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RESUMO

Endosulfan € um pesticida organoclorado de amplo espectro ainda utilizado
largamente em muitos paises subdesenvolvidos. As aplicagbes repetidas de
endosulfan podem se incorporar aos cursos de agua por meio da lixiviagdo dos solos
das plantag¢des e atingir animais aquaticos, incluindo espécies de peixes. Dado que
a atividade da enzima acetilcolinesterase (AChE) é um dos biomarcadores de
exposicao aos pesticidas mais utilizados de forma recorrente e ha resultados
controversos envolvendo os efeitos da exposicdo ao endosulfan e a atividade da
AChE em peixes , o objetivo do presente estudo foi avaliar os efeitos do endosulfan
na atividade da AChE cerebral e seu padrao de expressdo génica utilizando
zebrafish adulto (Danio rerio) como modelo experimental. Além disso, nés
analisamos os efeitos da exposi¢cdao ao endosulfan em diferentes paradmetros de
locomocgao do zebrafish e na formagdo da memdria de longo prazo. Apds 96h de
exposicao, os peixes do tempo com 2,4 ug/L de endosulfam apresentaram um
decréscimo significante na atividade da AChE (9.44 + 1.038 umol SCh.h"'.mg
proteina™; p = 0.0205) quando comparados com o grupo controle (15.87 + 1.768
umol SCh.h™".mg proteina™; p = 0.0205). A regulacéo inibitéria da atividade da AChE
cerebral ndo esta diretamente relacionada com o controle transcricional como
demostrado pela analise de RT-gPCR. Nossos resultados reforcam a inibicado da
atividade da AChE como via da toxicidade induzida pelo endosulfan em cérebro de
de peixe. Além disso, a exposi¢cao de 2,4 pg/L do endosulfan durante 96h prejudicou
todos os parametros exploratérios avaliados: linhas cruzadas (273.7 + 28.12 niamero
de linhas cruzadas em comparagao com o grupo controle: 344.6 + 21.30, p=0.0483),
distancia viajada (23.44 + 2.127 metros comparados com o grupo controle 29.39 +
1.585, p=0.0281), velocidade média (0.03 = 0.003 metros/segundos comparados
com o grupo controle 0.04 + 0.002, p=0.0275) e mudangas de angulo (69,940
4,871 mudancas de angulo absolutas comparadas com o grupo controle 88,010 +
4,560 p=0.0114). Esses resultados sugerem que a exposicdo ao endosulfan
prejudica significativamente a performance exploratéria dos animais e,
potencialmente, compromete suas interacdes interespecificas e ecologicas. Nossos
resultados também demonstraram que a mesma exposicdo ao endosulfan nao

compromete a performance dos animais no aparato de esquiva inibitoria Esses



achados fornecem evidéncias adicionais de efeitos deletérios da exposicdo ao

endosulfan no sistema nervoso.

Palavras-chave: Organoclorados. Endosulfan. Neurotoxicidade. Acetilcolinesterase.

Comportamento alterado. Zebrafish.



ABSTRACT

Endosulfan is a broad spectrum organochlorine pesticide that is still widely
used in many developing countries. Following application endosulfan can get to
watercourses through surface runoff from agricultural fields and disturb the non-
target aquatic animals including freshwater fish species. Given that the activity of the
enzyme acetylcholinesterase (AChE) is one of the most recurrently used biomarkers
of exposure to pesticides and there are controversial results concerning the effects of
endosulfan exposure and AChE activity in fish, the aim of the present study was to
evaluate the effects of endosulfan in brain AChE activity and its gene expression
pattern using adult zebrafish (Danio rerio) as an animal model. Moreover, we have
analyzed the effects of endosulfan exposure in different parameters of zebrafish
swimming activity and in long-term memory formation. After 96 hours of exposition,
fish in the 2.4 ug endosulfan/L group presented a significant decrease in AChE
activity (9.44 + 1.038 pmol SCh.h™".mg protein™; p = 0.0205) when compared to the
control group (15.87 + 1.768 pmol SCh.h".mg protein™; p = 0.0205). The down-
regulation of brain AChE activity is not directly related with the transcriptional control
as demonstrated by the RT-qPCR analysis. Our results reinforce AChE activity
inhibition as a pathway of endosulfan-induced toxicity in brain of fish species. In
addition, exposure to 2.4 ug endosulfan/L during 96 hours impaired all exploratory
parameters evaluated: decreased line crossings (273.7 = 28.12 number of line
crossings compared to the control group 344.6 + 21.30, p=0.0483), traveled distance
(23.44 £ 2.127 meters compared to the control group 29.39 + 1.585, p=0.0281),
mean speed (0.03 + 0.003 meters/seconds compared to the control group 0.04 +
0.002, p=0.0275) and body turn angle (69,940 + 4,871 absolute turn angle compared
to the control group 88,010 = 4,560 p=0.0114). These results suggest that
endosulfan exposure significantly impairs animals’ exploratory performance, and
potentially compromises their ecological and interspecific interaction. Our results also
showed that the same endosulfan exposure did not compromise animals’
performance in the inhibitory avoidance apparatus. These findings provide further

evidence of the deleterious effects of endosulfan exposure in the nervous system.

Keywords: Organochlorines. Endosulfan. Neurotoxicity. Acetylcholinesterase.
Altered-behavior. Zebrafish.
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CAPITULO 1 - INTRODUGCAO E OBJETIVOS
1.1 INTRODUCAO
1.1.1 Zebrafish

O zebrafish ou peixe-zebra € um pequeno teledsteo de agua doce que mede
em torno de 3 a 4 cm (Sloman et al., 2003; Best e Alderton, 2008). Pertence a
familia Cyprinidae e suas espécies estao distribuidas por todo o sul e sudeste da
Asia (Spence et al., 2008). Ele é reconhecido como modelo experimental em
diversas areas da Biologia nos dias atuais (Zon e Peterson, 2005; Spence et al.,
2008; Chakraborty et al., 2009; Belyaeva, et al. 2009; Pereira et al., 2011).

As vantagens de utiliza-lo consistem no fato de que seu reduzido tamanho
contribui para a logistica de armazenamento, as condigbes de alimentagdo e
manutencgao sdo bem determinadas (Hill et al., 2005; Park et al., 2008), possui baixo
custo, requer pouco espago para manutengao, possui um rapido desenvolvimento e
ciclo bioldgico, facil manipulagdo e seu comportamento pode ser facilmente
observado e quantificado em um ambiente controlado (Sloman et al., 2003) e, ainda,
possui sensibilidade a drogas e rapido metabolismo (Karlovich et al., 1998;
Goldsmith, 2004).

Atualmente, a utilizagdo do zebrafish vem sendo expandida para outras areas
do conhecimento, tais como bioquimica (Taylor et al., 2004), nanotecnologia
(Lukianova et al., 2010), neurociéncias (Edwards e Michel, 2002), toxicologia (Hill et
al., 2005), hematologia (Ellett e Lieschke, 2010), farmacologia (Goldsmith et al.,
2004), teratologia (Busch et al., 2011) e biologia do comportamento (Gerlai, 2003;
Guo, 2004). Além disso, o zebrafish tem sido bastante utilizado para estudos sobre
doengas humanas (Rubinstein et al., 2003) e na area do desenvolvimento devido
nao sO6 a transparéncia do embrido e a manifestacdo de aspectos chaves da
morfogénese de 6rgaos e maturagao (Lieschke e Currie, 2007; Peterson et al., 2008;
Liang et al., 2009; Yen et al., 2011), mas também por sua fecundidade, genética e
similaridades fisiolégica e morfolégica com os mamiferos (Zhang et al., 2009;
DeMicco et al., 2010). Essas caracteristicas contribuem, inclusive, para que sejam
realizados estudos para descoberta de drogas (Crawford et al., 2008; Chakraborty et

al., 2009). Os genes deste teledsteo sdo conservados evolutivamente e apresentam
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um alto grau de similaridade com os genes humanos e de camundongos (Barbazuk
et al., 2000; Lieschke e Currie, 2007).

