,
start, and other) was measured 1h after the training ses-
sion, and the response to novelty (time spent in novel
arm) was determined. Pq10 (32.6% £4.2%) and Pq20-treated
(26.8% *+4.3%) fish spent less time in the novel arm com-
pared with the control group (52% +5%; Fp14,=4.63;
p<0.01). There were no significant differences in the time
spent in each arm for the treated groups (Fig. 4). These data
demonstrate that Pq treatment results in impaired acquisition
and consolidation of spatial memory. However, the Pg-trea-
ted fish did not demonstrate any locomotion deficits in this
task, such as a change in distance traveled and mean velocity,
when compared with the control group (data not shown).
Finally, there were no significant differences in social inter-
action between zebrafish treated with Pq 10mg/kg (331.5+
26.7s) or Pq 20 mg/kg (389.9+17.3s) and the control group

n
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- Control -= Pq10 -«- Pgq20

FIG. 3. Time spent in the upper portion of the tank after
Pq treatment or control injection (n=24 for each group).
The data are expressed as the mean® S.E.M. and were an-
alyzed by a two-way ANOVA followed by a Bonferroni
post-hoc test.

(335.5+£21.3s; p=0.357; Fn10,=2.38; Fig. 5). These data
suggest that repeated Pq treatment does not disrupt the
preference of zebrafish to live in groups.

We also analyzed the levels of DA and DOPAC in zeb-
rafish brains after the sixth i.p. injection of 10 or 20 mg/kg Pq.
Changes in both DA and DOPAC levels were observed in the
treated groups. Compared with controls, DA levels increased
35.5% £ 5.9% in Pql0-treated fish (p <0.001; F» 5,=34.09)
and 45.5%+5.5% in Pq20-treated fish (p<0.001; Fp5 3 =
34.09). In contrast, DOPAC levels decreased in the brains of
both Pql0-treated fish (25.3% +3.5%; p<0.004; F5 5=
11.53) and Pq20-treated fish (17% +4.6% F3,=11.53;
p<0.004) (Fig. 6). TH protein levels in Pg-treated zebrafish
brain were also measured by western blotting. No changes in
the level of total TH protein were observed in Pql0
(1.03£0.24) or Pq 20-treated fish (0.8710.20) when com-
pared with the control group (0.85+0.24; p=0.83; F5 5=
0.1781) on day 17 (Fig. 7). We performed a gRT-PCR
analysis in order to evaluate the influence of DAT on DA
metabolism after Pq repetitive exposure in zebrafish brain.
The Pql0-treated group showed a decrease (1.18+0.1; F 6=
479 p<003) in DAT gene expression compared with the
control group (1.6%0.1), while the Pq20-treated group
(1.310.1) did not present significant changes in gene expres-
sion compared with the control group (Fig. 8).
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FIG. 4. The Y-maze response to novelty in treated and
control zebrafish. The inset shows the distance traveled
during the test session. The data are expressed as the
mean+S.EM. (n=14) and were analyzed by a one-way
ANOVA followed by Tukey's post-hoc test. #¥p<0.01.
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500+
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Time spent near
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ctrl Pq10 Pq20

FIG. 5. Time spent near the stimulus screen as a mea-
surement of social interaction. No changes in the time spent
near the stimulus were observed in either the control or
treated groups (n=20 for each group). The data are ex-
pressed as the mean+S.E.M. and were analyzed by a one-
way ANOVA followed by Tukey’s post-hoc test.

Discussion

Several studies have demonstrated that prolonged expo-
sure to pesticides is an environmental risk factor for the de-
velopment of PD. One such pesticide, Pq, has been associated
with an increased risk of PD in multiple studies involving

150 -
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FIG. 6. The influence of Pq on DA levels (A3 n=4) and its
metabolite DOPAC (B; n=4). The results (mean+S.D.) are
shown in ng/mg of protein and were analyzed by a one-way AN-
OVA followed by Tukey's post-hoc test. **p <0.01; **p < (0.001.
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FIG. 7. Western blotting of zebrafish brain homogenates
probed with anti-TH antibodies. The results are expressed as
the mean+S.D. (n=6) of TH levels relative to beta actin
levels.

humans.”*" Indeed, previous studies have shown that do-
paminergic neurons are susceptible to Pq®® " and that re-
duced motor activity can result from exposure to this
chemical ***7°% Costello et al.** demonstrated that the ex-
posure to multiple chemicals may potentiate the effect of
each chemical as well as the time of exposure is important. In
this study, we utilized zebrafish, a vertebrate organism thatis
commonly used to study both behavioral and neurodegen-
erative disorders.®'** Several studies have already devel-
oped different experimental animal models of parkinsonism,
with distinct neurochemical and behavioral alterations (for a
review, see Table 2) This study is the first which demon-
strates that zebrafish exposed to repeated i.p. injections of the
pesticide Pq exhibit a decrease in general locomotor activity.
One interesting observation is the dose dependence of this
phenomenon. While treatment with 10mg/kg Pq caused a
reduction in locomotion starting from the fourth injection
(day 10), treatment with 20 mg/kg Pq diminished locomotion
from the first injection (day 1) and continued to act until the
end of the treatment period (i.e., the sixth i.p. injection on dag
16). These results conflict with those of Bretaud er al.,
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FIG. 8. Effects of Pq repeated treatment in DAT gene
expression. Data are expressed as mean+S.E.M of six in-
dependent experiments performed in triplicate. Results were
analyzed by a one-way ANOVA followed by Tukey’s post-

hoc test. *p<0.05.
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where no alteration in the locomotor activity of adult zebra-
fish was observed after exposure to Pq (5 mg/L) in the water
tank over the course of 4 weeks. Similar results were ob-
served in 7 days post-fertilization (dpf) zebrafish larvae,
which were exposed to Pq (5 and 10mg/L) that was also
administered directly in their water tank.*? Therefore, the
distinet routes of Pq exposure can explain the differences
observed in our results when compared with the literature,
which make the Pg-repeated exposure via i.p. more suitable
for inducing parkinsonism in this species.

