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APRESENTACAO

De acordo com as normas do Programa de P6s Graduacdo em Ciéncias

Bioldgicas: Bioguimica, esta tese esta subdividida em trés partes.

A PARTE | traz uma breve INTRODUCAO, onde é feita uma pesquisa
bibliografica atualizada acerca dos temas contidos nesta tese, seguido dos

objetivos deste estudo.

Na PARTE Il sao apresentados os RESULTADOS, os quais sé&o
apresentados na forma de trés artigos cientificos, que foram publicados ou estédo

submetidos a comissao editorial de periddicos cientificos.

A PARTE Il compreende uma DISCUSSAO GERAL e a CONCLUSAO dos
dados obtidos nesta tese de doutorado, assim como as REFERENCIAS e os

ANEXOS.
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i.1. Resumo

A poluigdo ambiental causada por residuos de metais tdéxicos € muito relevante pelo seu
amplo uso em processos industriais e agricolas, sendo que muitos efluentes chegam ao ambiente
aquatico sem qualquer tratamento. A contaminagdo da agua com estes poluentes tornaram-se
iminentes e, consequentemente efeitos adversos sao inevitaveis em humanos, plantas e animais,
onde um dos taxons mais atingidos séo os peixes. O peixe zebra (Danio rerio) € uma espécie muito
utiizada como modelo experimental em diversas areas, como neurociéncias e toxicologia.
Evidéncias demonstram que nucleotideos e nucleosideos da adenina exercem efeitos
sinalizadores no espaco extracelular por meio da ativagao de receptores especificos. A inativagao
do sinal mediado pelo ATP extracelular é realizada por uma familia de enzimas denominadas
ectonucleotidases, na qual se destacam as NTPDases (nucleosideo trifosfato difosfoidrolases) e a
ecto-5’-nucleotidase. Apds hidrolise pelas ectonucleotidases, o ATP produz o nucleosideo
adenosina. A adenosina pode ser desaminada pela enzima adenosina desaminase (ADA), gerando
inosina. Evidéncias demonstram que o ATP é coliberado com a acetilcolina em terminais
colinérgicos. A acetilcolina € uma molécula transmissora que age nos receptores muscarinicos e
nicotinicos e seu catabolismo é promovido pela enzima acetilcolinesterase (AChE). Nosso
laboratério ja demonstrou a presenca de diferentes membros da familia das NTPDases e da familia
da ADA, além de uma ecto-5-nucleotidase em cérebro de peixe zebra. A presenga da enzima
AChE também ja foi descrita nesta espécie. No capitulo | foi testado o efeito in vitro do zinco e
cadmio na atividade da AChE e das ectonucleotidases em cérebro de peixe zebra. Ambos os
metais ndo alteraram a atividade da AChE. A hidrdlise de ATP teve um aumento na presenga de 1
mM de zinco (17 %) e a hidrdlise de AMP teve um aumento dose dependente nas concentragbes
0,5 e 1 mM de zinco (188 % e 199 %). Apds a exposicdo a 0,5 e 1 mM de cadmio, a atividade
ATPasica foi aumentada significativamente (53 % e 48 %). O cadmio na faixa de 0,25 a 1 mM inibiu
a hidrolise de ADP de forma dose-dependente (13,4 - 69 %). A atividade da ecto-5’-nucleotidase foi
inibida (38 %) apenas na presenca de 1 mM de cadmio. No capitulo Il foi investigado o efeito da
exposicdo ao aluminio na atividade da AChE cerebral e em parametros comportamentais em peixe
zebra. A exposigao in vivo a 50 ug/L de AICIl; durante 96 h a pH 5,8 aumentou significativamente
(36 %) a hidrdlise de acetiltiocolina em cérebro de peixe zebra. Nao foram observadas mudancgas
na atividade da AChE quando os peixes foram expostos a mesma concentragdo de AICl; em pH
6,8. RT-PCR semi-quantitativo ndo demonstrou alteragdes significativas nos niveis de expresséo
do RNAm do gene da ache em cérebro de peixe zebra. Concentragdes in vitro de AlICl; variando de
50 a 250 yM aumentaram a atividade da AChE (28 a 33 %). Além disso, animais expostos ao AICl;
em pH 5,8 apresentaram uma diminuicdo na atividade locomotora, avaliada pelo numero de
cruzamentos (25 %), distancia viajada (14,1 %) e velocidade maxima (24 %). No capitulo lll, foi
verificado o efeito de metais toxicos na atividade e expressdo da ADA em fragdes solluveis e de
membrana em cérebro de peixe zebra. Dos metais testados, apenas o mercurio foi capaz de inibir
a desaminagdo da adenosina em ambas as fragdes in vitro. A inibigdo foi observada de 5 a 250 uM
de HgCl, (84,6 — 92,6 %) na fragéo soluvel enquanto nas fracdes de membrana a inibigédo variou de
50 a 250 pyM (20,9 — 26 %). A exposicao in vivo do peixe zebra a 20 pg/L de HgCl, foi avaliada
apos exposicao aguda (24 h) e subcrdnica (96 h). A atividade da ADA na fragao soluvel foi inibida
apos a exposigao aguda (24,5%) e subcrénica (40,8%) enquanto que a atividade da ADA na fragéao
de membrana foi inibida somente apds a exposi¢ao subcrénica (21,9 %). Em contraste, ndo foram
observadas mudancgas na expressédo dos genes da ADA apds os tratamentos. Nossos resultados
apresentados demonstraram que as enzimas envolvidas na degradacdo de nucleotideos e
nucleosideos (NTPDase, 5-nucleotidase e ADA) e a acetilcolinesterase séo afetadas por metais
toéxicos em cérebro de peixe zebra. Além de serem possiveis alvos da neurotoxicidade dos metais,
a alteracdo destas atividades enzimaticas pode ser utilizada como bioindicador da presenca
ambiental destes poluentes.



|.2. Abstract

The environmental pollution caused by toxic metals is relevant due to its widespread use in
industrial and agricultural process, and many effluents enter in the aquatic environment without
treatment. The contamination of water by toxic metals has become imminent and, consequently,
adverse effects are inevitable in humans, plants, and animals, which fish are one of the most
affected taxons. Zebrafish (Danio rerio) is a specie consolidated as a model system in many
research areas, including neuroscience and toxicology. Evidence has show that nucleotides and
nucleosides exert signaling effects at the extracellular space by the activation of specific receptors.
The inactivation of extracellular ATP signaling is promoted by a family of enzymes named
ectonucleotidases, whivh inlude NTPDases (nucleoside triphosphate diphosphohydrolases) and
ecto-5-nucleotidase. After hydrolysis promoted by ectonucleotidases, ATP forms the nucleoside
adenosine. The adenosine could be deaminated by the enzyme adenosine deaminase (ADA).
Evidence demonstrates that ATP is coreleased with acetylcholine in cholinergic terminals.
Acetylcholine is a transmitter molecule that acts on muscarinic and nicotinic receptors and its
catabolism is promoted by acetylcholinesterase (AChE) activity. Our laboratory has already
characterized NTPDases, ecto-5-nucleotidase and ADA activity in zebrafish brain. The AChE
activity has been reported in this specie. In chapter | we tested the in vitro effect of zinc and
cadmium on AChE and ectonucleotidase (NTPDase and ecto-5-nucleotidase) activities in zebrafish
brain. Both zinc and cadmium treatments did not alter significantly the zebrafish brain AChE activity.
ATP hydrolysis presented a significant increase at 1 mM zinc (17 %) and the AMPase activity had a
dose-dependent increase at 0.5 and 1mM zinc exposure (188 % and 199 %). After cadmium
treatment, ATPase activity was significantly increased (53 % and 48 %) at 0.5 and 1 mM,
respectively. Cadmium, in the range 0.25-1 mM, inhibited ADP hydrolysis in a dose-dependent
manner (13.4-69 %). Ecto-5-nucleotidase activity was only inhibited (38 %) in the presence of 1
mM cadmium. In chapter Il we have investigated the effect of aluminum exposure on brain AChE
activity and behavior parameters in zebrafish. /n vivo exposure of zebrafish to 50 pg/L AICl; during
96 h at pH 5.8 significantly increased (36 %) acetylthiocholine hydrolysis in zebrafish brain. There
were no changes on AChE activity when fish were exposed to the same concentration of AICI; at
pH 6.8. Semi-quantitative RT-PCR has not shown significant alterations on the expression levels of
ache mRNA gene in zebrafish brain. /n vitro concentrations of AICIl; varying from 50 to 250 uM have
increased AChE activity (28 to 33 %, respectively). Moreover, we observed that animals exposed to
AICI; at pH 5.8 presented a significant decrease in locomotor activity, as evaluated by the number
of line crossings (25 %), distance traveled (14.1 %) and maximum speed (24 %). In chapter Il we
have investigated the effects of toxic metals on soluble and membrane ADA activity and gene
expression in zebrafish brain. Regarding the metals tested, only HgCl, was able to inhibit the
adenosine deamination in vitro in both fractions. The inhibition was observed from 5 to 250 uM
HgCl, (84.6 — 92.6 %) in soluble fraction while in membrane fractions the inhibition varied from 50 to
250 pM (20.9 — 26 %). The in vivo exposure of zebrafish to 20 ug/L of HgCl, was evaluated after
acute (24 h) and subchronic (96 h) treatments on ADA activity in soluble and membrane fractions.
The ADA activity from soluble fraction was inhibited after both acute (24.5 %) and subchronic (40.8
%) exposures whereas the ADA activity from brain membranes was inhibited only after subchronic
exposure (21.9 %). In contrast, semi-quantitative RT-PCR analysis showed that HgCl, was not able
to modulate the ADA gene expression. Our results have show that the enzymes involved in the
degradation of nucleotides and nucleosides (NTPDase, 5-nucleotidase and ADA) and AChE are
modulated by toxic metals in zebrafish brain. Besides been a possible target in the neurotoxicity
mediated by metals, the alteration of these enzyme activities can be used as bioindicator of the
environmental presence of these pollutants.