Recentemente, o zebrafish vem sendo utilizado em pesquisas relacionadas
com efeitos teratogénicos causados por agrotoxicos (Gui et al., 2011) e em estudos
neurotoxicolégicos do desenvolvimento (Jacobson et al., 2010; Dou et al., 2011; Yen
et al., 2011). O uso do zebrafish como modelo experimental é visto como um meio
rapido e com custo-beneficio favoravel para avaliar os efeitos causados pela
exposicao aos pesticidas sobre o sistema nervoso (Zhou et al., 2009; DeMicco et al.,
2010).

Nos ultimos dez anos, o zebrafish tem sido utilizado largamente para o
monitoramento da toxicidade ambiental, efeito aditivo e toxicidade de substancias
tais como: metais pesados, agrotoxicos, compostos de hidrocarbonetos aromaticos
halogenados e outros carcindgenos (Roex, 2003; Liang, 2009; Rocco, 2010; Ung,
2010).

1.1.2 Neurotransmissao Colinérgica

Nas décadas de 1920 e 1930, alguns pesquisadores como Otto Loewi, Sir
Henry Dale, Sir William Feldberg demonstraram a presenga da transmissao
colinérgica e da acetilcolinesterase (AChE) nos sistemas nervoso auténomo
simpatico e parassimpatico, além da jungdao neuromuscular (Karczmar et al., 2010).
A neurotransmissédo colinérgica é fundamental para o funcionamento correto do
SNC, e representa o sistema neurotransmissor mais antigo filogeneticamente (Gotti
and Clementi, 2004).

A acetilcolina (Ach) é o neurotransmissor mais importante do sistema
colinérgico, o qual esta envolvido em respostas comportamentais especificas,
processos cognitivos e controle da atividade locomotora (Garcia-Ayllén et al., 2008;
Martins-Silva et al., 2011). A acetilcolina desempenha um papel fundamental no
SNC e esta relacionada ao comportamento, aprendizado, memoaria, consciéncia,
atencdo, organizagdo cortical do movimento e controle do fluxo sanguineo e
oxigenagao cerebrais (Mesulam et al., 2002; Moretto et al., 2004; Hoff et al., 2010;
Van der Zee et al, 2011; van Waarde et al., 2011). Além de sua agéo

neurotransmissora, a ACh possui fungdo neuromoduladora, pois os niveis da mesma
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podem regular a concentragdo de outros neurotransmissores no cérebro (Cooper et
al., 1991).

Na transmissao colinérgica, a acetilcolina é sintetizada no neurbnio pré-
sinaptico a partir de colina e acetil coenzima A (Acetil CoA), principalmente, pela
agao da colina-acetiltransferase (ChAT), que regula seus niveis constantemente,
sugerindo-se, desta maneira, que ela seja produzida e liberada sem ficar estocada
(Behra et al., 2002; Kawashima e Fuijii, 2008). A colina utilizada na sintese de ACh
pode vir diretamente da reciclagem da mesma, que é hidrolisada pela AChE na
fenda sinaptica ou a partir da fosfatidilcolina (Taylor and Brown, 1994).

A liberagdo de ACh depende das variacbes no potencial elétrico das
membranas dos terminais nervosos e este processo é dependente da concentracéo
de calcio intracelular. Ao ser liberada na fenda sinaptica, a ACh interage com
receptores especificos causando despolarizagéo e propagagao do potencial de agao
na célula poés-sinaptica (Oda, 1999), ligando-se aos receptores muscarinicos
(metabotrépicos) e os nicotincos (ionotropicos) (Wessler e Kirkpatrick et al., 2008;
Siebel et al., 2010; Harrington 2010).

ApoOs a liberagao, a acetilcolina é removida pela acetilcolinesterase, que
pertence a familia das carboxiesterases do tipo B, da fenda sinaptica, clivando-a em
colina e acetato. A enzima AChE é expressa em varios tecidos, incluindo o
muscular, bem como o SNC (Behra et al., 2002). Nos vertebrados, a acetilcolina
atua como neurotransmissor excitatério no sistema nervoso autbnomo, sendo
fundamental para a fungdo muscular (Ballesteros et al., 2009; Jospin et al., 2009)

Dois tipos de colinesterases hidrolisam a acetilcolina: acetilcolinesterase e a
butirilcolinesterase (BuChE) (Downes e Granato, 2004; Seibt et al., 2009; Adler et
al., 2011). Embora tenha sido demonstrado que no zebrafish ndo se observam
genes que codificam a BuChE, ja foi relatada a presenga de um gene que codifica a
AChE (Bertrand et al., 2001; Rico et al., 2007).

Embora a organizagao geral do sistema colinérgico no SNC seja similar entre
vertebrados, observa-se uma maior variabilidade em peixes uma vez que nao sao
observadas duas regides (habénula e formagéo reticular rombencefadlica) que
apresentam a enzima ChAT nos neurdnios colinérgicos do zebrafish, o que ocorre

na maioria das espécies de vertebrados analisadas (Clemente et al., 2005).
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1.1.3 Endosulfan

Agrotoxicos sao produtos quimicos que se tornaram indispensaveis para
combater pragas. Também podem receber a denominagdo de praguicidas,
pesticidas, defensivos agricolas, agroquimicos ou biocidas. Eles possuem diversas
subcategorias, tais como: inseticidas, fungicidas, herbicidas e rodenticidas (Gilden et
al., 2010; Chopra et al., 2011). Sao utilizados na agricultura devido aos beneficios
econdmicos que proporcionam uma vez que ocasionam o0 aumento da safra e a
protecao da qualidade, confiabilidade e prec¢o da produg¢ao. Contudo, podem resultar
em efeitos negativos para o ambiente e a todos que nele estdo inseridos
(Fernandez-Alvarez et al., 2010).

Os pesticidas sao divididos em trés classes principais: organofosforados,
carbamatos e organoclorados, que sdo os pesticidas mais comumente encontrados
no ambiente incluindo agua, sedimentos, ar atmosférico e biota (Chopra et al.,
2011). Os agrotéxicos da classe dos organoclorados sao poluentes semi-volateis e,
por serem substancias persistentes, bioacumulaveis e toxicas, representam um risco
para o ambiente, pois causam um impacto significante numa grande variedade de
espécies e em todos os niveis troficos uma vez que possuem resisténcia quimica,
fotoquimica e biolégica a degradacado, além de serem lipofilicos (Daglioglu et al.,
2010; Cooney et al., 2010; Gémez et al., 2011; Okay, 2011). Os organoclorados séao
moléculas muito estaveis e, devido a isso, apresentam resisténcia em relagdo ao
meio ambiente e possuem propriedade de difusdo nos tecidos gordurosos. Além
disso, seu tempo de meia-vida € maior do que dez anos (Fernandez-Bringas et al.,
2008). Portanto, eles podem elevar sua concentragéo ao longo da cadeia alimentar e
produzir um aumento significativo em relagdo a inicial quando no topo da mesma
(Dhananjayan et al., 2010; Oyekunle et al., 2011).

Os organoclorados podem contaminar o ambiente aquatico através de
correntezas vindas por meio de fontes nao-identificadas, descarga tanto do esgoto
comum, bem como do industrial e, por deposi¢cdo, podendo se acumular nos
sedimentos. Deste modo, sédo ressuspendidos, fazendo com que os contaminantes
possam entrar novamente no ambiente marinho e circular no ecossistema,
resultando numa segunda contaminag&o (Okay et al., 2011).