After administering only one injection of the two neuro-
toxins known to induce DA deficiency, MPTP, or 6-OHDA,
Anichtchik er al. observed a similar pattern of diminished
locomotion in adult zebrafish, which suggests that the route
of exposure can be crucial in causing behavioral effects.”!
Intraperitoneal injections of 75 mg/kg MPP ™, a metabolite of
MPTP, did not induce deficits in locomotion in adult zebra-
fish, whereas MPTP decreased locomotion.*> However, lar-
val zebrafish exposure to MPP™ from days 2 to 6dpf was
associated with reduced motor activity and DA neurons®® and
diminished spontaneous propulsive movements.”® In addi-
tion, both systemic and chronic administration of Pq (i.p.) in
rodents have been shown to cause a neurobehavioral syn-
drome that resembles the effects observed in our study. One
previous study indicated that 10 doses of Pq (7 mg/kg) can
impair swimming behavior when compared with the con-
trols.*® Another study has demonstrated that using Pq in two
different doses (5 or 10 mg/kg) administered in three i.p. in-
jections per week for a total of 22 days results in a pronounced
decrease in motor activity compared with the controls. The
same decrease in locomotion has also been induced by two
injections of MPTP at a dose of either 10 or 30 mg/kg.”® In
addition, mice that received 24 i.p. injections of 10 mg/kg Pq
twice a week have been shown to exhibit lower levels of
horizontal activity after all doses except for the first one.™

We also measured the absolute turn angle, which reveals
changes in zebrafish swimming direction. The Pql0 group
demonstrated an increased turn angle only at day 10, while
the Pq20 group displayed a decreased turn angle at all time
points except for days 10 and 16. After administering one
injection of either MPTP or 6-OHDA, Anichtchik ef al. ob-
served an increase in the turn angle 9 days later.”! Our data
have shown a dose dependency for this parameter, because
the Pql0 group exhibited increased turns only at one time-
point, whereas the Pq20 group showed a more significant
decrease in the turn angles at multiple timepoints. A decrease
in turn angle has also been observed in zebrafish that were
exposed to endosulfan, an organochlorine pesticide used as
insecticide and an acaricide.®" This evidence reinforces the
idea that the swimming activity is a sensitive parameter
which is used to evaluate the action of toxic agents that are
able to alter the neurotransmitter system, such as dopami-
nergic and serotonergic signaling®*># Taken together, our
findings demonstrate that Pq exposure can disrupt locomotor
activity and motor posture as verified by lower mean speed,
distance traveled, line crossings, and change in turn angle of
Pg-treated fish when compared with the control group.

In addition to motor alterations resulting from the degen-
eration of dopaminergic neurons, nonmotor symptoms have
also been described in PD. Multiple neuronal systems seem to
be involved in PD pathophysiology, which leads to a spec-
trum of symptoms, including olfactory deficits, affective

45

BORTOLOTTO ET AL.

disorders, memory impairment, and digestive dysfunction.™
Therefore, we also evaluated nonmotor behaviors in zebra-
fish exposed to Pg, such as anxiety, cognition, and social
interaction. In this study, we evaluated spatial memory using
the Y-maze task as previously described by Cognato et al.>”
Our results demonstrate for the first time that repeated in-
jections of Pq may impair the acquisition and consolidation
of spatial memory in zebrafish. Previous studies have dem-
onstrated that the oral administration of Pq in mice results in
an increase in the time required for treated animals to reach
the platform in a water maze when compared with the con-
trols. In a probe test, Pq treatment has been shown to sig-
nificantly decrease the time required to pass the site where the
platform had been originally located. Taken together, these
data suggest that Pq may influence leaming and memory in
mice.™ Impaired learning and memory were also observed in
rats after d_?paminergic neurons had been destroyed by MPTP
treatment.®® Therefore, our results are in agreement with the
literature, which suggests that neurotoxins and pesticides
might induce general memory impairment.

In addition, our study found no effect of Pq treatment on
the social preference of zebrafish. It has been well established
that zebrafish prefer to swim in groups. This behavioral
strategy is considered as guarding against predators in several
fish species.**” The possible involvement of the dopami-
nergic system in social Ereferenoe has previously been ana-
lyzed by Scerbina et al.®” Using a D1 receptor antagonist, the
authors observed a reduction in the social preference in the
AB strain of zebrafish but saw no change in the SF strain. Itis
interesting to note that these two strains exhibit a decrease in
locomotion resulting from the D1 antagonist.*” Recently, it
has been shown that acute social interactions elicit rapid and
differential changes in serotonergic and dopaminergic ac-
tivity across different brain regions in zebrafish.®® In addi-
tion, studies have demonstrated that the maturation of
shoaling behavior is followed by changes in serotonergic and
dopaminergic systems.***? In our study, wild-type zebrafish
treated continuously with Pq showed no alteration in social
preference despite a change in DA and DOPAC levels.