|.3. Lista de abreviaturas

Acetil CoA — acetil coenzima A

ACh — acetilcolina

AChE- acetilcolinesterase

ADA — adenosina deaminase

ADA 1 — adenosina deaminase 1

ADA 2 — adenosina deaminase 2

ADA 2-1 — paralogo 1 da adenosina deaminase 2
ADA 2-2 — paralogo 2 da adenosina deaminase 2
ADA L — adenosina deaminase “like”

ADO - adenosina

ADP — adenosina 5’- difosfato

Al - Aluminio

AMP — adenosina 5’- monofosfato

AMPc — adenosina 3’,5’- monofosfato ciclico

ATP — adenosina 5'- trifosfato

cDNA — 4cido desoxirribonucléico complementar
CD39 — antigeno de ativacao celular linfoide
CD73 — proteina de superficie de linfocitos

DAG - diacilglicerol

Ecto-ADA — ecto-adenosina deaminase

EHNA — hidrocloreto de eritro-9-(2-hidroxi-3-nonil) adenina

EST’s — “expressed sequence tags” (genes expressos)



GABA - acido y —aminobutirico

INO —inosina

IP3 — inositol 1,4,5-trifosfato

Km — constante de Michaelis

RNAm — acido ribonucléico mensageiro

5’-NC - 5'- nucleotidase

NTPDase — nucleosideo trifosfato difosfoidrolase

PCR - “polymerase chain reaction” (reagdo em cadeia da polimerase)
RNA — &cido ribonucléico

RT-PCR - “reverse transcription-polymerase chain reaction” (reagdo em cadeia da
polymerase com transcri¢ao reversa)

PKA — proteina quinase A (proteina quinase dependente de AMP ciclico)
SNC - sistema nervoso central

SNP - sistema nervoso periférico

ZFIN - “zebrafish international network” (rede internacional de dados do zebrafish)



l.4. INTRODUCAO

1.4.1 Metais Toxicos

Atualmente, nossa economia depende largamente de produtos
industrializados e colheitas produtivas, e em consequéncia disso, dejetos
industriais e agricolas tornaram-se um grande problema para a saude humana e
do meio ambiente. A poluicdo ambiental causada por residuos de metais toxicos é
muito relevante pelo seu amplo uso em processos antropicos, sendo que muitos
efluentes chegam ao meio ambiente sem qualquer tratamento (KUNO et al., 1999;
SCHERER et al., 2003). A contaminagdo da agua por estes poluentes tornou-se
iminente e, consequentemente efeitos adversos s&o inevitaveis em humanos,
plantas e animais, onde um dos taxons mais atingidos sao os peixes (MACHADO
et al. 2002).

Os metais ocorrem naturalmente no meio ambiente, mas desde a revolugao
industrial esta ocorréncia aumentou muito com a atividade agricola e industrial
(FOUNTAIN & HOPKIN, 2004). Os metais pesados possuem diversos
mecanismos de acgao, exercendo seus efeitos toxicos ao combinar-se com um ou
mais grupos reativos essenciais para funcgdes fisioldgicas normais. O principal
efeito toxico desde grupo de elementos € a sua acado sobre a estrutura das
proteinas, muitas delas com atividade enzimatica. Ao alterarem as atividades
enzimaticas, os metais pesados afetam o metabolismo, membranas celulares e
organelas. A influéncia destas substancias se da por mecanismos complexos, tais
como: interacdo com metais essenciais por similaridade eletrdnica, formacao de

complexos metal-proteina, inibicdo enzimatica de proteinas com grupos sulfidrilas



(—SH) e comprometimento na fungdo de organelas celulares como mitocéndrias,
lisossomas e microtubulos (FERRER, 2003).

Devido ao amplo efeito exercido pelos metais toxicos, ndo sdo conhecidos
todos os mecanismos de agao destes compostos (SANDHIR et al., 1994; MYERS
et al.,, 2000). Além disso, muitos fatores afetam os efeitos patofisiolégicos dos
metais pesados, tais como a sua forma quimica, via de entrada no organismo,
duragéo da exposi¢ao, concentragao, idade e espécie do animal (KOSTIAL et al.,
1978; MOLLER-MADSEN, 1990). VAN STRAALEN et al. (1987) sugeriram que a
principal diferenca da agao téxica dos metais ocorre devido a sua essencialidade
versus sua nao essencialidade nos organismos, sendo que niveis de metais
essenciais sao regulados e metais ndo essenciais sdo acumulados e estes se
tornam téxicos em determinadas concentragdes.

A contaminacio de peixes por metais toxicos € muito relevante, pois estes
animais estdo no topo da cadeia alimentar do ambiente aquatico e podem afetar
diretamente a saude dos seres humanos quando se alimentam destes animais.
Estudos tém observado niveis mais elevados de arsénio, chumbo e zinco em
peixes criados em cativeiro em comparacdo com peixes obtidos da natureza
(CALVI et al., 2006). Em outro estudo, concentra¢cdes de mercurio foram avaliadas
em peixes obtidos comercialmente no Japado e foi observado que os peixes
criados em cativeiro apresentavam niveis mais elevados de mercurio e metil
mercurio, devido ao fato de que a alimentagdo destes animais com outras
espécies de peixes que sdo amplamente predatérios poderia contruibuir para os
altos niveis de metais observados (YAMASHITA et al.,, 2005). Os peixes sao

amplamente utilizados no biomonitoramento da poluigdo aquatica (ZHOU et al.,



2008). A analise da bioacumulagcdo e de biomarcadores em peixes tais como
parametros hematoldgicos, imunolégicos, reprodutivos enddcrinos, histolégicos e
morfolégicos estdo envolvidos na determinacédo do nivel de contaminagao ou dos
efeitos da poluicdo ambiental promovida por metais em ambientes aquaticos (VAN
DER OOST et al., 2003). Respostas comportamentais dos peixes também sao
utilizados para avaliar a toxicidade de poluentes, assim como a taxa aguda letal,

crescimento, reproducao, metabolismo e fecundidade (CARNS, 1981).