Devido ao fato de se observar uma grande variacdo de efeitos agudos e

cronicos derivados da exposicdo aos organoclorados tais como: cancer, danos
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neuroldgicos, defeitos congénitos e alteragdes enddcrinas, eles estdo sendo banidos
em diversos paises (Ly et al., 2010)

Os organoclorados sao constituidos, essencialmente, por carbono, hidrogénio
e cloro, incluindo, entre outros, bifenilas policloradas (PCBs), dibenzo-p-furanos
policlorados (PCDFs), diclorodifeniltricloroetano (DDT), dieldrin, clordano, heptacloro,
toxapeno, mirex, lidano, dicofol, hexaclorobenzeno, clorodecano e endosulfan (Van
Dyk and Pletschke, 2011).

Endosulfan é um inseticida e acaricida utilizado em diversos tipos de culturas,
entre elas: vegetais, tabaco, algoddo, frutas e nozes. E um composto quimico que
contém uma mistura de dois isébmeros biologicamente ativos (70% alfa e 30% beta
endosulfan). O principal metabdlito ambiental encontrado na agua, sedimentos e
tecidos € o endosulfan sulfato resultante de um processo de oxidagao (Rand et al.,
2010; Li et al., 2011) (Figura 1). Suas fracdes alfa e beta possuem meia-vida de 24
horas quando estdo em contato com a agua. Ao ocorrer a degradacao apos este
periodo, esses isbmeros se apresentam sob a forma de endosulfan sulfato, sendo
mais persistente na agua com meia-vida de cinco a sete dias dependendo das

condigdes de temperatura e pH do ambiente (Fracacio et al., 2008).
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Figura 1 — Endosulfan e suas formulagbes quimicas. A (a endosulfan), B (B
endosulfan) e C (endosulfan sulfato). Retirado de Weber et. al. (2010)

Este agrotoxico é utilizado de forma generalizada desde 1954 em muitas
partes do mundo tais como: Unido Européia, india, Indonésia, Australia, Canada,
Estados Unidos, América Central, México, Brasil e China. Seus nomes comerciais
incluem: Thiodan®, Endox®, Thiomul®, Beosit®, Endocell®, Malix®, Thionex®, Insecto®
e Tiovel® (Weber et al., 2010).
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Este pesticida € extremamente téxico para peixes (Tellez-Bafuelos et. al,
2010). Segundo Da Cunia et al. (2011), a LC50 para teledsteos € observada numa
exposicao de 96h sob 2,6 ug/L de endosulfan. No momento da mistura do
endosulfan com a agua, ocorre a incorporagao pela ingestao, contato direto com a
pele, escamas e mucosas, podendo ser o responsavel pelo envenenamento direto
dos organismos aquaticos quando em altas doses. Este inseticida afeta o sistema
endocrino de mamiferos e estd associado ao dano de DNA, relacionando-se com
genotoxicidade, mutagenicidade (Bajpayee et al., 2006), neurotoxicidade (Yavuz et
al., 2007), estresse oxidativo em macrofagos (Tellez-Bafiuelos et al., 2009),
alteracdes histologicas nas branquias e figado (da Cuna et al., 2011) e declinio da
secrecao do cortisol e aumento na atividade da glutationa S-transferase (Ezemonye
e lkpesu, 2011). Além de causar hiperexcitagdo no SNC, ele inibe as Na+/K+ e
Ca2+/Mg2+ ATPases, essenciais para o transporte ibnico através das membranas
de mamiferos bem como em peixes (Tellez-Bafiuelos et al., 2009).

O principal neurotransmissor inibitério do SNC é o acido y-aminobutirico
(GABA) e, em condi¢cdes normais, atua sobre seus receptores induzindo o influxo de
ions cloreto nos neurbnios através de um gradiente eletroquimico, causando uma
hiperpolarizagdo na membrana e um efeito inibitério na célula (Pomés et al, 1994).

A acdo antagonista nao-competitiva do endosulfan nos receptores
ionotropicos do GABA provoca a redugao da captacéo dos ions de cloro. Uma vez
bloqueada a entrada de ions pelo endosulfan, ocorre a repolarizagdo parcial do
neurdénio, ocasionando um estado descontrolado de excitagado (Vale et al., 2003;
Nota técnica ANVISA, 2009).

O endosulfan é considerado um importante agente de toxicidade aguda,
sendo que as manifestagdes mais comuns sao as neurolégicas, embora possam
ocorrer outras disfungées organicas (Moses and Peter, 2010). Os sinais
relacionados a neurotoxicidade s&o: hiperatividade, tremores, ataxia, tontura,
desequilibrio, comprometimento da memoaria, diminuicdo da respiragao, dispneia,
salivacdo, nausea vomitos, diarreia, parestesia, vertigem, faléncia respiratéria e
cardiaca, convulsées com possibilidade de epilepsia e coma (Nota técnica ANVISA,
2009).
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1.1.3.1 Endosulfan e Acetilcolinesterase

Ha estudos envolvendo o efeito do endosulfan sobre a modulacdo da
atividade da AChE com interacdo de outros compostos e os resultados indicam a
hipétese de sua inibigdo em animais que ndo sejam adultos. Por exemplo, Mor e
Ozmen (2010) verificaram inibigdo da AChE cerebral em um estudo realizado com
coelhos de oito meses de idade expostos ao pesticida. Ainda, houve efeito protetor
da vitamina C. Os animais foram divididos em quatro categorias de acordo com as
substancias administradas: grupo 1 (endosulfan 1mg/kg), grupo 2 (endosulfan e
vitamina C 20 mg/kg), grupo 3 (dleo e vitamina C) e grupo 4 (6leo). Observou-se um
decréscimo na atividade da acetilcolinesterase sérica (SAChE) em ambos os grupos
de animais tratados com endosulfan durante seis semanas. Contudo, o declinio mais
acentuado ocorreu no grupo exposto apenas ao agrotdxico. Foi demonstrado que a
vitamina C preveniu a perda de atividade da SAChE no grupo 2. Kumar et al.(2011)
avaliaram a atividade da AChE cerebral do peixe Labeo rohita jovem apds uma
exposicao ao endosulfan durante 37 dias com suplementagcao da dieta de colina,
betaina e lecitina juntamente com uma concentracdo de 1/10 da LC50 do
endosulfan, havendo diminui¢do da atividade da AChE entre o grupo controle e o
exposto ao endosulfan, mas que nao receberam suplemento na dieta.

Em relagdo ao meio aquatico, o estudo de Trekels et al.(2011) foi conduzido a
fim de avaliar o risco de predacdo e a atividade de quatro biomarcadores
enzimaticos, entre eles a AChE através da exposicdo ao endosulfan de quatro
espécies de insetos da familia Corixidae (Cymatia coleoptrata, Hesperocorixa
linnaei, Sigara lateralis e Sigara striata). Observou-se que a atividade da AChE
cerebral foi inibida na concentragdo de 2 pg/L durante sete dias e ndo houve
diferenga significativa entre as espécies. O risco de predagao sofreu, igualmente,
uma inibicdo na espécie S. striata.

Os achados nos estudos acerca da influéncia do endosulfan na modulagao da
AChE em peixes sado controversos. Alguns trabalhos ndo evidenciam efeitos
produzidos pela agcdo do endosulfan na modulagdo da AChE cerebral. Da Cufia et.
al. (2011) néao verificaram alteracbes na atividade da AChE em Cichlasoma dimerus
adultos quando expostos a 24, 48, 72 e 96 h em concentragbes que variaram de
0,25 até 16 pg/L. Em um estudo de Ezemonye e lkpesu (2010), ndo foi observada
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mudang¢a na atividade da AChE sérica quando Clarias gariepinus jovem foram
expostos por um periodo de 7, 14, 21 e 28 dias em concentragdes de até 0,01 pg/L.