When introduced to a novel environment, zebrafish natu-
rally remain at the bottom of the tank and then gradually
explore the upper portions.*® In our study, zebrafish treated
with Pq10 and Pq20 showed no changes in the amount of time
spent in the upper zone of the test tank, which suggests a
nonanxiolytic effect of Pq treatment. This result conflicts
with previous studies conducted in rats where four injections
of Pq (10mg/kg) resulted in anxiety-like behavior in the el-
evated-plus maze test from the first injection onward.”' In
addition, rats treated for 3 weeks with Pq (10 mg/kg) spent
less time in the center of an open field, which indicates an-
xiogenic behavior.*® Previous studies addressing anxiety-like
behavior after MPTP or 6-OHDA treatment in rats have
produced conflicting results.”> Vuckovic et al. found that four
i.p. injections of MPTP did not result in anxious behavior in
the light-dark preference test at 7 or 30 days post-treatment.*
Gorton et al., using the same regimen of MPTP treatment,
reported an anxiety-like response in the marble-burring test
but no anxiety-like response in the elevated plus maze test.”
Branchi er al., using bilateral injections of 6-OHDA, found a
significant reduction in anxiety-like behavior in the elevated
plus maze test but no difference in the time spent next to the
walls of an open field.”
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TaBLE 2. ANIMAL MODELS OF EXPERIMENTAL PARKINSONISM
Agent Model Behavioral alterations Neurochemical alterations Ref.
MPTP Acute mouse model Loss of DA neurons and 64
decreased DA content
Subacute mouse model Decrease in locomotor Decreased DA and DOPAC 65,66
activity and exhibited levels
akinesia Neuronal degeneration
Motor impairment Loss of dopaminergic
neurons, induction of
apoptosis, and enhanced
oxidative stress
Acute adult zebrafish model Motor impairment Decreased DA content and no 31
Rotational behavior alterations in DA neurons
and TH levels
Zebrafish larvae Motility disorder Decline of TH 67
5-HT neurons affected.
6-OHDA Unilateral injection into MFB Degeneration of neurons in 68,69
(medial foreinbrain bundle) the nigrostriatal system.
model—rodents Loss of DA content,
Decreased TH levels
Unilateral injection into Rotational behavior Loss of DA neurons and 70
striatal model—rodents decreased DA content.
Acute zebrafish Motor impairment Decreased DA content and no 31
Model Rotational behavior alterations in DA neurons
and TH levels
Zebrafish larvae Decreased TH levels 71
Rotenone Systemic administration— Catalepsy and reduced Decreased TH levels and DA 72,73
rodents motor activity content
Hypokinesia and rigidity Cytoplasmic inclusions
reminiscent of Lewy bodies
Chronic zebrafish model-tank No motor effects in larval No changes in TH levels 32
water of adult zebrafish
Chronic Drosophila model Locomotor deficits DA neuron degeneration 74
Paraquat Systemic administration— Divergent effects on Decreased DA and TH levels 59,60,75
mice model horizontal locomotor Loss of DA neurons
behavior Increased x-synuclein
immunoreactivity
Acute expose—rat model Locomotor deficits Decreased DA in striatal 76
content
Long exposure—rat model Locomotor deficits Decreased TH 77
Changes in DA levels.
Chronic zebrafish model-tank No motor effects in larval No changes in TH levels 32
water or adult zebrafish
Acute Drosophila model Parkinsonian syndrome: Reduced number of DA 78

resting tremor,
bradykinesis, rotational
behavior

neurons
Changes in neuronal

morphology

5-HT, serotonin: 6-OHDA, 6-hydroxydopamine; DA, dopamine: DOPAC, 3.4-dihydroxyphenylacetic acid: MPTP, 1-methyl-4-phenyl-

1.2

,2,3,6-tetrahydropyridine; TH, tyrosine hydroxylase.

Our results also demonstrate that repeated i.p. injections of
Pq affect the levels of both DA and its metabolite DOPAC in
the zebrafish brain. DA levels increased after six injections of
Pq at both doses tested, while DOPAC levels in the zebrafish
brain decreased after Pq treatment. This result suggests that
Pq treatment reduces DA metabolism in the zebrafish brain.
These findings support those of Kuter et al., where a similar
profile of DA metabolism was observed in rats treated with
10 mg/kg Pq. In that study, a decrease in the DOPAC/DA
ratio was detected at 3 days after the treatment ended.”®
Another study in which Pq was administered by micro-
dialysis also suggested that extracellular levels of DA in the
striatum increase in a dose-dependent manner.> Songin ef al.

administered 10 mg/kg of Pq to rats by an i.p. injection once a
week for 37 weeks and found a decrease (13%) in the DO-
PAC/DA ratio in the striatum.”” Shepherd ef al. administered
six Pq injections and observed no differences in DA levels
when compared with the controls; however, DOPAC levels
decreased when compared with the controls.”” Taken to-
gether, these studies suggest that Pq might alter DA release
and/or inhibit DA reuptake and that a potential compensatory
mechanism may occur after Pq administration to restore
impaired dopaminergic transmission. Moreover, a recent
study found no difference in DA or DOPAC levels after one,
two, or three i,g_, administrations of Pq (10 or 15 mg/kg) given
1 week apart.”® The same study used [C'*]-labeled Pq to
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demonstrate that this pesticide remained in the rat brain at 7
days afier the last dose was received; striatal levels of DA and
DOPAC were also calculated at this timepoint using HPLC. The
exposure to Pq either twice or thrice per week did not signifi-
cantly change these levels. The results revealed only a modest
increase in DA levels at 7 days after the 12th and 18th doses of
Pq compared with controls and a significant decrease in DA
levels after the 24th dose compared with all other groups.”®

Using western blot analysis, we also measured TH levels in
the brains of Pg-treated zebrafish. [nterestingly, no significant
changes in TH expression were observed in zebrafish treated
with Pq in comparison to the control group. These results are
consistent with those of Anichtchik et al., where zebrafish
were given one injection of MPTP or 6-OHDA.*! In addition,
a recent study in rats did not find any consistent stereological
evidence of DAB-labeled TH neuronal loss after i.p. treatment
with 10 and 15 mg/kg Pq,gM However, Brooks et al. have
shown that three doses of Pq can diminish TH levels in the
striatum in mice.”® Reeves et al. measured TH levels in striatal
sections of rat brains treated chronically with Pq by both
HPLC and immunohistochemistry and observed a decrease in
TH in both tests.* Another study has also demonstrated a
decrease in TH immunoreactivity in the midbrain of rats
treated with Pq.”® A similar reduction in TH levels was ob-
served in TH-positive neurons in the substantia nigra in rats
that were treated with 10 mg/kg Pq.*C The conflicting results
regarding TH levels after Pq treatment could result from either
the different animal models used in these studies or the
methodology used to measure TH protein levels.

In this study, we also investigated whether repeated Pq
exposure alters DAT gene expression by performing quanti-
tative RT-PCR assays. Our results presented a significant de-
crease in DAT mRNA levels of PqlO-treated fish, when
compared with the control. However, Pq20-treated fish did not
show significant changes in mRNA DAT transcript levels.
Previous studies have demonstrated that mice treated orally
with Pq (10mg/kg) during 4 months diminished mRNA and
protein expression of DAT in substantia nigra.'® Another
study demonstrated that rats exposed to Pq (10 mg/Kg) via i.p.
during 2 and 24 h or 7 days after the injection showed a de-
crease in DAT content, suggesting that even an acute systemic
Pq administration affects striatal DAT and DA metabolism.™
Furthermore, a decrease in DAT content was also seen in the
MPTP mouse model of PD.'"""'" Since DAT is responsible
for the reuptake of DA into presynaptic neurons and plays a
central role in the spatiotemporal buffering ofreleased DA and
its recyeling, ' the decreased DAT expression observed in our
study might be involved with the increase of DA levels found
in zebrafish that are repeatedly exposed to Pg.