1.4.1.1. Zinco e Cadmio

Os metais zinco e cadmio diferem em termos de importancia metabdlica
para os organismos. O zinco € um metal essencial e desempenha um papel
importante em varios processos metabdlicos (ODENDAAL & REINECKE, 1999;
DIGIROLAMO et al., 2009). O zinco participa do metabolismo de acidos nucléicos,
replicagcéo celular e do reparo e crescimento de tecidos (MURAKAMI & HIRANO,
2008). SMART et al (2004) demonstraram que baixas concentracdes deste metal
sao importantes na neurotransmissao, além de participar na estrutura de
receptores excitatéorios de glutamato. Entretanto, este metal pode ser
potencialmente tdxico para os organismos quando em altas concentragdes
(PAVLICA ET al., 2009). Considerando os seus efeitos toxicolégicos, o zinco € um
metal que ja foi testado em diversos organismos com respostas bioquimicas e
fisiologicas variaveis. Por exemplo, BROCARDO et al. (2005) demonstraram um
efeito inibitério do zinco na atividade da AChE em coértex cerebral e hipocampo de

ratos. Outro estudo apresentou resultados diferentes: a atividade colinesterasica



do molusco bivalve Adamussium colbecki nao foi alterada pela exposi¢ao in vivo
ao zinco (CORSI et a., 2004).

O cadmio é um metal ndo essencial e geralmente téxico aos organismos
(DE SOUZA DAHM et al., 2006). Este metal afeta a estrutura de acidos nucléicos
e a atividade de certas enzimas e os niveis de varios neurotransmissores
(COOPER & MANALIS, 1984). Estudos ja demonstraram o efeito in vivo do
cadmio na AChE cerebral de outros peixes. Em Barbus conchonius, uma
exposicao de 12,6 mg/L de cadmio durante 48 horas estimulou a atividade da
AChE cerebral (GILL, et al., 1991). Por conseguinte, DE LA TORRE et al. (2000)
demonstraram que a AChE da carpa (Cyprinos carpio) n&o apresentou mudangas
apos sua transferéncia para agua contaminada com uma solugdo de cadmio (1,6

mg/L).

[.4.1.2. Aluminio

O aluminio (Al) € um metal toxico n&o essencial extremamente comum no
meio ambiente, sendo um dos elementos mais abundantes na crosta terrestre na
forma de oxido de Al (Al,O3), e com a capacidade de se ligar a diversas
macromoléculas biolégicas (GANROT, 1986). O aluminio é um dos poucos
elementos abundantes na natureza que parecem nao apresentar nenhuma funcao
bioldgica significativa. Entretanto, a exposigédo a altas concentragbées pode causar
problemas de saude, principalmente quando na forma de ions em que o Al é
soluvel em agua. A solubilidade do Al inorganico aumenta como resultado direto
da diminuigdo do pH aumentando assim sua biodisponibilidade (FINN, 2007). O Al

€ praticamente in6bcuo em pH alcalino e neutro, mas em ambientes acidificados


http://pt.wikipedia.org/wiki/Crosta_terrestre
http://pt.wikipedia.org/wiki/%C3%93xido_de_alum%C3%ADnio
http://pt.wikipedia.org/wiki/%C3%8Don

pode induzir diversos efeitos adversos na biota aquatica (BRODEUR et al., 2001).
Estudos vém relacionando a diminuicao de populacdes de peixes com a exposicao
ao Al em pH acido (MONETTE & MCCORMICK, 2008). Os mecanismos precisos
pelo qual o Al exerce seus efeitos neurotéxicos ainda nido estdo completamente
elucidados. Entretanto, a literatura sugere que este metal interage com o sistema
colinérgico, agindo como uma colinotoxina (GULYA et al., 1990). Estudos sugerem
que o Al interage com o sistema colinérgico em sistemas in vitro e in vivo (KAIZER
et al., 2007; KAIZER et al., 2008). Os resultados sao paradoxais, porque alguns
autores encontraram uma inibigdo da atividade da AChE (HETNARSKI, et al.,
1980; KUMAR, 1998) enquanto a maioria dos estudos, encontraram um aumento
na atividade da AChE na presencga do Al (PENG et al., 1992; SARKARATI et al.,

1999; ZATTA, et al., 1994, 2002).

1.4.1.3. Mercurio

O mercurio € um dos metais ndo essenciais mais toxicos aos seres vivos.
Existem trés formas de mercurio: elementar, inorganico e orgénico sendo que
cada uma destas formas possui seu préprio perfil toxico (GUZZI & LA PORTA,
2008). O mercurio inorganico (sais de mercurio) € uma fonte significativa de
contaminagcdo aquatica, devido a sua presenga em numerosos produtos
industrializados (GUZZI & LA PORTA, 2008). Entretanto, a via mais comum de
exposicao humana ao mercurio ocorre pela ingesta de alimentos contaminados,
principalmente de peixes (EKINO et al., 2007). O primeiro caso bem documentado
de envenenamento agudo por metil mercurio pelo consumo de peixes ocorreu em

Minamata, Japao, em 1953 (EKINO et al., 2007). O quadro clinico foi oficialmente
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reconhecido e denominado doenca de Minamata. Animais expostos a este metal
pesado apresentam, principalmente, respostas adversas no SNC (SENGER et al.,
2006; EKINO et al., 2007). Muitas respostas celulares sao afetadas pela exposi¢cao
ao mercurio e consequentemente, desequilibrios neuroquimicos e a transmissao
sinaptica sao alterados (CHUU et al., 2007). Mudancgas na liberagdo, metabolismo
extracelular e/ou recaptacdo e expressao de componentes dos sistemas de
neurotransmissao ja foram relatados em animais expostos ao mercurio (SIROIS &
ATCHISON, 1996). Nosso laboratério demonstrou que a atividade da NTPDase e
da 5’-nucleotidase sao inibidas por mercurio e chumbo em cérebro de peixe zebra,
sugerindo que esta inibicdo pode ser um dos alvos da neurotoxicidade mediada

por estes metais toxicos (SENGER et al., 2006a).

1.4.2. Peixe zebra ou Zebrafish (Danio rerio)

O peixe zebra, zebrafish ou paulistinha (Danio rerio) € um pequeno
teledsteo (3-4 cm) dulceaquicola da familia Cyprinidae, sendo uma espécie
bastante conhecida pelos aquariofilistas (Fig 1). O pioneiro a estudar esta espécie
foi George Streisinger que, no final da década de 60, aplicou as técnicas de
analise mutacional para estudar o desenvolvimento embrionario do peixe zebra
(GRUNWALD & EISEN, 2002). Atualmente, este peixe € um modelo experimental
consolidado em diversas areas da ciéncia, tais como: genética e gendmica,
desenvolvimento, teratologia, comportamento, toxicologia e neurociéncias
(VASCOTTO et al., 1997; CHAKRABORTY ET AL., 2009; INGHAM, 2009). O
interesse pela espécie pode ser observado pelo numero crescente de laboratorios

que tem utilizado este teledsteo em suas pesquisas cientificas e pelo crescimento
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exponencial do numero de estudos publicados que envolvem esta espécie
(BARBAZUK et al., 2000; CARVAN Il et al.,, 2000; ZON & PETERSON, 2005;

LIESCHKE & CURRIE, 2007; GERLAI et al., 2009).

Figura 1: Peixe zebra (Danio rerio)

Este peixe possui muitas caracteristicas que o tornam um modelo de estudo
bastante atrativo em muitas areas da Ciéncia, as quais podemos citar: pequeno
custo e espago requerido para manutencdo, rapido desenvolvimento e ciclo
biolégico, grande prole, embrides translucidos e suscetiveis a manipulagdo e
microinje¢cdo (LELE & KRONE, 1996). Foi criada uma rede de informagdes na

internet sobre o peixe zebra (http://zfin.org), na qual laboratérios do mundo inteiro

podem depositar informagdes sobre esta espécie (SPRAGUE et al., 2003). Além
disso, existe um excelente, compreensivo e frequentemente atualizado manual de
manutencéo e controle das condigdes de criacdo em laboratérios deste teledsteo
(WESTERFIELD, 2000).