Ballesteros et. al. (2009) descreveram uma diminuicdo na atividade dessa
enzima no musculo de Jenynsia multidentata adulto de aproximadamente 37-43%;
porém, ndo foi observada nenhuma mudang¢a ao nivel cerebral em nenhuma das
concentragbes testadas. Os peixes foram submetidos a cinco doses subletais
(0,072; 0,144, 0,288; 0,7 e 1,4 pg/L) durante 24 h de exposi¢do aguda in vivo. Por
outro lado, a inibicdo da AChE cerebral em peixes foi verificada por Dutta e
colaboradores (2003), utilizando o peixe jovem Lepomis macrochirus como modelo
de estudo. Utilizou-se no experimento in vivo a dose de 1 ug/L durante 24, 48, 72, 96
h e uma semana de exposi¢ao cronica, sendo foi observadas inibicdes em 3,57%;
12,65%; 14,23%; 16,31% e 23,11% respectivamente.

1.1.3.2 Endosulfan e Comportamento

De acordo com os dados da literatura, at¢é o momento, a influéncia do
endosulfan nos parametros de locomocado nas mais variadas espécies € também
controversa. Em relagéo aos estudos com vertebrados em geral, Brunelli et al.(2009)
verificaram a alteragcdo no comportamento das larvas do sapo Bufo bufo em uma
exposicao crbnica ao endosulfan, utilizando as concentragbes de 0,01 mg/L, 0,05
mg/L e 0,1 mg/L durante o periodo de 43 até 52 dias. Foram observados diversos
efeitos, entre eles: locomocgao defeituosa, atraso no desenvolvimento, aumento da
incidéncia de ma-formagao na boca e no esqueleto, além do tempo prolongado na
metamorfose.

No que se refere ao meio aquatico, Ferrando et al.(1991) realizou um ensaio
com enguias (Anguilla anguilla), onde os animais foram expostos a alguns
pesticidas, entre eles o endosulfan, o qual configurou-se o mais téxico, nos tempos
de 24, 48, 72 e 96 h. A LC50 variou entre 0,042 mg/L e 0,041 mg/L. Verificou-se
motilidade erratica e inquieta, convulsdes e dificuldade na respiracao.

No estudo de Gutierrez et al.(2011), foi langada a hipotese de que a
exposi¢cao do zooplancton ao endosulfan e ao cromo causaria redugao na motilidade
e desorientacdo. O experimento foi realizado com tubos transparentes de 150 cm,

onde foram observados os movimentos ascendentes e descendentes realizados
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pelas espécies Argyrodiaptomus falcifer, Notodiaptomus conifer, Pseudosida
variabilis, Ceriodaphnia dubia e Daphnia magna durante periodos de 24h.

Poucos estudos analisam a possivel relagdo entre a exposi¢ao ao endosulfan
e mudangas comportamentais acerca da locomogao em peixes. Giusi et al.(2005),
expuseram o peixe Thalassoma pavo jovem ao endosulfan e ao cadmio. A
concentracdo do pesticida foi de 0,2 pg/L por uma semana. Foram observados
movimentos hiperativos tais como: locomog¢ao na vertical e o choque com outros
peixes ou contra o aquario, mas de uma forma menos significativa. Além disso,
notou-se redugéo da alimentacgdo. Ballesteros et al.(2009), utilizaram o peixe adulto
Jenynsia multidentata como modelo e realizaram uma exposicdo de 48 h das
fémeas ao endosulfan. Verificou-se redugdo na motilidade apdés 45h na
concentracao de 0,072 ug/L e, apos 24h, em 1,4 ug/L.

Em relagdo aos trabalhos avaliando a memdéria apds exposicdo dos animais
ao endosulfan, alguns estudos foram conduzidos com ratos. Os achados sugerem
que este agrotdxico possivelmente induz déficit de memadria no modelo experimental
utilizado. Lakshmana et al.(1994) expuseram ratos a 6 mg/kg de endosulfan desde o
segundo até o 25° dia apdés o nascimento. Foi medida a atividade da AChE em
varias regides do cérebro dos animais e ndo houve alteragcdo significativa. Em
relacdo a memoaria, foram observados déficits quando a aquisicdo e retencéo.
Porém, é necessario considerar os relatos em que n&o houve alteragcdo na
motilidade dos animais, mas em sua memoria. Paul et al. (1994), submeteram ratos
jovens a 2 mg/kg/dia durante 90 dias. A coordenagdo motora dos animais nao foi
afetada, a atividade da AChE cerebral n&o foi alterada; contudo, foi sugerido que o
endosulfan produz déficit de meméria. Paul et al.(1992), realizaram um estudo com
ratos onde nao houve alteragdo na atividade locomotora; porém, a memoria foi
inibida apds uma exposicao crénica ao endosulfan.

De acordo com Paul et al.(1995), o tratamento com administragcdo oral de
endosulfan em ratos adultos, num periodo de 30 dias (3 e 6mg/kg por dia)
possibilitou que fosse observado comprometimento nos processos de memaria tanto
de machos como de fémeas. Nado houve mudanca na atividade da AChE. Além
disso, o endosulfan ndo estimulou mudancas na atividade motora. Até o momento,
nao ha relatos de estudos envolvendo memoria em peixes quando submetidos ao

endosulfan.
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Desta maneira, pode-se observar que as doses que induziram ao déficit de
memoéria foram similares entre os estudos e que o tempo de exposicdo ao pesticida
foi prolongado (minimo de 23 dias). Além disso, a idade do animal nao foi
determinante para que ocorresse essa alteragdo uma vez que ela aconteceu com

animais adultos e jovens.

1.1.3.3 Endosulfan e Zebrafish

Poucos estudos avaliaram os efeitos da exposicdo ao endosulfan durante o
desenvolvimento de zebrafish. No unico estudo encontrado com animais adultos em
relacdo ao endosulfan, Velasco-Santamaria et al.(2011) submeteram zebrafish a
duas concentragdes deste pesticida (0,16 e 0,48 pg/L) por 28 dias. No 14° dia, os
peixes expostos a 0,16 ug/L apresentaram reducgdo significativa na contagem de
glébulos vermelhos do que os que receberam 0,48 pg/L, além disso, demonstraram
uma elevagdao de espécies reativas ao acido tiobarbiturico (TBARS) quando
comparados com o grupo controle. Ambas as concentragdes provocaram um
aumento na atividade das Na(+)K(+) ATPases. Neste dia, também, os animais
expostos apresentaram aumento no didmetro dos hepatdcitos; porém, foi notada
uma reducdo do seu numero quando comparado com o grupo controle. Os
batimentos cardiacos mostraram-se reduzidos significativamente nas larvas em
comparagao com os adultos. Portanto, a exposicdo ao endosulfan causa efeitos
adversos nos animais adultos e afeta o desenvolvimento da sua prole.

No entanto, ha o relato de um estudo que utilizou apenas a fragao  do
endosulfan. Segundo Han et. al. (2011), a exposigdo de zebrafish adultos a essa
fragdo afetou as fungdes reprodutivas e a produgao de vitelogenina pelo figado em
machos. Este trabalho ainda reforcou a caracteristica de provocar disfuncdes
enddcrinas deste agrotoxico.

Foi realizado um estudo por Stanley et. al. (2009) utilizando zebrafish como
modelo experimental. Os peixes foram expostos ao endosulfan | (99,5%) na dose de
0,01 até 10 pg/L e ao endosulfan sulfato (98,9%) na dose de 1 — 100 ug/L durante o
periodo de 6 até 120 h pds-fertilizagao. Foram realizadas analises quimicas na agua,
no embrido e em amostras de larvas para determinar as concentracdes contidas na

agua e nos tecidos por todo o periodo de cinco dias.
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Os dados obtidos sugeriram que o endosulfan | e o endosulfan sulfato foram
neurotoxicos para o desenvolvimento.  Observaram-se  anormalidades
comportamentais associadas com neurotoxicidade, resultando em convulsdes,
alteragcdes na motilidade e paralisia. Willey et. al. (2001) expuseram embrides
prematuros de zebrafish ao endosulfan (99,8%) em um periodo de 2 - 2,5 h pos-
fertilizacdo. Por meio de hibridizacdo in situ, observou-se que houve alteracdo da
distribuicao das células germinativas primordiais antes do desenvolvimento de uma

gbnada morfologicamente distinta.
1.2 OBJETIVOS
1.2.1 Objetivo Geral

Avaliar se parte da toxicidade induzida pela exposicdo ao endosulfan é
consequéncia da modulagao do sistema de neurotransmisséao colinérgico, utilizando-
se zebrafish como organismo.