In conclusion, our findings indicate that repeated i.p. in-
jections of Pq in zebrafish produce a significantly decreased
locomotion profile, dose-dependent alterations in the turn
angle, and an impairment of spatial memory with no anxiety-
like behavior or alterations in social interaction. Therefore,
we have identified a novel animal model to study PD that
involves exposing zebrafish to chronic treatment with the
Parkinsonian agent Pq.
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4. DISCUSSAO

As doengas neurodegenerativas sé@o definidas como desordens resultantes da perda
progressiva de fungdo ou de estrutura neuronal no sistema nervoso central (Serrano-Pozo et
al., 2011). Dentre estas patologias, a DA se caracteriza pelo deposito de agregados proteicos e
da perda progressiva de neuronios colinérgicos, levando ao aparecimento de problemas
comportamentais como dano cognitivo e deméncia (Selkoe et al., 2012). Para o tratamento da
DA, inibidores da acetilcolinesterase séo utilizados até os dias atuais na pratica clinica. Esses
inibidores aumentam a funcdo colinérgica, tratando apenas os sintomas da DA (Casey, 2010).

A adenosina desempenha um papel importante como neuromodulador, controlando a
excitabilidade neuronal e, consequentemente, modulando condi¢des fisiologicas e patoldgicas
no SNC (Boison, 2012; Chen et al., 2013a; Dias et al., 2013). Em ratos e humanos, foi
demonstrado o envolvimento dos receptores de adenosina no processo cognitivo (Gomes et
al., 2011; Sebastiao et al., 2012). Além disso, estudos mostraram um aumento da expressao
dos receptores de adenosina A; e Axa em pacientes com DA (Albasanz et al., 2008), e estudos
epidemioldgicos demonstraram que a incidéncia de DA é associada inversamente com o
consumo de cafeina, antagonista ndo seletivo de receptores de adenosina (Maia e De
Mendonca, 2002; Ritchie et al., 2007).

A escopolamina, um antagonista colinérgico muscarinico, conhecido por causar
prejuizo de aprendizado e de memadria em animais experimentais (Klinkenberg e Blokland,
2010), vem sendo utilizada no peixe-zebra para comprometer a cognicdo e perturbar a
formacdo de memoria (Cognato et al., 2012; Kim et al., 2010; Richetti et al., 2011). Nosso
estudo, apresentado no Capitulo 1 desta tese, utilizou o modelo farmacoldgico de déficit
cognitivo causado por escopolamina em peixe-zebra adulto para avaliar os efeitos
neuroprotetores da administracdo aguda de antagonistas dos receptores de adenosina, como
cafeina, ZM 241385 (antagonista seletivo do receptor de adenosina A;a) e DPCPX
(antagonista seletivo do receptor de adenosina A;) na tarefa de esquiva inibitoria. Nossos
resultados mostraram que o pré-tratamento, pela via i.p., com 0s antagonistas cafeina, ZM
241385 e DPCPX preveniram o déficit cognitivo causado pela escopolamina, enquanto 0s
animais controles (receberam salina ou DMSO no pré-tratamento) apresentaram déficit
cognitivo.

Um estudo, utilizando o modelo de escopolamina em camundongos, mostrou que o

pré-tratamento com cafeina na dose de 10 mg/Kg, também preveniu o déficit cognitivo
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causado por este farmaco (Botton et al., 2010). Em humanos, o consumo de trés xicaras de
café por dia atenuou o déficit causado pela escopolamina em vérios pardmetros, incluindo
evocacdo livre de memdria de curto e longo prazo e a sua qualidade e velocidade de
recuperacdo em tarefa de aprendizado de palavras (Riedel et al., 1995). Outros estudos
realizados com humanos e modelos animais de déficit de memdria tém mostrado o potencial
da cafeina para reduzir o declinio cognitivo (Dall’lgna et al., 2007; Ritchie et al., 2007;
Spinetta et al., 2008; van Gelder et al., 2007).

Além da cafeina, antagonistas seletivos dos receptores de adenosina também tém
apresentado um papel neuroprotetor. Estudos tém descrito efeitos benéficos dos antagonistas
de receptores A,a sobre 0s mecanismos de aprendizado e de memdria em modelos animais
(Cunha e Agostinho, 2010; Takahashi et al., 2008). Interessantemente, o antagonismo do
receptor Axa pelo SCH5861 nédo preveniu o déficit de memoria induzido por escopolamina em
ratos, usando-se o aparato de labirinto em Y (Cunha et al., 2008b), o que se revelou diferente
dos nossos resultados apos o pré-tratamento com ZM 241385 no aparato de esquiva inibitoria.
Diferencas entre nosso estudo e o estudo realizado por Cunha e colaboradores (2008)
relacionadas com o metodo de administracdo da escopolamina, tipo de memdria avaliada e,
principalmente, diferencas no padrdo de locomocao (discutido a seguir) podem justificar os
distintos efeitos observados em cada estudo.

Além do receptor Aa, 0 receptor A; também esta associado a melhora na cognicao e
na memoria. Estudos com roedores mostraram que 0s antagonistas do receptor A1 DPCPX, o
BIP20 e 0 FR194921 melhoraram o déficit cognitivo causado pela escopolamina (Pitsikas e
Borsini, 1997; Zhang e Ren, 2003). Portanto, nossos resultados estdo de acordo com esses
achados prévios, demonstrando que o antagonismo seletivo e 0 ndo seletivo dos receptores de
adenosina A; ou A,A podem prevenir o déficit cognitivo causado pela escopolamina.