Nos ultimos anos, esta acontecendo um progresso consideravel na genética
e gendbmica do peixe zebra (POSTLETHWAIT et al.,, 2000; AMATRUDA &
PATTON, 2008; MILAN & MACRAE, 2009). Em 2001, o Instituto Sanger comegou

0 sequenciamento do genoma total desta espécie (VOGEL, 2000; STERN & ZON
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2003). Paralelamente com o sequenciamento do genoma total, também esta
ocorrendo o sequenciamento e identificacdo dos seus genes expressos “ESTs”. A
sequéncia do genoma mitocondrial ja esta conhecida nesta espécie e pode ser
base para estudos filogenéticos (BROUGHTON et al., 2001). O estudo do genoma
do peixe zebra pode servir como um complemento funcional para o projeto
genoma humano, o qual produz enormes quantidades de sequéncias, mas carece
de informagbes funcionais para a maioria dos genes identificados (DOOLEY &
ZON, 2000). Além disso, os genes deste teledsteo sado evolutivamente
conservados e apresentam alto grau de similaridade, quando comparados em sua
sequéncia, com genes de humanos e de camundongos (BARBAZUK et al., 2000;
LISCHKE & CURRIE, 2007).

O peixe zebra se tornou o principal modelo experimental para o estudo do
desenvolvimento de vertebrados (ANDERSON & INGHAM, 2003). As
caracteristicas basicas de sua embriogénese sdo bem conhecidas, assim como o
destino celular durante o seu desenvolvimento (KIMMEL & WARGA, 1988;
KIMMEL, 1989).

Recentemente, estudos avaliando caracteristicas comportamentais do peixe
zebra foram desenvolvidos (GUO, 2004; EMRAN et al.,2008;SPENCE et al.,
2008). A maioria dos trabalhos avaliou o efeito de pesticidas, drogas, metais e
xenobidticos na atividade comportamental desta espécie (STEINBERG et al.,
1995; LEVIN & CHEN, 2004; LEVIN et al. 2004; SWAIN et al., 2004; KOKEL &
PETERSON, 2008; GERLAI et al., 2009). Alguns estudos também observaram a

importancia do comportamento inato e adquirido em modelos de agresséo,
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sociabilidade e sua preferéncia por ambientes claros ou escuros (SERRA et al.,
1999).

Devido as vantagens de se usar o peixe zebra em experimentos, o efeito
agudo e cronico de diversas substancias toxicas pode ser avaliado facilmente.
Devido ao pequeno espaco requerido por estes animais, uma quantidade menor
de toxinas é empregada nos testes toxicolégicos. Além disso, o efeito e a
acumulacao de diversas substancias quimicas vém sendo testados no peixe zebra
desde o final dos anos 70 (LELE & KRONE, 1996). Muitos compostos, tais como
pesticidas, metais pesados, fendis e misturas complexas ja foram avaliados em
diversos 6rgaos deste peixe, 0 que indica o crescente interesse nesta espécie
para estudos ecotoxicologicos, toxicologia ambiental e bioindicagdo (CARVAN et
al.,, 2000; YAMAZAKI et al., 2002; SENGER et al., 2005; SENGER et al., 2006;
KORBAS et al., 2008; SEOK et al., 2008; FROEHLICHER et al., 2009).

Atualmente, muitos estudos séo realizados nesta espécie para estudar as
bases moleculares da neurobiologia, identificando genes envolvidos na formagao
de circuitos neuronais, no comportamento e nos mecanismos envolvidos na
neuropatogénese (GUO, 2004; EDDINS et al. 2009; GERLAI et al., 2009). Muitos
sistemas de neurotransmissao ja foram identificados no peixe zebra tais como:
glutamatérgico (PATTEN & ALI, 2007 & TABOR FRIEDRICH, 2008;), colinérgico
(SENGER et al. 2006b; EDWARDS et al, 2007), dopaminérgico (RUSSEK-BLUM
et al., 2008), serotoninérgico (NORTON et al. 2008), gabaérgico (DELGADO &
SCHMACHTENBERG, 2008) e purinérgico (RICO et al., 2003; SENGER et al.,

2004; LOW et al., 2008).
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1.4.3. Sistema Purinérgico

Além do seu ja consolidado papel como molécula energética, o ATP
desempenha diversas fungdes no espago extracelular. A sinalizagao purinérgica
utiliza purinas extracelulares (principalmente ATP e adenosina) e pirimidinas como
moléculas sinalizadoras que exercem seus efeitos por meio da interagdo com
receptores de membrana especificos, denominados receptores purinérgicos ou
purinoreceptores (ABBRACCHIO et al., 2008).

O conceito da neurotransmissdao purinérgica foi proposto em 1972
(BURNSTOCK, 1972), ap6s a analise de evidéncias que o nucleotideo ATP era a
molécula transmissora em nervos ndo-adrenérgicos e ndo-colinérgicos de intestino
e bexiga (BURNSTOCK et al., 1970; BURNSTOCK, 1972; 2007). Ainda na década
de 70, houve a identificagdo e caracterizagao dos purinoreceptores, enfatizando
ainda mais a sinalizagdo mediada por nucleotideo (BURNSTOCK, 1976).

Atualmente, a sinalizagao purinérgica é amplamente reconhecida como um
sistema de sinalizagdo primitivo no reino animal e vegetal envolvido em muitos
mecanismos neuronais e ndo-neuronais (BURNSTOCK & VERKHRATSKY, 2009).
Uma vez no espacgo extracelular, os nucleotideos servem como ligantes para um
grande numero de receptores de superficie celular denominados purinoreceptores
(Fig. 2). Os receptores P2 (P2X e P2Y) sdo ativados predominantemente por
nucleotideos da adenina, e os receptores P1 (A1, Aza, Az € A3) sdo ativados por
principalmente pelo nucleosideo adenosina (BURNSTOCK, 2007; ABBRACCCHIO

et al., 2008).
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P2X.7 P2Y1,2,4,6,11,12,13,14

Figura 2: Vias da sinalizacao purinérgica. Adaptado de YEGUTKIN, 2008

Os receptores P2X sao ionotropicos (acoplados a canais) ativados por ATP
que abrem um poro permeavel a Na*, K* ou Ca®" e estdo divididos em sete
subtipos (P2X 1.7) (RALEVIC & BURNSTOCK, 1998). A clonagem e caracterizagao
molecular dos subtipos dos receptores P2X no peixe zebra ja foram realizadas
(DIAZ-HERNANDEZ et al., 2002; BOUE-GRABOT et al., 2000; EGAN et al., 2000;
NORTON et al., 2000; KUCENAS et al., 2003). A analise da sequéncia de nove
genes sugere que seis deles sdo ortélogos a genes dos receptores P2X de
mamiferos (zfP2X,, zfP2X,, zfP2X;, zfP2X,, zfP2Xs and zfP2X;), dois sé&o
paralogos (zfP2Xs3, e zfP2X4,) e um ainda precisa ser devidamente classificado
(KUCENAS et al., 2003). Todos os subtipos de receptores P2X do peixe zebra
contém residuos altamente conservados, o0s quais sao encontrados nas

subunidades de mamiferos (LOW et al., 2008).
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Os receptores P2Y sao metabotrépicos (acoplados a proteina G). Estes
receptores compartilham sete dominios transmembrana e sdo subdivididos em
P2Y4, P2Yy, P2Y4, P2Ye, P2Y11, P2Y12, P2Y43, P2Y4s (ABBRACCCHIO et al,
2008). Estudos levando em consideragao a evolugao estrutural de receptores P2Y
demonstraram a presenga de dois subtipos de receptores GPR34 (receptores
acoplados a proteina G sensiveis a ADP) no peixe zebra (SCHULZ &
SCHONEBERG, 2003). Além disso, GREGORY & JAGADEESWARAN (2002)
demonstraram a presenca de receptores P2Y(1) em trombdcitos deste teledsteo.

Quatro subtipos de receptores P1 foram clonados e farmacologicamente
caracterizados A1, Aza, Az € As, sendo todos metabotrépicos (RALEVIC &
BURNSTOCK, 1998; FREDHOLM et al., 2001; ABBRACCCHIO et al., 2008). Os
receptores A1 e A; sao acoplados a familia das proteinas Gj, inibindo a formacéao
de adenosina monofosfato ciclico (AMPc), enquanto os receptores Aza € Azs
estimulam a producado de AMPc via proteinas da familia Gs.