1.2.2 Objetivos Especificos

- Avaliar o efeito do tratamento in vitro com endosulfan sobre a atividade da

acetilcolinesterase em homogenato cerebral de zebrafish;

- Avaliar o efeito do tratamento in vivo com endosulfan sobre a atividade da

acetilcolinesterase em homogenato cerebral de zebrafish;

- Verificar a expressao do gene que codifica para acetilcolinesterase apés o

tratamento in vivo com endosulfan;

- Avaliar o efeito da exposicao ao endosulfan sobre a locomog¢ao e memoria

em zebrafish.
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ARTICLE INFO ABSTRACT
Article history: Endosulfan is a broad spectrum organochlorine pesticide that is still widely in use in many developing
Received 3 February 2012 countries. Following application, endosulfan can get to watercourses through surface runoff from

Accepted 11 March 2012

¢ . agricultural fields and disturb the non-target aquatic animals including freshwater fish species. Given that
Available online xxx

the activity of the enzyme acetylcholinesterase (AChE) is one of the most recurrently used biomarkers of
exposure to pesticides and there are controversial results concerning the effects of endosulfan exposure and

’éeyword;fl ) AChE activity in fish, the aim of the present study was to evaluate the effects of endosulfan in brain AChE
E;izrslﬁlcfar?”“es activity and its gene expression pattern using adult zebrafish (Danio rerio) as an animal model. Moreover, we

Neurotoxicity have analyzed the effects of endosulfan exposure in different parameters of zebrafish swimming activity
Acetylcholinesterase and in long-term memory formation. After 96 h of exposition, fish in the 2.4 pg endosulfan/L group
Altered-behavior presented a significant decrease in AChE activity (9.44 + 1.038 wmol SCh h~! mg protein™!; p = 0.0205)
Zebrafish when compared to the control group (15.87 + 1.768 wmol SCh h™! mg protein~!; p=0.0205) which
corresponds to approximately 40%. The down-regulation of brain AChE activity is not directly related with
the transcriptional control as demonstrated by the RT-qPCR analysis. Our results reinforce AChE activity
inhibition as a pathway of endosulfan-induced toxicity in brain of fish species. In addition, exposure to
2.4 pg endosulfan/L during 96 h impaired all exploratory parameters evaluated: decreased line crossings
(~21%, 273.7 + 28.12 number of line crossings compared to the control group 344.6 + 21.30, p = 0.0483),
traveled distance (~20%, 23.44 4+ 2.127 m compared to the control group 29.39 + 1.585, p = 0.0281), mean
speed (=~25%, 0.03 + 0.003 m/s compared to the control group 0.04 + 0.002, p = 0.0275) and body turn angle
(~21%, 69,940 + 4871 absolute turn angle compared to the control group 88,010 & 4560, p = 0.0114). These
results suggest that endosulfan exposure significantly impairs animals’ exploratory performance, and
potentially compromises their ecological and interspecific interaction. Our results also showed that the same
endosulfan exposure did not compromise animals’ performance in the inhibitory avoidance apparatus. These
findings provide further evidence of the deleterious effects of endosulfan exposure in the nervous system.
© 2012 Published by Elsevier Inc.

1. Introduction pesticides are organochlorines, organophosphorous and carbamates.
Organochlorines are the most commonly found pesticides in the

Pesticides are chemicals that became indispensable in current environment including water, sediments, atmospheric air and biotic
agriculture to control pest populations. Three of the main classes of environment (Chopra et al.,2011). Organochlorine pesticides consist
of a variety of chemicals composed primarily of carbon, hydrogen

and chlorine that include among others polychlorinated biphenyls

- (PCBs), polychlorinated dibenzofurans (PCDFs), dichlorodiphenyl-
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Endosulfan is a broad spectrum insecticide-acaricide of the
cyclodiene subgroup which consists of two biologically active
isomers: alpha and beta, respectively in a 7:3 ratio (Wan et al.,
2005) whereas endosulfan sulfate is the main environmental
metabolite found in water, sediments and tissues (Rand et al.,
2010). Following application, endosulfan can get to watercourses
through surface runoff from agricultural fields (Miglioranza et al.,
2002) and reach the groundwater through percolation (Chopra
et al, 2011). According to previous studies, the toxicity of
endosulfan and endosulfan sulfate to non-target aquatic animals
including freshwater fish species seems to be similar (Wan et al,,
2005; Carriger et al., 2011; Da Cuia et al., 2011).

Although the molecular mechanisms of endosulfan’s toxicity
are still mostly unknown, some aspects have already been
addressed. The adverse effects caused by exposure to endosulfan
include DNA damage and mutagenicity (Bajpayee et al., 2006),
genotoxicity (Neuparth et al., 2006), neurotoxicity (Yavuz et al.,
2007), oxidative stress in macrophages (Tellez-Bafiuelos et al.,
2009), histological alterations in gills and liver (Da Cuia et al.,
2011) and decline in cortisol secretion and increase in glutathione
S-transferase activity (Ezemonye and Ikpesu, 2011).

In cholinergic neurotransmission, the neurotransmitter ace-
tylcholine (ACh) promotes the activation of muscarinic and
nicotinic cholinergic receptors. Acetylcholine is a neurotransmit-
ter critically involved in psychomotor control of movement and an
important modulator of cognitive functions such as learning and
memory (Hasselmo, 2006). The reaction responsible for the
maintenance of levels of ACh in the extracellular space is
catalyzed by acetylcholinesterase (AChE) and butyrylcholines-
terase (BuChE), by the degradation of ACh into choline and acetate
(Soreq and Seidman, 2001). The zebrafish (Danio rerio) is
recognized as a consolidated experimental model for studying
several biological events. More recently, zebrafish has also
became an attractive model for environmental and toxicological
studies (Hernandez and Allende, 2008). It has been demonstrated
that BuChE is not encoded in the zebrafish genome, but AChE is
encoded by a single gene that has been functionally detected in
zebrafish brain (Bertrand et al., 2001).

AChE activity has been extensively used as a bioindicator of
environmental exposure. The inhibition of AChE as a biomarker for
assessment of the exposure of organisms to organophosphate and
carbamate pesticides is long well-known (for review see Van Dyk
and Pletschke, 2011). The inhibition of AChE by organophosphates
and carbamates occurs, respectively, as a result of the phosphor-
ylation or carbamylation of the serine residue in the active site of the
enzyme (Fukuto, 1990). Other toxic componds than organophos-
phate and carbamate pesticides either promote AChE inhibition and
AChE activation in fish. For instance, the inhibition of zebrafish brain
AChE activity by methanol (Rico et al., 2006) and the heavy metals
mercury and lead (Richetti et al.,2011) was demonstrated, as well as
the activation of zebrafish brain AChE by ethanol (Rico et al., 2007)
and microcystin-LR exposure (Kist et al., 2012).

There are controversial results concerning the effects of
organochlorine endosulfan exposure and AChE activity in fish. In
one hand, it was demosntrated that AChE activity was not altered
in the serum of Clarias gariepinuss (Ezemonye and Ikpesu, 2011)
and in brain of Jenynsia multidentata (Ballesteros et al., 2009) and
Cichlasoma dimerus (Da Cuiia et al., 2011). On the other hand, AChE
activity was inhibited in brain of Lepomis macrochirus (Dutta and
Arends, 2003) and Labeo rohita (Kumar et al., 2011) and in muscle
of Jenynsia multidentata (Ballesteros et al., 2009).