O inibidor do transportador de adenosina (dipiridamol) e o inibidor da enzima ADA
(EHNA), responsavel por degradar adenosina em inosina (Zavialov e Engstrom, 2005),
também foram testados neste estudo. Tanto o transportador de adenosina quanto a ADA estdo
envolvidos no controle dos niveis de adenosina no encéfalo (Bonan, 2012; Parkinson et al.,
2011). Nossos dados revelaram que o pré-tratamento com dipiridamol ou com EHNA
preveniu o déficit cognitivo causado pela escopolamina em peixe-zebra. O dipiridamol ja foi
utilizado anteriormente em um modelo de disfungdo cognitiva vascular em ratos. Apds uma
semana de tratamento intravenoso, houve significativa melhora da memoria espacial no
aparato de labirinto em Y (Melani et al., 2010). Estudos in vitro revelaram o efeito

neuroprotetor do dipiridamol em culturas de neur6nios, principalmente devido ao seu efeito
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antioxidante (Blake, 2004; Farinelli et al., 1998). Além dos efeitos antioxidantes, Chakrabarti
e Freedman (2008) sugeriram que o dipiridamol pode aumentar a fungdo dos vasos e reparar o
fluxo sanguineo em doencas cerebrovasculares (Chakrabarti e Freedman, 2008). Em relagédo a
ADA, um estudo demonstrou que a escopolamina aumenta a atividade dessa enzima em
sinaptossomas de cdrtex cerebral e no hipocampo de ratos. Porém, os niveis de adenosina
medidos por HPLC ndo apresentaram diferenca com o tratamento (Gutierres et al., 2012).
Analisando esses resultados em conjunto, associados a funcdo de cada inibidor supracitado,
pode-se sugerir que o dipiridamol ou o EHNA preveniram o déficit cognitivo causado pela
escopolamina devido a modular positivamente os niveis de adenosina, reforgando o papel
neuroprotetor deste nucleosideo, aliado ao seu envolvimento na plasticidade sindptica e no
processamento da memoria (de Mendonga e Ribeiro, 1997; de Mendongca et al., 2002).

Nossos resultados mostraram também que a escopolamina e os inibidores dos
receptores de adenosina, do transportador de adenosina ou de ADA ndo influenciam o
comportamento locomotor, a ansiedade ou o comportamento social do peixe-zebra. E
importante salientar que a literatura questiona 0 modelo da escopolamina em funcao de alguns
dados que mostram mudancas em padrdes de locomocdo em animais experimentais
(Klinkenberg e Blokland, 2010). Entretanto, estudos realizados em roedores e no peixe-zebra
corroboram nossos achados mostrando que a escopolamina ndo altera 0 comportamento
locomotor e a ansiedade (Botton et al., 2010; Gutierres et al., 2012; Kim et al., 2010; Richetti
et al., 2011). Além disso, um estudo realizado com camundongos expostos a diferentes doses
de escopolamina ndo observou mudangas no comportamento social desses animais (Riedel et
al., 2009), o que esta de acordo com nossos achados.

Portanto, nossos resultados sugerem que a modulacdo da adenosina, seja pelo
antagonismo de seus receptores ou seja pela inibicdo do seu metabolismo, pode melhorar a
funcdo cognitiva e a memoria. Além disso, propdem que a modulacdo do sistema
adenosinérgico pode ser um alvo para o desenvolvimento de estratégias preventivas contra
doencas que causam perda de memoria como a DA.

A sinalizacdo adenosinérgica também exerce um efeito modulatério sobre a DP
(Jenner et al., 2009; Morelli et al., 2009; Zhu et al., 2014). A DP é caracterizada pela perda de
neurdnios dopaminérgicos associada a disfunc@es progressivas do sistema nervoso (Morelli et
al., 2012; Peterson et al., 2012; Stone et al., 2009). Clinicamente, a DP é caracterizada pela
presenca de mudangas motoras como rigidez, tremor de descanso, bradicinesia e instabilidade

postural (Djaldetti et al., 2006), além de manifestacbes ndo motoras como comprometimento
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cognitivo e deméncia, disturbios do sono, disfuncdes olfatdrias, constipacdo, depressdo, entre
outros (Chaudhuri e Schapira, 2009).

Na DP, a adenosina, por seu papel neuromodulador, regula respostas da dopamina e
outros neurotransmissores em areas do cérebro que sdo responsaveis pela funcdo motora, pelo
aprendizado e pela memdria (Latini e Pedata, 2001). Além disso, os receptores de adenosina
(A1 e Azp) se colocalizam com receptores de dopamina no encéfalo (Ferré, 1997; Ferré et al.,
2001). Estudos tém mostrado também que a modulacdo dos receptores A; e Aa pode
contribuir para a diminuicdo da neurodegeneracdo relacionada a DA (Moore et al., 2003;
Rebola et al., 2003; Xiao et al., 2011).

Fatores ambientais podem provocar uma cascata de degeneracdo de neurdnios,
principalmente os neurdnios dopaminérgicos (Bové e Perier, 2012; Freire e Koifman, 2012).
Compostos quimicos, especialmente, pesticidas tém sido propostos como fatores de risco para
0 desenvolvimento da DP (McCormack et al., 2002; Freire e Koifman, 2012). O paraquat
(Pg), um pesticida classificado como herbicida, apresenta efeitos toxicos em varios 0rgaos
como pulméo, figado e rins apos exposicdo acidental (Dinis-Oliveira et al., 2008; Yen et al.,
2010). Estudos mostraram que o Pq atravessa a barreira hematoencefalica e € transportado
pelos transportadores de dopamina, apés conversio para sua forma monovalente Pqg*
(Rappold et al., 2011). O tratamento repetido com o Pq tem sido utilizado como modelo de
DP (Chen et al, 2010; Reeves et al, 2003).

No Capitulo 2 desta tese, apresentamos a caracterizacdo do modelo de neurotoxicidade
induzido por Pg em peixe-zebra. Este estudo teve como objetivo avaliar os efeitos da
administracdo repetida de Pq sobre os seguintes parametros comportamentais: locomocéo,
ansiedade, memoria e interacdo social. Além de avaliar os niveis de dopamina e seu
metabolito Acido 3,4-diidroxifenilacético (DOPAC), os niveis de Tirosina Hidroxilase (TH),
enzima envolvida na sintese de dopamina (Molinoff, 1971) e a expressao do transportador de
dopamina em encéfalo de peixe-zebra também foram anlisados.