Os receptores de adenosina do subtipo A1 possuem uma ampla distribuicdo
filogenética, sendo encontrados no sistema nervoso central de muitos vertebrados
(SIEBENALLER & MURRAY, 1986). Muitos estudos realizados em peixes
demonstraram a caracterizagdo farmacolégica e a expressao destes receptores
(LUCCHI ET al., 1992; LUCCHI et al., 1994; POLI et al., 1999; BERAUDI et al.,
2003; BOEHMLER et al., 2009). Além disso, foi demonstrado que os receptores A
podem modular a liberagdo de neurotransmissores, como acetilcolina e glutamato
em teledsteos (SATOH et al., 1997; ZHANG & SCHMDT, 1999; POLI et al., 2001).
Os receptores A, também foram encontrados em peixes (REY & BURNSIDE,

1999; SATOH et al.,, 1997; SUNDIN & NILSSON, 1996). Entretanto, ROSATI e
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colaboradores (1995), por meio de evidéncias farmacolégicas, demonstraram a
presenca de receptores Aj, mas nao de receptores A, no cérebro do peixe
dourado “goldfish”. Entretanto, em peixe zebra foram identificados dois genes para
receptores Aza € um gene para receptores A (BOEHMLER et al., 2009).

A acao sinalizadora dos nucleotideos é terminada por uma cascata de
enzimas localizadas na superficie celular, denominadas ectonucleotidases. Esta
degradacao pode inativar a sinalizacdo mediada pelo ATP nos receptores P2 e
aumentar a sinalizagdo mediada pela adenosina nos receptores P1 (KATO et al.,
2004). A adenosina pode ser formada nos espagos intracelular e extracelular. Sua
formacéo intracelular é devida a acdo da enzima 5’-nucleotidase, que hidrolisa o
AMP a adenosina e da hidrélise da S-adenosil-homocisteina pela enzima S-
adenosil-homocisteina hidrolase. A adenosina intracelular pode ser transportada
ao espaco extracelular através de transportadores bidirecionais, por um
mecanismo de difusdo facilitada que regula os niveis deste nucleosideo
(CHAKRABARTI & FREEDMAN, 2009). No meio extracelular ela se comporta
como uma molécula sinalizadora, influenciando a transmissdo sinaptica e a
atividade do SNC (HARGUS et al.,, 2009; XIA et al, 2009). A sinalizagao
adenosinérgica pode ser controlada pelo transporte bidirecional seguido por
fosforilagao até AMP pela adenosina cinase ou pela sua desaminagao a inosina,

promovida pela ADA nos meios intra e extracelular (FRANCO et al., 2001)

1.4.3.1. Ectonucleotidases
Ectonucleotidases sdo ectoenzimas que hidrolisam nucleotideos

extracelulares ao seu respectivo nucleosideo. A sinalizacdo mediada por
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nucleotideos extracelulares necessita de mecanismos eficientes para a inativagéao
de seu sinal. Até o momento, ndo foram identificados transportadores
responsaveis pela captagao celular dos nucleotideos e devido a alta densidade de
sua carga, estes nao permeiam as membranas celulares. Muitos trabalhos
realizados evidenciaram a presenga de uma variedade de enzimas localizadas na
superficie celular denominadas ectonucleotidases, que sao capazes de hidrolisar,
e assim, inativar a sinalizagdo mediada por nucleotideos (ZIMMERMANN, 1994;
2001; ABBRACCCHIO et al., 2008) (Fig. 3). O produto final das reagdes de
hidrolise € o nucleosideo, que pode agir sobre seus proprios receptores ou ser

captado pela célula e participar na rota de sintese das purinas.

Ectonucleotidases

Wl kaline Ecto-5"-nnc bl ase
Fhiosphatnses (I35

MWIFDasel 2.3, 8 NIPIFases, & NEPPL, 3

Ry

Clvoosviphosphatidyl
Inasitod (T amchio

Cyvigasin

Figura 3: Estrutura das ectonucleotidases. Adaptado de www.crri.ca/sevigny.html

As ectonucleotidases desempenham um importante papel controlando a

disponibilidade de ligantes para os purinoreceptores. Elas hidrolisam os
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nucleotideos, controlando a disponibilidade e a extensdo da ativacdo dos
receptores (ZIMMERMANN & BRAUN, 1999; YEGUTKIN, 2008). Além disso,
estas enzimas possuem outros papéis relevantes como o envolvimento em
interagdes  célula-célula e célula-matriz, particularmente durante o
desenvolvimento (ZIMMERMANN, 1996).

Estudos demonstraram que membros de muitas familias de
ectonucleotidases podem contribuir para a hidrolise de nucleotideos extracelulares
(Fig. 4). Estas enzimas ndo se sobrepdem apenas em sua distribuicdo tecidual,
mas também em sua especificidade de substrato (KEGEL et al., 1997).
Nucleosideos 5'-tri e -difosfatados podem ser hidrolisados por membros da familia
das E-NTPDases (ectonucleosideo trifosfato difosfoidrolase), familia das E-NPP
(ectonucleotideo pirofosfatase/fosfodiesterase) e pelas fosfatases alcalinas
(ZIMMERMANN, 1999; HENZ et al.,, 2009). Nucleosideos 5-monofosfatados
podem sofrer hidrélise pela acdo da ecto-5-nucleotidase, fosfatases alcalinas e
possivelmente por alguns membros da familia das E-NPPs (ZIMMERMANN,
2001). Além disso, ectoenzimas capazes de fazer a interconversdo de
nucleotideos, como a nucleosideo difosfocinase e a miocinase ja foram descritas

(LU & INOUYE, 1996).
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@ 3 4 5
AT ADP AMP = Acde = [he = [Ryp

1. E-NPP ATP = AMP + PP;

2. E-NTPDase ATP - ADP + P;; ADP —- AMP + P;
3. Ecto-5’-nucleotidase AMP — adenosine + P;

4. Adenosine deaminase Adenosine = Inosine

5. PNP Inosine = hypoxanthine

Figura 4: Degradacdo de nucleotideos e nucleosideos. Adaptado de
YEGUTKIN, 2008.

Na familia das NTPDases, ja foram descritas até o momento, em mamiferos
oito membros, que foram clonados e caracterizados (ZIMMERMANN, 2001;
BIGONNESSE et al., 2004; ROBSON et al., 2006; SCHETINGER et al., 2007).
Esta familia de enzimas € encontrada em outras espécies de vertebrados,
invertebrados, plantas, fungos, e protozoarios (HANDA & GUIDOTTI, 1996;
VASCONCELOS et al., 1996; SMITH et al, 1997; ZIMMERMANN, 1999;
ZIMMERMANN & BRAUN, 1999 ).

Entre as NTPDases, os membros de 1, 2, 3 e 8 possuem seus sitio
catalitico voltados para a superficie celular. J4 os outros membros (NTPDase 4-7)
possuem seu sitio catalitico voltado para o lumen de organelas intracelulares. As
NTPDases 5 e 6 também podem ser encontradas na membrana plasmatica e

possivelmente secretadas por clivagem proteolitica (MULERO et al., 1999).
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Esta familia de enzimas possui uma topologia de membrana comum com
dois dominios transmembrana e uma alga extracelular, contendo cinco dominios
denominados ACRs (Regides conservadas da apirase) (Fig.3). Estas enzimas
possuem uma ampla especificidade de substrato, hidrolisando nucleotideos
puricos e pirimidicos. Para a sua atividade catalitica maxima, estas enzimas
necessitam de cations divalentes, como célcio e magnésio e um pH alcalino
(ZIMMERMANN, 2000). Na maioria dos casos, os valores de Ky para ATP e ADP
estdo geralmente na ordem de micromolar (PLESNER, 1995).

A ecto-5’-nucleotidase, também conhecida como a proteina linfocitaria
CD73 hidrolisa nucleotideos 5’-monofosfatatos puricos e pirimidicos ao respectivo
nucleosideo. Sua atividade enzimatica € dependente de cations divalentes, como
célcio e magnésio. A ecto-5’-nucleotidase é uma enzima ancorada a membrana
plasmatica por glicosil-fosfatidilinositol (GPI) (Fig.3), sendo que formas soluveis da
enzima podem ser originadas mediante a agdo de uma fosfolipase especifica.
Geralmente, o AMP € o nucleotideo hidrolisado com maior eficiéncia, sendo que
os valores de Ky para esta substdncia estdo na faixa de micromolar
(ZIMMERMANN, 1992). No sistema nervoso central, a ecto-5-nucleotidase é
encontrada principalmente em células gliais, mas estudos também demonstram
esta atividade associada a neurdnios (ZIMMERMANN, 1996; ZIMMERMANN et
al., 1998).