There is still less information concerning the effects of
endosulfan exposure and behavior parameters in fish species.
Endosulfan induces reduced feeding behaviors of Thalassoma pavo
(Giusi et al., 2005) and changes in spontaneous swimming activity
of Jenynsia multidentata (Ballesteros et al., 2009).

Therefore, considering that: (i) endosulfan is still widely in use in
many developing countries, (ii) the neurotoxic effects of endosulfan
exposure are far from being completely understood, (iii) measure-
ment of AChE activity in organisms is used worldwide as a biomarker
of environmental contamination, (iv) there are controversial results
concerning the effects promoted by endosulfan exposure in AChE
activity, and that (v) zebrafish is a well-established organism model
for toxicological analysis, the aim of the present study was to
evaluate the effects of endosulfan in brain AChE activity and its gene
expression pattern. Furthermore, we have analyzed the effects of
endosulfan exposure in distinct parameters of zebrafish swimming
activity and in long-term memory formation.

2. Material and methods
2.1. Chemicals

Endosulfan (6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-
6,9-methano-2,3,4-benzodioxathiepin-3-oxide), number 067-09-
01350, was purchased from a commercial supplier (COTRIJUI, RS,
Brazil). Trizma Base, ethylenedioxy-diethylene-dinitrilo-tetraacetic
acid (EDTA), ethylene glycol bis(beta amino ethylether)-N,N,N’,N’-
tetraacetic acid (EGTA), sodium citrate, Coomassie Blue G, bovine
serum albumin, acetylthiocholine, and 5,5’-dithiobis-2-nitrobenzoic
acid (DTNB) were purchased from Sigma Chemical Co (St. Louis, MO,
USA). TRIzol® reagent, Platinum® Taq DNA Polymerase and SYBR™
Green I were purchased from Invitrogen (Carlsbad, CA, USA). ImProm-
[I™ Reverse Transcription System was purchased from Promega
(Madison, USA). All other reagents used were of analytical grade.

2.2. Animals

Adult wild-type zebrafish (Danio rerio, Cyprinidae) of both sexes
(6-9 months-old) were obtained from a specialized supplier
(Redfish Agroloja, RS, Brazil). Animals were kept at a density of up
to five animals per liter in 50 L housing tanks with tap water that
was previously treated with Tetra’s AquaSafe™ (to neutralize
chlorine, chloramines, and heavy metals present in the water that
could be harmful to fish/supplier Redfih Agroloja) and continu-
ously aerated (7.20 mg O,/L) at 26 + 2 °C, under a 14/10 h light/dark
controlled photoperiod. Animals were acclimated for at least two
weeks before the experiments and were fed three times a day with
TetraMin Tropical Flake fish food™ (supplier Redfih Agroloja). The fish
were maintained healthy and free of any signs of disease and were
used according to the “Guide for the Care and Use of Laboratory
Animals” published by the US National Institutes of Health. All
procedures in the present study were approved by the Animal Ethics
Committee of the Pontifical Catholic University of Rio Grande do Sul
(PUCRS), protocol number 10/00211-CEUA.

2.3. In vitro assay

In vitro assays were performed as previously described (Seibt
etal., 2009; Siebel et al., 2010). Briefly, endosulfan was added to the
reaction medium before the preincubation with the enzyme-
containing lysate from zebrafish brain homogenate and main-
tained during the enzyme assays. Endosulfan was tested at a final
concentration of 0.6, 1.2, 2.4, 5.0, 10.0 and 50.0 p.g/L. For the
control group, the enzyme assay was performed in the absence of
endosulfan (i.e. no pesticide was added to the reaction medium).

2.4. In vivo assay
The in vivo exposures were performed in 2-L aquariums (10 fish

per aquarium). Fish were exposed to different endosulfan
concentrations (0.6, 0.9, 1.2 and 2.4 pg/L) dissolved in water for
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Table 1
PCR primers design.

Proteins Primer sequences (5'-3') Accession number (mRNA)

EF1a? F-CTGGAGGCCAGCTCAAACAT NSDART00000023156
R-ATCAAGAAGAGTAGTACCGCTAGCATTAC

Rpl13a?® F-TCTGGAGGACTGTAAGAGGTATGC NM_212784
R-AGACGCACAATCTTGAGAGCAG

3-Actin® F-CGAGCTGTCTTCCCATCCA ENSDART00000055194
R-TCACCAACGTAGCTGTCTTTCTG

AChEP F-GCTAATGAGCAAAAGCATGTGGGCTTG NP_571921

R-TATCTGTGATGTTAAGCAGACGAGGCAGG

2 According to Tang et al. (2007).
" Designed by authors.

24 and 96 h and immediately after the exposure, they were
euthanized by decapitation. For the control group the animals were
exposed only to water, after which they were euthanized. The
endosulfan concentrations and the exposure periods were chosen
based on a previous study using Cichlasoma dimerus (Da Cuiia et al.,
2011). The water/endosulfan of the aquarium was changed after
each 24 h of exposure in order to circumvent the endosulfan’s low
persistence (half-time) in water.

2.5. Determination of AChE activity

Zebrafish were euthanized and whole brain tissue was
dissected. The brain tissue (brains from two individuals were
used for each sample) was homogenized with in 60 volumes (v/w)
of Tris—citrate buffer (50 mM Tris, 2 mM EGTA, 2 mM EGTA, pH 7.4,
adjusted with citric acid) in a glass Teflon homogenizer. The rate of
acetylthiocholine hydrolysis (ACSCh, 0.88 mM) was assessed in a
final volume of 300 L with 11 mM phosphate buffer, pH 7.5, and
0.22 mM DTNB using a method previously described (Ellman et al.,
1961). Before the addition of substrate, samples containing protein
(5 g) and the reaction medium described above were preincu-
bated for 10 min at 25° C. The hydrolysis of substrate was
monitored by the formation of thiolate dianion of DTNB at 412 nm
for 2-3 min (intervals of 30s) in a microplate reader. Controls
without the homogenate preparation were performed in order to
determine the non-enzymatic hydrolysis of the substrate. The
linearity of absorbance against time and protein concentration was
previously determined. AChE activity was expressed as micro-
moles of thiocholine (SCh) released per hour per milligram of
protein. All enzyme assays were evaluated in triplicate and at least
four independent experiments were performed.

2.6. Protein determination

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

2.7. Gene expression analysis by quantitative real time RT-PCR (RT-
qPCR)

Immediately after 96 h of exposure to 2.4 g endosulfan/L, the
animals were euthanized by decapitation. For each sample, a pool
of three zebrafish whole brains was used. Total RNA was isolated
with Trizol® reagent (Invitrogen, Carlsbad, CA, USA) in accordance
with the manufacturer’s instructions. The total RNA was quantified
by spectrophotometry and the cDNA was synthesized with
ImProm-II™ Reverse Transcription System (Promega) from 1 (V84
total RNA, following the manufacturer’s instructions. Quantitative
PCR was performed using SYBR® Green I (Invitrogen) to detect
double-strand cDNA synthesis. Reactions were done in a volume of
25 pL using 12.5 pL of diluted cDNA (1:100 for EFl1e, Rlp13« and
B-actin; 1:20 for ache), containing a final concentration of 0.2x

SYBR™ Green I (Invitrogen), 100 wM dNTP, 1x PCR Buffer, 3 mM
MgCl,, 0.25 U Platinum® Taq DNA Polymerase (Invitrogen) and
200 nM of each reverse and forward primers (Table 1). The PCR
cycling conditions were: an initial polymerase activation step for
5 min at 95 °C, 40 cycles of 15 s at 95 °C for denaturation, 35 s at
60 °C for annealing and 15 s at 72 °C for elongation. At the end of
cycling protocol, a melting-curve analysis was included and
fluorescence measured from 60 to 99 °C. Relative expression
levels were determined with 7500 Fast Real-Time System
Sequence Detection Software v.2.0.5 (Applied Biosystems). The
efficiency per sample was calculated using LinRegPCR 11.0
Software (http://LinRegPCR.nl) and the stability of the references
genes, EFla, Rlp13c and B-actin (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 24T method.