Duas doses de Pq foram avaliadas, a dose de 10 mg/kg (Pq10) e a dose de 20 mg/Kg
(Pg20), e o grupo controle recebeu salina pela via i.p. O tratamento consistiu em seis injecoes,
realizadas em um intervalo de dois dias, com experimentos de locomocdo avaliados 24 horas
apos cada injecdo (ver Fig 1 do Capitulo 2). Os parametros locomotores avaliados foram
distancia percorrida, nimero de linhas cruzadas, velocidade média e angulo de giro. Os
resultados mostraram uma diferenga no comportamento locomotor entre as doses de Pq

testadas e o grupo controle. Todos os parametros locomotores diminuiram ap06s 24 horas de
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cada injecdo na dose de Pg20. J& a dose de Pq10 apresentou diminuicdo do comportamento
locomotor ap0s 24 horas da administragdo da quarta injecéo.

Estudos com roedores expostos ao Pg de forma aguda ou repetida também observaram
diminuicdo na atividade locomotora (Brooks et al., 1999; Chen et al., 2008; Litteljohn et al.,
2009; Reeves et al., 2003; Shepherd et al., 2006), corroborando nossos resultados. No entanto,
Bretaud e colaboradores (2004) ndo encontraram diferencas na locomogdo em peixes-zebra
adultos e larvas expostos ao Pq diluido na 4gua do tanque. As diferentes vias de exposi¢do ao
Pq podem explicar as diferencas observadas em nossos resultados, mostrando que a exposicéo
repetida ao Pq pode induzir aos efeitos hipolocomotores encontrados.

No peixe-zebra, a medida do angulo de giro esta relacionada a coordenagdo motora
(Blazina et al., 2013). Nossos resultados apresentaram comportamentos distintos no angulo de
giro nas duas doses de Pq testadas. Na dose Pg10, houve um aumento de giro apenas apos a
quarta injecdo, comparado ao grupo controle, enquanto que o0s peixes tratados com Pg20
demonstraram um decréscimo no angulo de giro apos as injecdes i.p, com excecao da quarta e
da sexta administracdo de Pg em que ndo foram observadas diferengas significativas em
comparacdo ao grupo controle. Um estudo realizado em peixe-zebra adulto apos
administracdo i.p de MPTP ou 6-OHDA, neurotoxinas utilizadas em modelos animais
experimentais de DP, observou um aumento neste pardmetro locomotor ap0s nove dias da
administracdo (Anichtchik et al., 2004). Todavia, outro estudo expondo o peixe-zebra ao
endossulfan, um herbicida organoclorado, diminuiu o angulo de giro nos peixes (Pereira et al.,
2012). Nossos dados apresentaram resultados distintos por dose, porém a maior dose, Pq20,
parece influenciar negativamente o angulo de giro nos animais corroborando os dados de
Pereira e colaboradores (2012).

Além das alteracbes motoras, nosso estudo também avaliou alteracdes ndo motoras
como meméria espacial, ansiedade e intera¢do social. Nossos resultados apresentaram que o
Pq, nas duas doses, pode prejudicar a memoria espacial em peixe-zebra. Em concordancia
com nossos achados, foi observado que camundongos que receberam Pq pela via oral
apresentaram mudanca no tempo de chegada e de troca de local no labirinto de Morris (Water
maze), indicando que o Pq influencia na memdria e no aprendizado (Chen et al., 2010). O
comprometimento da memdaria e de aprendizado também foi observado em ratos tratados com
a neurotoxina MPTP (Moriguchi et al., 2012).

Apesar do envolvimento do sistema dopaminérgico na preferéncia social do peixe-
zebra (Mahabir et al., 2013; Teles et al., 2013), nossos resultados ndo apresentaram diferenca

estatistica significativa na interacdo social nos peixes tratados com Pg em relacdo aos
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controles. Também ndo encontramos diferenga no tempo decorrido nas zonas inferior ou
superior do aquario nos peixes tratados com Pq, indicando que o Pq ndo influenciou na
ansiedade do peixe-zebra. Interessantemente, dados da literatura com ratos tratados com Pq
mostraram um aumento no comportamento de ansiedade (Litteljohn et al., 2009; Prediger et
al., 2012), sendo que efeitos similares também foram observados em ratos tratados com
MPTP ou 6-OHDA (Branchi et al., 2008; Gorton et al., 2010; Kuter et al., 2007; Prediger et
al., 2012).

Para uma melhor caracterizacdo do modelo descrito no capitulo 2, os niveis de
dopamina e DOPAC foram avaliados ap0s as seis injecdes de Pq. Interessantemente, nossos
resultados apresentaram um aumento nos niveis de dopamina e uma diminuicdo nos niveis de
DOPAC ap6s o tratamento com Pqg nas duas doses. Esse resultado caracteriza uma possivel
reducdo no metabolismo da dopamina no encéfalo de peixe-zebra. Kuter e colaboradores
(2007) e Songin e colegas (2011) obtiveram o mesmo perfil na concentracdo de dopamina e
DOPAC em ratos tratados com Pg. Além disso, outro estudo, administrando Pq por
microdialise também observou um aumento nos niveis extracelulares de dopamina no estriado
(Breckenridgea et al., 2013). Esse aumento nos niveis de dopamina e a diminuicdo de
DOPAC podem sugerir que o Pq influencia a liberacdo e/ou recaptacdo de dopamina,
ativando um mecanismo compensatério visando restaurar a transmissdo sinaptica apos o
tratamento com Pq.

Os niveis de TH e do transportador de dopamina também foram avaliados neste estudo
a fim de melhor entender o metabolismo da dopamina ap6s o tratamento com Pq,. O
tratamento com Pqg nédo alterou os niveis de TH no encéfalo de peixe-zebra comparado ao
grupo controle. Dados da literatura com diferentes tratamentos utilizando o Pq em roedores
mostraram uma diminuicdo nos niveis de TH (Brooks et al., 1999; Mori et al., 2005; Reeves
et al., 2003; Zhang et al., 2013), contrariando o resultado encontrado neste estudo. Uma
pesquisa realizada com peixe-zebra utilizando as neurotoxinas MPTP e 6-OHDA também nao
observou mudancas na expressdao de TH (Anichtchik et al., 2004), mostrando que ha
diferencas na expressdo de TH em diferentes modelos animais experimentais. Por outro lado,
nossos resultados mostraram uma diminuicdo na expressdo do transportador de dopamina na
dose de Pg10 comparado com o controle, o que nao foi observado na dose de Pg20. Estudos
prévios em roedores mostraram uma diminuigdo nos niveis do transportador de dopamina
(Ossowka et al., 2005; Uhl, 2003). Possivelmente, a diminui¢do na expressao do transportador
de dopamina pode aumentar os niveis de dopamina, uma vez que o transportador é

responsavel por regular a liberacéo e a reciclagem de dopamina em neurdnios (Uhl, 2003).