Estudos do nosso laboratério demonstraram a atividade da NTPDase e da
ecto-5’-nucleotidase em membranas cerebrais de peixe zebra (RICO et al., 2003;
SENGER et al., 2004). Estas enzimas possuem caracteristicas cinéticas similares

as ectonucleotidases ja descritas em mamiferos como: 1) Dependéncia a cations
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divalentes; 2) pH étimo para sua atividade na faixa de 7.0 a 8.0; 3) Ky na faixa de

micromolar; 4) ampla especificidade a nucleotideos.

1.4.3.2. Adenosina deaminase

Adenosina desaminase (ADA, E.C.3.5.4.4.) € uma enzima que catalisa a
desaminagao hidrolitica irreversivel da adenosina em inosina e da 2'-
desoxiadenosina em 2’-desoxinosina (FRANCO et al., 1998; ROMANOWSKA et
al., 2007). Existem diferentes membros relacionados a familia da ADA em células
animais, os quais incluem ADA1, ADA2 e a ADA “mimética” (MAIER et al., 2005).
Estas proteinas, junto com a adenina deaminase de leveduras e a AMP
deaminase, sdo agrupadas na familia das adenil-desaminase (MAIER et al.,
2005).

Com relagéo as proteinas relacionadas a familia da ADA, foi demonstrado
que quase toda atividade da ADA humana é atribuida a ADA1 (ZAVIALOV &
ENGSTROM, 2005). A ADA1 esta localizada tanto no citosol quanto na membrana
celular (FRANCO et al., 1997). Este membro da ADA tem um papel fundamental
no sistema imunolégico por sua atividade controlar a inibicdo mediada pela
adenosina da proliferagdo das células T (GORRELL et al., 2001). A disfungao da
ADA1 esta relacionada a imunodeficiéncia severa combinada com danos
tissulares (MORTELLARO et al., 2006). Estudos demonstraram que esta enzima
esta presente no SNC e co-localizada com receptores A; e Ay em células
neuronais e ndo neuronais, sugerindo um possivel envolvimento da ecto-ADA em
regular a sinalizagdo mediada pela adenosina via receptores P1 (FRANCO et al.,

1998; HERRERA et al., 2001).
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As outras subfamilias da ADA compreendem a ADA2 e a ADAL. A ADA2 é
abundante no plasma humano e possui diferentes caracteristicas cinéticas quando
comparadas a ADA1 (IWAKI-EGAWA et., 2006). Este membro da familia da ADA
ja foi purificado e caracterizado em figado de galinha (IWAKI-EGAWA et., 2004).
Devido a sua habilidade em regular proliferacao celular, a ADA2 foi considerada
como parte de uma nova familia de fatores de crescimento, denominada fatores
de crescimento relacionados a adenosina desaminase (ADGFs) (ZAVIALOV &
ENGSTROM, 2005; ZHANG & TAKEDA, 2007). Com relacdo a ADAL, nao
existem muitas informagdes sobre seus aspectos funcionais na literatura. Porém
sabe-se que esta enzima apresenta dominios cataliticos, que podem ser
importantes na desaminagao da adenosina (MAIER et al., 2005; ROSEMBERG et
al., 2007a).

Nosso laboratério realizou a identificacdo molecular e avaliou os padrdes de
expressado de diferentes genes relacionados a familia da ADA em peixe zebra
(ROSEMBERG et al., 2007a). Foi realizada uma procura dos diferentes genes da
familia da ADA em genoma de peixe-zebra e realizado um estudo filogenético,
confirmando a presencga de diferentes genes relacionados a ADA (ADA1, ADAL e
duas isoformas de ADA2). Foi demonstrado que os diferentes membros da familia
da ADA sao expressos em diferentes tecidos como: cérebro, branquias, coracgao,
figado, musculo esquelético e rins.

Nosso grupo também realizou a caracterizagdo cinética da atividade da
adenosina desaminase, nas fragdes soluvel e de membrana, em cérebro de peixe
zebra (ROSEMBERG et al., 2008). O pH étimo da atividade da ADA foi na faixa de

6,0-7,0 para fracao soluvel e 5,0 na fragdo membranosa. O Ky aparente ficou em
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0,22+0,03 e 0,1920,04 mM para as fracbes soluveis e de membrana,
respectivamente. O valor do V.« aparente para a fracdo soluvel foi 12,3+0,73
nmol NH; min™ mg'1 de proteina, enquanto o valor de Vn.x nas membranas
cerebrais foi 17,5+0,51 nmol NHsz min” mg' de proteina. Adenosina e 2-
deoxiadenosina foram desaminadas a taxas maiores quando comparados a
nucleosideos da guanina em ambas fragdes. Foi observado uma inibicdo

significativa na presenca de 0,1 mM de EHNA, um inibidor classico da ADA.

1.4.4. Sistema Colinérgico

A acetilcolina foi o primeiro neurotransmissor a ser identificado nas
sinapses cerebrais (VAN DER ZEE & LUITEN, 1999). Esta molécula desempenha
diversas fungdes no SNC, onde esta relacionada a aspectos comportamentais,
processos de aprendizagem e memoéria além de atuar na organizagao pelo cortex
cerebral no movimento voluntario (PEPEU, 1972). No SNP, o sistema colinérgico
inerva a musculatura voluntaria. A acetilcolina é sintetizada no neurdnio pré
sinaptico pela enzima colina-acetiltransferase a partir do Acetil-CoA e da colina
(SOREQ & SEIDMAN, 2001). A etapa final da sua sintese ocorre no citoplasma
onde a acetilcolina é transportada para o interior de vesiculas pré sinapticas, onde
permanece até que um potencial de agao ocorra e libere as vesiculas com

acetilcolina na fenda sinaptica (SMITH, 1984; SOREQ & SEIDMAN, 2001). (Fig. 5)
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Figura 5: sinapse colinégica. Adaptado de http://www.chm.bris.ac.uk/webprojects
2006/Macgee/Web%20Project/ach_esterase_small_bord.png

De acordo com sua afinidade por agentes que mimetizam a acao da
acetilcolina, os receptores colinérgicos foram divididos em duas classes:
muscarinicos e nicotinicos (JONE & DUNLOP, 2007). Os receptores muscarinicos
sao metabotropicos e possuem a acetilcolina e a muscarina, um alcaldide
presente em certos cogumelos venenosos, como agonistas. Estes receptores séao
divididos em cinco subtipos (M1-M5), sendo que os receptores M1 e M2 estao
presentes em neurbnios do SNP e SNC (SARTER & PARIKH, 2005). Os
receptores nicotinicos sao ionotropicos e possuem a acetilcolina e a nicotina como

agonistas. Estes receptores sdo pentaméricos e formam combinacgdes
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homomeéricas ou heteroméricas a partir de 12 subunidades diferentes (a2-a10, 2-

B4) (OLIVERA-BRAVO et al., 2006)

1.4.4.1. Acetilcolinesterase

Uma vez liberada na sinapse, a acetilcolina é degradada pela enzima
acetilcolinesterase (AChE, E.C. 3.1.1.7) em acetato e colina, sendo esta ultima
recaptada pelo neurénio (SARTER & PARIKH, 2005). A AChE é uma enzima
heterogénea encontrada em sinapses colinérgicas e nas jun¢des neuromusculares
(GRISARU et al., 1999).

O dominio catalitico da AChE é composto por uma triade serina-histidina-
glutamato que esta localizada no fundo de uma estrutura estreita (gorge) que vai
da superficie da proteina até o seu centro (SHAFFERMAN et al., 1992;
ZIMMERMAN & SOREQ, 2006). Esta estrutura esta flanqueada por 14 residuos
aromaticos localizados nos loops entre diferentes folhas B-pregueadas. Um sitio
anibénico periférico composto por cinco residuos esta ligado na entrada estreita da
“‘gorge” e esta cercado por dez residuos acidos denominados “motivo anular
eletrostatico” (SILMAN & SUSSMAN, 2008).