2.8. Behavioral assessment

Behavioral testing of locomotion was realized after 96 h
of exposure to 2.4 wgendosulfan/L or water (control group)
during the light period between 9:00 a.m. and 2:00 p.m. Animals
were individually placed in the experimental tank
(30cm L x 15cm H x 10 cm W), habituated to the tank for 30,
as previously described (Gerlai et al., 2000). The animals’
locomotor activity was recorded on video for 5 min after the
habituation period. The tank was divided into equal sections with
four vertical lines and one horizontal line, and the following
behavior patterns were measured: number of line crossings
(vertical and horizontal lines), distance traveled (m), mean speed
(m/s) and absolute turn angle. The video was analyzed using ANY-
Maze software (Stoelting. Co., Wood Dale, IL, USA).

2.9. Inhibitory avoidance

Long-term memory was evaluated by using the inhibitory
avoidance (IA) protocol previously described in detail by Blank
et al. (2009). After 96 h of treatment, control and 2.4 g endo-
sulfan/L group, were individually trained and tested in a white/
dark compartment IA apparatus (18 cmL x 9cm H x 7 cm W). On
training session, animals were placed in the white side of the tank
while the partition between compartments was closed. After 1 min
of habituation to the new environment the partition was raised,
allowing fish to cross to the dark side of the tank. When animals
entered the dark side with their entire body, the sliding partition
was closed and a pulsed electric shock (3 + 0.2 V) was administered
for 5 s. Fish were then removed from the apparatus and placed in the
dedicated temporary tank. Animals were tested 24 h after training.
The test session repeated the training protocol except that no shock
was administered and animals immediately removed from the dark
compartment. The latency to completely enter the dark compartment
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was measured on both sessions and the test latencies used as an index
of long-term memory retention.

2.10. Statistical analysis

AChE activity was expressed as the mean + S.E.M. and analyzed
by one-way analysis of variance (ANOVA). Post hoc comparisons were
made using Tukey’s test. Molecular and locomotion data was
presented as the mean 4 S.E.M. and analyzed by Student’s t-test.
Inhibitory avoidance memory data were presented as mean =+ S.E.M.
and latencies of groups were compared using Kruskal-Wallis
followed by Mann-Whitney U tests. Significance was set at
p <0.05 in all assays.

3. Results
3.1. Brain AChE activity

The effect of different endosulfan concentrations (0.6, 1.2 and
2.4 pg/L) and times of exposure (24 and 96 h) on brain AChE activity
was demonstrated by performing in vivo experiments using
adult zebrafish. None of the concentrations tested altered AChE
activity when zebrafish were exposed to endosulfan during 24 h
(Fig. 1A). Nevertheless, after 96 h of exposition, fish in the
2.4 pg endosulfan/L group presented a significant decrease in AChE

A 24 h
= 25-

201 T -
15- T

10+

AChE activity
(umol SCh.h™'.mg protein

Control 0.6 1.2 24

Endosulfan dose (pg/L)

B 96 h
25+

204

154 *

10+ o

AChE activity
(pmol SCh.h™'.mg protein™)

Control 0.6 1.2 2.4

Endosulfan dose (pg/L)

Fig. 1. In vivo AChE activity. In vivo AChE activity in zebrafish brain after 24 (A) and
96 h (B) of endosulfan exposure at distinct concentrations (0.6-2.4 pg/L). Bars
represent the mean + S.EM. n=7. The specific enzyme activity is reported as
micromoles of thiocholine released per hour per milligram of protein. The asterisk (*)
indicates a significant difference compared to control group (p < 0.05).

1.59

Relative expression

0.0-

Control Endosulfan (2.4 pg/L)

Fig. 2. RT-qPCR analysis. Relative ache expression profile after endosulfan exposure
(2.4 pg/L for 96 h) on zebrafish brain. Bars represent the mean + S.EM. n=4.

activity (9.44 + 1.038 wmol SCh h™! mg protein~!; p=0.0205) when
compared to the control group (15.87 + 1.768 wmol SChh~! mg
protein~!; p = 0.0205) which corresponds to approximately 40% (Fig. 1B).

The down-regulation of AChE activity after exposure to
2.4 pg endosulfan/L could be a consequence of transcriptional
control. In order to determine if transcriptional regulation of ache
has occurred, a RT-qPCR analysis was carried out. The results have
shown that ache transcript levels in the 2.4 g endosulfan/L group
were not decreased when compared to the control group
(p=0.943; Fig. 2) suggesting that the down-regulation of brain
AChE is not directly related with the transcriptional control.

In order to evaluate if endosulfan could have a direct effect on
the enzyme, we tested the in vitro effect of endosulfan on AChE
activity in zebrafish brain. The results showed that none of the
endosulfan concentrations tested (0.6, 1.2, 2.4, 5.0, 10.0 and
50.0 pg/L) effectively altered AChE activity (p = 0.8383; Fig. 3).

3.2. Swimming performance and memory

Considering that ACh is known to play a major role in the
regulation of locomotor control, we evaluated four parameters of
zebrafish swimming activity in the 5-min tank diving behavioral
test. Exposure to 2.4 g endosulfan/L during 96 h decreased line
crossings (~21%, 273.7 + 28.12 number of line crossings compared
to the control group 344.6 + 21.30, p =0.0483), traveled distance
(~20%, 23.44 +2.127 meters compared to the control group
29.39 +1.585, p=0.0281), mean speed (~25%, 0.03 +0.003 m/s
compared to the control group 0.04 + 0.002, p = 0.0275) and body
turn angle (~21%, 69,940 + 4871 absolute turn angle compared to the
control group 88,010 + 4560, p = 0.0114) (Fig. 4).
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Control 0.6 1.2 24 5.0 10 50
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Fig. 3. In vitro AChE activity. In vitro effect of different concentrations of endosulfan
(0.6-50 wg/L) on ACh hydrolysis in zebrafish brain. Bars represent the
mean + S.EM. n=5.
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Fig. 4. Swimming performance. Effect of endosulfan exposure (2.4 wg/L for 96 h) on the distance traveled (A), mean speed (B), absolute turn angle (C) and number of line
crossings (D) determined during 5 min of video recording in the tank-diving behavioral test. Bars represent the mean + S.E.M. n = 16. The asterisk (*) indicates a significant

difference compared to control group (p < 0.05).

In addition, taking into account cholinergic system’s crucial
modulatory role in higher cognitive functions, such as memory
formation (Hasselmo, 2006), we have also evaluated the effects of
the endosulfan exposure over long-term memory formation on the
inhibitory avoidance paradigm. For that, two groups were
established: control group (n= 22) and 2.4 pwgendosulfan/L
(n=23). The 2.4 g endosulfan/L exposure (during 96 h) neither
altered training session (p = 0.1679) nor test session (p = 0.7221)

(Fig. 5).
4. Discussion

In the present study, we have evaluated the effect of different
endosulfan concentrations (0.6, 1.2 and 2.4 p.g/L) and different

B3 Training session
[ Testsession

80 T T

Latency (s)

oL il [E—

Water Endosulfan (2.4 pgi/L)

Fig. 5. Long-term memory. Effect of endosulfan exposure (2.4 pg/L for 96 h) on
latency to cross to dark compartment in training and long-term memory test
sessions in the inhibitory avoidance paradigm. Bars represent the mean + S.E.M.
n=22.

exposure periods (24 and 96 h) on AChE activity and on ache
expression in zebrafish brain. After 96 h of exposition, fish in the
2.4 ng endosulfan/L group presented a significant decrease in
AChE activity. The RT-qPCR analysis demonstrated that endosul-
fan exposure did not alter ache mRNA levels in zebrafish brain. In
addition, the in vitro assays did not reveal any significant changes
in AChE activity. It is important to emphasize that in vitro
experiments do not evaluate the influence of other mechanisms
such as cell signaling pathways. Altogether, our results indicate
that the effect of endosulfan on brain AChE activity is neither
related to ache inhibition nor to the direct action of this pesticide
on the protein, but probably involves a posttranscriptional or
post-translational modulation of this enzymatic activity. Anoth-
er possibility to explain our results is that endosulfan exposure
may be causing destruction to cholinergic neurons, and therefore
resulting in loss of AChE activity. The identification of some
pathology of the brain or even the demonstration that the
number of cholinergic neurons was decreased in selected brain
regions after endosulfan exposure could give support to this
supposition.