57

Em concluséo, no Capitulo 2, nossos achados indicam que injeces consecutivas de Pq
em peixe-zebra produzem uma reducdo no perfil locomotor e na memoria espacial, além de
alterar o metabolismo da dopamina e a expressao do transportador de dopamina em encéfalos
de peixe-zebra; caracterizando-se como um novo modelo para estudo da DP.

Modelos animais gerados a partir de toxinas, como o descrito no capitulo 2, séo
bastante utilizados para estudar a fisiopatologia da DP e na triagem de compostos com
potencial para neuroprotecdo ou tratamento dos sintomas da DP (Blandini e Armentero, 2012;
Bové e Perier, 2012). Atualmente, a estratégia farmacoterapéutica para DP visa restabelecer
0s niveis de dopamina com a L-Dopa (Olanow et al., 2004; Stayte & Vissel, 2014), porém
diversos estudos tém mostrado que o uso prolongado desta estratégia farmacoterapica causa
complicages, incluindo discinesias e flutuacbes motoras (Hametner et al., 2010; Stayte e
Vissel, 2014). Com isso, terapias ndo dopaminérgicas, como o antagonismo dos receptores
adenosinérgicos, em especial 0 Aza, resultaram em possiveis alvos terapéuticos para DP
(Jenner et al, 2009; Hauser et al, 2011; Stay e Vissel, 2014).

Os receptores da adenosina sao classificados como receptores purinérgicos do tipo P1.
Essa familia de receptores também conta com os do tipo P2, divididos em P2Y e P2X. Esses
receptores, P2, estdo envolvidos no controle da libertacdo de dopamina e dano a neurdnios do
estriado (Franke e Illes, 2006). Estudos tém indicado que a inibi¢cdo de um subtipo de receptor
de P2, do receptor P2X7, pode prevenir em parte a deplecédo de adenosina em um modelo de
rato de DP (Carmo et al., 2014; Marcellino et al., 2010). Em cultura de neurdnios, outro
subtipo do receptor P2, o P2X1 foi associado ao mecanismo de agregacdo proteica da DP, e
0s experimentos também sugerem que o ATP tem um papel na agregacdo da sinucleina (Gan
et al., 2014). Além disso, um estudo, realizado em roedores expostos a 6-OHDA, mostrou um
aumento na hidrélise de ADP e AMP em fatias de estriado (Oses et al., 2011).

No decorrer desta tese também foi avaliada a influéncia da exposicao repetida do Pq e
da exposicdo aguda a 6-OHDA sobre a atividade das ectonucleotidases, sobre o0 metabolismo
extracelular do ATP, bem como os niveis de MRNA destas enzimas em encéfalos de peixe-
zebra adulto. Estes resultados adicionais foram compilados em um manuscrito que sera
submetido para publicacéo.

Nossos resultados ap6s o tratamento com Pg, nas doses de 10 mg/kg (Pgl0) e 20
mg/kg (Pg20), ndo apresentaram diferenca significativa na hidrélise das ectonucleotidases e
no metabolismo extracelular do ATP, ADP e AMP. O tratamento com 6-OHDA, nas doses de
25 mg/kg e 50 mg/kg, também ndo apresentou diferenca significativa na hidrolise das

ectonucleotidases e no metabolismo extracelular do ATP. Porém, os niveis de ADP
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extracelular apresentaram diferenca nas duas doses, com diminuicdo dos niveis ha menor dose
e um aumento dos niveis na dose de 50 mg/kg. O AMP extracelular apresentou uma
diminuicdo nas duas doses de 6-OHDA utilizadas.

Os resultados gerados pelo tratamento com a 6-OHDA corroboram parcialmente os
encontrados por Oses e colaboradores (2011), quando foi verificado que roedores expostos a
6-OHDA apresentaram um aumento na hidrélise de ADP e AMP, com consequente
diminuicdo nos niveis destes nucleotideos no estriado. Em peixe-zebra, ndo houve mudangas
nas atividades das ectonucleotidases. Porém, houve uma diminui¢cdo nos niveis de AMP,
enquanto os niveis de ADP apresentaram um aumento na dose de 50 mg/kg apds 180 minutos
de anélise.

Alteracbes nos niveis de ADP e AMP poderiam ocorrer devido a mudancas
transcricionais na expressdo das enzimas NTPDAse e ecto-5"-nucleotidase Nossos dados de
PCR quantitativo mostraram que ndo houve diferenga na expressdo das ectonucleotidades em
encefalos de peixe-zebra apés o tratamento com a 6-OHDA. O mesmo resultado foi descrito
em ratos por Oses e colegas (2011). Estes dados em conjunto sugerem que o modelo da 6-
OHDA néo induz uma modulacéo transcricional das ectonucleotidases.

Neste estudo, os niveis de adenosina extracelular também foram avaliados em
encéfalos de peixe-zebra apds tratamento com Pq ou 6-OHDA. Nossos dados demonstram
que ha uma diminuicdo dos niveis de adenosina extracelular apds o tratamento com as duas
doses de Pg, enquanto o tratamento com 6-OHDA, nas duas doses, apresentou um aumento de
adenosina extracelular. Estudos prévios utilizando o modelo da 6-OHDA apresentaram tanto
uma reducdo (Pinna et al., 2002) quanto um aumento (Wojcik e Neff, 1983) dos niveis de
adenosina no estriado. Além disso, estudos realizados com outra neurotoxina, o MPTP,
demonstraram um aumento dos niveis de adenosina (Ballarin et al.,1987; Nomoto et al.,
2000). Apesar destes resultados controversos, € importante salientar que a adenosina atua no
encéfalo em receptores distintos, A; e Aza, € estes receptores interagem de forma antagdnica
com receptores do sistema dopaminérgico, D, e D,, respectivamente (Ferré et al., 1991; Ferré
et al.,, 1997; Ferré et al., 2001). Estudos mostraram que a interacdo A;-D; participa da
ativacdo motora enquanto a interacdo A,a-D, participa da inibicdo motora (Agnati et al.,
2003; Ferré et al., 1997; Fuxe et al., 1998;). Entdo, considerando que, em baixos niveis, a
adenosina ativa receptores A; e quantidades altas de adenosina ativam 0s receptores Aja
(Cunha et al, 1996; Pinna et al. 2002), n6s sugerimos que 0s baixos niveis de adenosina
encontrados ap6s o tratamento com o Pg podem estar ativando o receptor A;, € com isso