A AChE varia no aspecto de sua estrutura nos diferentes tecidos (SILMAN
& SUSSMAN, 2005). Estas formas sdo geradas por processamento alternativo
seguido por modificagdes pds-traducionais (SILMAN & SUSSMAN, 2008). Existem
trés formas globulares (G1, G2 e G4) e trés formas assimétricas (A4, A8 e A12). O
SNC contém principalmente as formas globulares, enquanto as formas
assimétricas sdo encontradas principalmente no SNP e musculo (RAKONCZAY et

al., 2005). As formas globulares podem ser soluveis ou ancoradas a membrana
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por sequéncias de aminoacidos hidrofébicos, enquanto as outras formas sao
ligadas a membrana por glicofosfolipideos (TALESA, 2001). As formas
assimétricas estado incluidas na matriz extracelular por uma cauda colagena e sao
abundantes nas jun¢des neuromusculares (ALDUNATE et al., 2004).

O gene que codifica a AChE do peixe zebra foi clonado e seqlenciado por
BERTRAND et al. (2001), revelando que esta enzima é codificada por somente
um gene e que sua sequéncia de 634 aminoacidos apresenta 62% de similaridade
em relagcdo aos mamiferos. Neste estudo nado foi verificada a presenca de um
gene que codifique a butirilcolinesterase, indicando que possivelmente ndo ha

atividade desta enzima no peixe zebra.
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[.5. OBJETIVOS

Considerando que: (1) metais toxicos contaminam o ambiente aquatico; (2)
0 peixe zebra é uma espécie suscetivel a toxicidade de metais toxicos e € um
organismo consolidado em estudos toxicologicos; (3) os sistemas purinérgico e
colinérgico exercem importantes papéis na sinalizagdo do sistema nervoso central;
(4) receptores e enzimas, envolvidas nestes importantes sistemas de
neurotransmissao, ja foram descritos nesta espécie, esta tese apresenta os

seguintes objetivos especificos:

> Verificar o efeito in vitro do zinco e cadmio sobre a atividade da
acetilcolinesterase e das ectonucleotidases, NTPDase e 5’-nucleotidase, em

membranas cerebrais de peixe zebra.

» Verificar se o aluminio, em pH &cido ou neutro, altera parametros

comportamentais e a atividade da AChE cerebral de peixe zebra.

> Avaliar a influéncia de metais téxicos (HgCl,, Pb(CH3;COO),, Cd(CH3;COO),,

CuSO0Oq4, K,Cr,07, CoCly, ZnCly, MnCly) na atividade da adenosina deaminase

nas fragdes soluveis e membranosas do cérebro do peixe zebra.
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Abstract

Zinc and cadmium are environmental contaminants that induce a wide range of effects on CNS. Here we tested the in vitro effect of
these metals on acetylcholinesterase (AChE) and ectonucleotidase (NTPDase and ecto-5'-nucleotidase) activities in zebrafish brain. Both
zinc and cadmium treatments did not alter significantly the zebrafish brain AChE activity. ATP hydrolysis presented a significant increase
at | mM zinc (17%) and the AMPase activity had a dose-dependent increase at (.5 and 1 mM zinc exposure (188% and 199%). After cad-
mium treatment, ATPase activity was significantly increased (53% and 48%) at 0.5 and 1 mM, respectively. Cadmium, in the range 0.25-
1 mM, inhibited ADP hydrolysis in a dose-dependent manner (13.4-69%). Ecto-5"-nucleotidase activity was only inhibited (38%) in the
presence of | mM cadmium. [t is possible to suggest that changes on NTPDase and ecto-53'-nucleotidase activities can be an important
mechanism involved in neurotoxic effects promoted by zinc and cadmium.

© 2005 Elsevier Ltd. All rights reserved.

Keywords: Zinc; Cadmium; Acetylcholinesterase; Ectonucleotidase; NTPDase; Ecto-3'-nucleotidase; Zebrafish

1. Introduction

Exposure to metals can develop a wide range of deleteri-
ous effects on exposed organisms. Zinc and cadmium are
neurotoxic metals, known to be important environmental
contaminants. Behavioral disorders and biochemical dys-
function have been observed in central nervous system
(CNS) of zinc and cadmium-exposed animals (Carageor-
giou et al., 2004).

Despite the toxicity observed at higher concentrations,
zinc is the second most important trace metal in the body
after iron. Total brain zinc concentrations, at micromolar

" Corresponding author. Tel: +55 51 3320 3500x4158; fax: +35 51 3320
3612.
E-mail address: chbonan@pucrs.br (C.D. Bonan).

0887-2333/S - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tiv.2005.12.002

range, are usually associated with zinc metalloenzymes and
transcription factors (Baranano et al,, 2001; Takeda, 2001).
Smart et al. (2004) have shown that low concentrations of
zinc are important in neurotransmission. After depolariza-
tion induced by electrical stimuli, K* or kainate, zinc is
released at synaptic cleft in a Ca**-dependent manner (Bar-
afano et al., 2001). The importance of zinc on excitatory
glutamate receptors and on inhibitory GABA currents has
already been described (Smart et al., 2004). Furthermore,
the relevance of zinc in cognitive development and CNS
homeostasis is well known (Takeda, 2001).

On the other hand, cadmium is a metal with many toxic
properties at CNS (Carageorgiou et al., 2004). This metal
affects the structure of nucleic acids, the activity of certain
enzymes, the uptake of catecholamines and the levels of
various neurotransmitters (Cooper and Manalis, 1984).
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Minami et al. (2001) demonstrated the toxicity of this metal
in rat brain, relating a possible action of cadmium in the
balance of excitatory and inhibitory synaptic neurotrans-
mission.

Acetylcholine is a classical neurotransmitter that plays
several roles at CNS. After released, acetylcholine is rapidly
removed from the synaptic cleft by acetylcholinesterase
(AChE, EC 3.1.1.7), which belongs to the family of type B
carboxylesterases and cleaves acetylcholine into choline
and acetate. Moreover, studies have been performed in
order to elucidate the mechanisms involving the cholinergic
and non-cholinergic activities of AChE in both central and
peripheral nervous systems (Cousin et al., 2005).

Acetylcholine and ATP are co-released together at nerve
endings (Burnstock, 2004). Besides the energetic function,
ATP can be an important signaling molecule, acting in
metabotropic P2Y receptors and ionotropic P2X receptors
(Cunha and Ribeiro, 2000). Studies demonstrated that ATP
can control the acetylcholine release through a dual oppo-
site modulation, acting on facilitatory P2X or inhibitory
P2Y receptors (Cunha and Ribeiro, 2000).

This nucleotide is converted to adenosine by cell-surface
enzymes called ectonucleotidases. These enzymes constitute
the pathway responsible for inactivation of the ATP signal
controlling the purinergic neurotransmission. ATP is
hydrolyzed to AMP by a family of enzymes named NTPD-
ases (nucleoside triphosphate diphosphohydrolases) and an
ecto-5'-nucleotidase (EC 3.1.3.5) promotes the AMP hydro-
lysis to adenosine, an important neuromodulatory messen-
ger (Zimmermann, 2001). Adenosine is able to modulate
acetylcholine release through inhibitory adenosine A, or
facilitatory adenosine A,, receptors (Magalhdes-Cardoso
et al, 2003).

Zebrafish (Danio rerio) is a small freshwater teleost
widely used as a vertebrate model of developmental, neuro-
biological and toxicological studies (Hill et al., 2005; Senger
et al., 2005). Zebrafish presents a unique situation among
vertebrates, because AChE is the only ACh-hydrolyzing
enzyme in this organism (Behra et al,, 2003). The genome of
this teleost does not encode a functional butyrylcholinester-
ase, another enzyme that can also hydrolyze ACh. AChE
gene is already cloned and sequenced and this enzyme
activity was detected in zebrafish brain (Bertrand etal.,
2001). Furthermore, cholinergic receptors are also
expressed in neuronal tissues of this teleost (Zirger et al.,
2003).

Recently, the characterization of NTPDase and ecto-5'-
nucleotidase activities in zebrafish brain membranes have
been described (Rico et al., 2003; Senger et al., 2004). In the
literature, both P2X and P2Y receptors have already been
identified in this specie (Kucenas et al., 2003).