There are inconclusive results regarding the effects of
endosulfan exposure and AChE activity in fish. It was demosn-
trated that AChE activity was not altered in the serum of juveniles
of Clarias gariepinuss when exposed (from seven to 28 days) to
distinct concentrations of endosulfan (0.00, 0.0025, 0.005, 0.0075
and 0.01 pg/L) (Ezemonye and Ikpesu, 2011). In addition, brain
AChE activity was not changed in the freshwater species
Cichlasoma dimerus exposed to different concentrations of
endosulfan (from 0.25 to 4.00 wg/L) (Da Cufa et al, 2011). In
contrast, brain AChE activity inhibition in juvenile bluegill sunfish
Lepomis macrochirus after endosulfan exposure (1.0 pg/L) occured
in a time-related relationship (Dutta and Arends, 2003). Brain
AChE activity was inhibited in Labeo rohita fingerlings exposed to
low-dose endosulfan (Kumar et al., 2011). Even more interesting
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were the results obtained by Ballesteros et al. (2009) where
AChE activity significantly decreased in muscle of adult onesided
livebearer (Jenynsia multidentata) after a sublethal endosulfan
exposure while no significant changes were observed in brain.
The results presented herein reinforce AChE activity inhibition
as a pathway of endosulfan-induced toxicity in brain of fish
species.

It is well-known that inhibition of AChE leads to a marked
increase in the ACh accumulation in the brain causing an over-
stimulation of cholinergic receptors. As a result, an overall
decline in neural and muscular control occurs. In addition, there
is a large body of evidence in the literature associating changes
in normal behavioral patterns with neurotoxic effects of
exposure to pollutants. However, at present, only few studies
dealing with the effects of endosulfan exposure and behavior
parameters in fish species were published. Endosulfan expo-
sures impaired startle response and escape from predation of
Oryzias latipes (Carlson et al.,, 1998). The results obtained by
Gormley and Teather (2003) suggested that short-term exposure
to endosulfan (0.01, 0.1 and 1 pg/L) for 24 h beginning either 4-
6 h postfertilization or 4-6 h posthatch have long-term effects
on growth, behavior, and reproduction of the Oryzias latipes.
Endosulfan exposure (1.3 pg/L) for one week induces reduced
feeding behaviors of Thalassoma pavo (Giusi et al., 2005). Decline
in the traveled distance after exposure to endosulfan (1 pg/L) for
240 h together with an increase in lipid peroxidation in brain of
Cyprinus carpio was demonstrated by Rehman (2006). Balles-
teros et al. (2009) reported that endosulfan exposure (from
0.072 and 1.4 pg/L) decresed the swimming activity of Jenynsia
multidentata.

Our results showed that exposure to 2.4 g endosulfan/L for
96 h, a condition that resulted in brain AChE inhibition, also
impaired all exploratory parameters evaluated. Endosulfan
exposed animals showed a general decreased exploratory ability,
including reduced mean speed which resulted in lower traveled
distance and line crossings in the evaluated period. Interestingly,
it also affected animals swimming body turn angles, suggesting it
significantly impairs animals’ exploratory performance, and
potentially compromises their ecological and interspecific
interaction. Despite cholinergic modulation of learning and
memory processes, no effect of endosulfan exposure was
observed in the inhibitory avoidance performance. This result
suggests that the decreased AChE activity was not sufficient to
compromise long-term memory formation in this task, and can
be attributed to the task rapid acquisition that does not depend
on complex strategies, sustained attention, and intense explora-
tion of the apparatus or endurance. These findings provide
further evidence of the deleterious effects of endosulfan
exposure in the nervous system and suggest that additional
studies are needed to better understand its extent and ecological
and physiological impacts.
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3.CONSIDERACOES FINAIS

Endosulfan € um agrotdxico da classe dos organoclorados, caracterizando-se
como um inseticida e acaricida utilizado em diversos tipos de culturas, tais como:
vegetais, tabaco, algodao, frutas e nozes. E um composto quimico que contém uma
mistura de dois isbmeros biologicamente ativos (70% alfa e 30% beta endosulfan). O
principal metabdlito ambiental encontrado na agua, sedimentos e tecidos € o
endosulfan sulfato resultante de um processo de oxidagao (Rand et al., 2010; Li et
al., 2011).

Este pesticida € extremamente téxico para peixes (Tellez-Bafuelos et. al,
2010), sendo considerado um importante agente de toxicidade aguda ao passo que
as manifestagdes mais comuns sdo as neurolégicas, embora possam ocorrer outras
disfungdes organicas (Moses and Peter, 2010).

No Capitulo 2, foi testada a hipotese relativa a modulagdo da atividade da
AChE cerebral em relagdo a exposigdo do zebrafish ao agrotdéxico endosulfan,
devido ao seu uso como bioindicador de exposicao ambiental, e, ainda, foi avaliada
a influéncia no comportamento relativo a locomogao e memdéria de longo prazo.

Ja que resultados sobre a exposi¢ao ao endosulfan em relagao a atividade de
AChE em peixes sao controversos, foi realizada a exposicao do zebrafish nos
periodos de 24 e 96 h, observando-se, no periodo maior, a diminuigcdo da atividade
da AChE em 2,4 ug/L de endosulfan. Em relagéo aos niveis de mRNA no gene ache,
a analise de RT-gPCR nao demonstrou alteragdo no cérebro de zebrafish, portanto
nao ha relagao direta com a inibicdo da regulagdo da AChE observada neste estudo
e o controle transcricional. No ensaio in vitro, ndo foram observadas mudancas
significativas na atividade da AChE, sugerindo que o endosulfan nao atua
diretamente sobre a enzima.

Uma vez que a AChE possui a fungéo de hidrolisar a acetilcolina liberada na
fenda sinaptica, caso sua atividade esteja diminuida devido a interferéncia de
substéncias, ocorrera um acumulo deste neurotransmissor, causando um grande
estimulo nos receptores colinérgicos, ocasionando um declinio geral no controle
neural e muscular.

Em relagdo a exposicdo ao endosulfan e parametros comportamentais em
peixes, ha poucas informacdes disponiveis. Foram analisados quatro parametros

relacionados a locomogéo (distdncia viajada, velocidade média, mudangas de
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angulo e numero de linhas cruzadas), onde foi demonstrada a diminuicdo dos
mesmos quando se comparou o grupo tratado com o controle sob uma exposigao a
2,4 pg/L de endosulfan durante 96h, concluindo-se que os animais expostos
apresentaram um decréscimo da habilidade exploratoria, podendo comprometer sua
interagcdo interespecifica e ecoldgica. Realizou-se uma analise a fim de verificar
possiveis alteracbes na memoria de longo prazo dos peixes e os resultados indicam
que essa exposigcao nao compromete o desempenho dos animais na esquiva
inibitéria, provavelmente, por influéncia do tamanho reduzido do aparato e das
sessoes de treino e teste com duracao curta.

Os achados deste trabalho fornecem informagdes adicionais sobre efeitos

nocivos da exposi¢ao ao endosulfan no Sistema Nervoso.
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