inibindo o receptor D;, enquanto o contrario ocorre com 0s animais que receberam 6-OHDA,
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ou seja, 0 aumento de adenosina estd associado a ativacdo do receptor Aza € & consequente
inibicdo do receptor D,. Esse cendrio pode estar contribuindo para os efeitos hipolocomotores
destas neurotoxinas no peixe-zebra. Esta sugestdo também corrobora estudos que mostram um
papel neuroprotetor da cafeina em modelos animais tratados com Pq ou 6-OHDA (Acufia-
Lizama et al., 2013; Kachroo et al., 2010; Machado-Filho et al., 2014; Yadav et al., 2012) e
ratifica as pesquisas com inibidores duplos do receptor A; e Aja para o tratamento do
Parkinson (Shook et al., 2010; Shook et al., 2012).

Nosso estudo também avaliou a expressao das isoformas de ADA: ADAL, ADA 2.1,
ADA 2.2, ADAasi e ADAL no encéfalo de peixe-zebra tratados com Pq ou 6-OHDA,
mostrando uma diminuig¢do nos niveis de RNAm na isoforma ADA 2.1 nos peixes tratados
com Pq comparados ao controle. Ja os animais tratados com 6-OHDA apresentaram um
aumento na expressdo da isoforma ADAasi. Esses dados sdo contrarios a observacéo de que
houve um aumento nos niveis de adenosina, conforme descrito acima. Um mecanismo que
poderia explicar as diferencas encontradas na regulacdo enzimatica e de expressdo
transcripcional é conhecido como feedback negativo autoregulatorio, que permite que genes
que ndo sdo fatores de transcricdo possam regular a sua propria sintese (Krishna et al., 2006).

Por fim, nosso estudo analisou o produto da degradacdo da adenosina, a inosina,
considerada hoje um potencial alvo farmacoldgico para a DP. Estudos demonstraram que a
inosina ministrada pela via oral aumenta os niveis de urato na circulacdo (Spitsin et al., 2001;
Yamamoto et al., 2002). O urato, um produto final do metabolismo das purinas, confere
neuroprotecao contra o estresse oxidativo em modelos de DP (Chen et al., 2013b; Cipriani et
al., 2012; Gong et al., 2012) e previne a perda de neurdnios dopaminérgicos em ratos tratados
com 6-OHDA (Wang et al., 2010). Em humanos, niveis elevados de urato no soro estdo
associados a uma diminuicdo da progressao da DP (Ascherio et al., 2009; Schwarzschild et
al., 2008). Nosso estudo encontrou um aumento dos niveis de inosina extracelular nos dois
tratamentos, Pq e 6-OHDA, em ambas as doses. Estes dados confirmam os achados de
Nomoto e colaboradores (2000) que mostraram um aumento de inosina no estriado de animais
tratados com MPTP. E importante salientar que o tratamento com 6-OHDA em peixe-zebra
apresentou um aumento de adenosina e do seu produto inosina, em menor escala. Esse
resultado discrepante pode ser explicado pelo aumento da expressdao da ADAasi, isoforma de
ADA, ou ainda pela da hiperatividade da E-5-NT apresentada, resultando no aumento da
producédo de adenosina, culminando com o aumento dos niveis de inosina em menor escala.

Estes dados sugerem que o Pq e a 6-OHDA modulam diferentemente o sistema

purinérgico. Contudo, os dois tratamentos mostraram um aumento nos niveis de inosina, um
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candidato para o tratamento da DP (Parkinson Study Group SURE-PD Investigation, 2014),
refor¢ando o potencial deste sistema como um alvo farmacoldgico para a DP.

De forma conjunta, os resultados apresentados nos dois capitulos desta tese, somados
aos resultados adicionais ainda n@o publicados, podem contribuir para um melhor
entendimento da sinalizagdo purinérgica sobre as duas patologias neurodegenerativas mais
prevalentes, DA e DP, além de apresentar um modelo de neurodegeneragcdo induzido por
exposicdo consecutiva de Pq em peixe-zebra adulto. Nossos dados também mostraram uma
modulacdo distinta do sistema purinérgico ap0s tratamento com 6-OHDA ou paraquat,

reforcando o potencial farmacoldgico deste sistema sobre as neurodegeneracdes estudas.
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6. PERSPECTIVAS

Os resultados gerados nesta tese apresentaram o envolvimento do sistema purinérgico
no modelo de déficit cognitivo induzido por escopolamina e degeneracdo neuronal induzida
por Pg e 6-OHDA. Estes resultados apontam o sistema purinérgico como um potencial alvo
farmacoldgico para o tratamento de doencas neurodegenerativas. Tendo em vista as recentes
publicacfes e nossos achados propomos as seguintes perspectivas nos modelos apresentados
nesta tese:

- Avaliar o potencial neuroprotetor da inosina nos modelos de déficit cognitivo induzido por
escopolamina e degeneracdo neuronal induzida por Pq e 6-OHDA,;

- Avaliar os efeitos de antagonistas dos receptores de adenosina nos modelos de degeneracao
neuronal induzida por Pq e 6-OHDA, utilizando pardmetros comportamentais;

- Avaliar o possivel efeito neuroprotetor da inibicdo do transportador de adenosina e da ADA
nos modelos de neurodegeneracdo neuronal induzida por Pq e 6-OHDA, utilizando

parametros comportamentais;

- Avaliar o efeito da exposicdo do Pq em larvas e sua influéncia em parametos

comportamentais na vida adulta do peixe-zebra
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