Considering that both cholinergic and purinergic
systems are present in zebrafish brain and that zinc and
cadmium are important toxic substances, the aim of this
study was to test the in vitro effect of zinc and cadmium
on AChE and ectonucleotidase activities in zebrafish
brain.

2. Materials and methods
2.1. Animals

Adult male and female zebrafish were obtained from
commercial supplier and housed for 2weeks in a 50-L
aquarium containing continuously aerated distilled water.
The fish were kept between 23 and 26 °C under a natural
light-dark photoperiod. All procedures for the use of ani-
mals were according to the National Institute of Health
Guide for Care and Use of Laboratory Animals.

2.2. Chemicals

Zinc chloride (ZnCl,; CAS number 7648-85-7) and cad-
mium acetate [Cd(CH;COOQ),; CAS number 543-90-8] were
purchased from QM (Brazil) and Nuclear (Brazil), respec-
tively. Trizma Base, malachite green, ammonium molybdate,
polyvinyl alcohol, nucleotides, EDTA, EGTA, sodium cit-
rate, Coomassie Blue G, bovine serum albumin, calcium and
magnesium chloride, acetylthiocholine, 5,5'-dithiobis-2-
nitrobenzoic acid (DNTB) were purchased from Sigma
(USA). All other reagents used were of analytical grade.

2.3. In vitro treatments

The metals were added to reaction medium before the
pre-incubation with the enzyme and maintained through-
out the enzyme assays. Zinc and cadmium were tested in a
final concentration of 0.05-1 mM.

2.4. Biochemical measurement af AChE activity

Zebrafish brains were gently homogenized on ice in
60vol (viw) of 0.05M Tris—HCI, pH 8.0, using a Teflon—
glass homogenizer. AChE activity was measured according
to the method of Ellman et al. (1961). AChE activity in the
homogenate was measured by determining the rate of
hydrolysis of acetylthiocholine (ACSCh, 0.8 mM) in 2mL
assay solutions with 100mM phosphate buffer, pH7.5, and
1.0mM DTNB. Before starting the reaction with addition
of substrate, samples containing 10 pg of protein and the
reaction medium described previously were pre-incubated
at 25°C for 10 min. The hydrolysis was monitored by the
formation of thiolate dianion of DTNB at 412nm for 2—
3min (intervals of 30s). Protein concentration and linearity
of absorbance towards time were also investigated. Con-
trols without zebrafish brain homogenate were performed
in order to determinate the non-enzymatic hydrolysis of
ACSCh. AChE activity was expressed as micromole of thio-
choline (SCh) released per hour per milligram of protein.
We performed at least three different replicate experiments.

2.5. Determination of ectonucleotidase activities

Brain membranes were prepared as described previ-
ously (Barnes etal, 1993). Whole zebrafish brains were
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homogenized in 60vol (viw) of chilled Tris—citrate buffer
(50 mM Tris, 2mM EDTA, 2mM EGTA, pH 74, with cit-
ric acid) in a motor driven Teflon—glass homogenizer. This
preparation was centrifuged at 1000g for 10min and the
pellet was discarded in order to remove the nuclear and cell
debris. The supernatant was centrifuged for 25min at
40,000g. The resultant pellet was frozen in liquid nitrogen,
thawed, resuspended in Tris—citrate buffer, and recentri-
fuged for 20min at 40,000¢. The final pellet was resus-
pended and used in the enzyme assays. The material was
maintained at 2- 4 °C throughout preparation.

NTPDase and 5'-nucleotidase assays were performed
according Rico et al. (2003) and Senger et al. (2004), respec-
tively. Brain membranes of zebrafish (310 pg protein) were
added to the reaction mixture containing 50 mM Tris-HCl
(pH 8.0) and 5mM CaCl, (for the NTPDase activity) or
50mM Tris—HCI (pH7.2) and 5mM MgCl, (for the ecto-
5'-nucleotidase activity) in a final volume of 200 uL. The
samples were pre-incubated for 10min at 37°C and the
reaction was initiated by the addition of substrate (ATP,
ADP or AMP) to a final concentration of 1 mM. The assays
were stopped by the addition of 200 pL. 10% trichloroacetic
acid and the samples were chilled on ice for 10 min before
the measurement of inorganic phosphate (Pi) (Chan et al.,
1986). Controls with the addition of the enzyme prepara-
tion after mixing with trichloroacetic acid were used to cor-
rect non-enzymatic hydrolysis of the substrates. Incubation
times and protein concentrations were chosen in order to
ensure the linearity of the reactions. Specific activity is
expressed as nanomole of Pi released per minute per milli-
gram of protein. We performed at least three different repli-
cate experiments.

2.6. Protein determination

Protein was measured by the Coomassie Blue method
(Bradford, 1976), using bovine serum albumin as a stan-

dard.
2.7. Statistical analysis

Data were expressed as means+ SD and analyzed by
one-way analysis of variance (ANOVA). A Duncan multi-
ple range test considering P < 0.05 as significant followed
the analysis.

3. Results

The effect of zinc and cadmium (varying from 0.05 to
1 mM) was demonstrated on AChE, NTPDase and ecto-5'-
nucleotidase activities in zebrafish brain. Both zinc
(Fig. 1A) and cadmium (Fig. 1B) treatments were not able
to promote any significant changes on zebrafish brain
AChHE activity.

Zinc, when added to the reaction medium, affected ATP
and AMP hydrolysis. Whereas ATP hydrolysis presented a
significant increase only at 1mM zinc (17%), the AMP

140 4
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A ZnCl; concentration (mM)
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Contral nos 0.1 025 05 1
B Cd{CH;COO): concentration (mM)

Fig. 1. In vitro effects of varying concentrations of zinc (A) and cadmium
(B) on AChE activity in zebrafish brain. Bars represent the mean £ of at
least three different experiments. The AChE control activity (without
metal) was 37.97 £ 3.59 and 35.21 & 1.45 pmol of thiocholine released per
hour per milligram of protein for cadmium and zinc, respectively
(ANOVA followed by a Duncan multiple range test, considering P < 0.05
as significant).

hydrolysis promoted by 5'-nucleotidase significantly
increased at 0.5 and 1 mM zinc exposure (188% and 199%)
(Fig. 2A). However, there were no significant changes on
ADP hydrolysis in all zinc concentrations tested (Fig. 2A).

Cadmium, at 0.5 and 1mM, promoted a significant
increase in ATPase activity (53% and 48%, respectively)
(Fig. 2B). ADP hydrolysis was inhibited in a dose-depen-
dent manner ranging from 0.25 to | mM cadmium (13.4-
69%). The ecto-5"-nucleotidase activity was only inhibited
(38%) in the presence of 1 mM cadmium (Fig. 2B).

4. Discussion

Here, we have tested the in vitro eflect of zinc and cad-
mium on AChE and ectonucleotidase activities in zebrafish
brain. The AChE activity was not altered, but nucleotide
hydrolysis were affected in the presence of zinc and cad-
mium. Zinc increased ATPase and AMPase activities, but
there were no changes on ADPase activity. However, cad-
mium strongly increased ATP hydrolysis, but promoted a
significant inhibition of ADP and AMP hydrolysis in
zebrafish brain membranes.

Several studies have shown the influence of zinc on
many cellular mechanisms. This divalent cation is an
important molecule involved at neurotransmission (Baran-
ano etal., 2001; Smart etal, 2004) and in activation of
different metalloenzymes, such as zinc hydrolases (Hernick
and Fierke, 2005). In addition, zinc is also necessary to
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Fig. 2. Effects of varying concentrations of zinc (A) and cadmium (B) on
nucleotide hydrolysis in zebrafish brain membranes. Bars represent the
mean = of at least three different experiments. The control ATPase,
ADPase and AMPase activities for cadmium were 617.1 £88.3;
147.9 £ 5.5 and 30.5 £ 54 nmol Pi min~' mg~" of protein. respectively. The
control ATPase. ADPase and AMPase activities for zinc were
564.44582; 147.9 £2821 and 24.2 4 52 nmol Pimin~'mg~' of protein,
respectively. *Significantly different from control group (P < 0.05) using
ANOVA followed by a Duncan multiple range test.

mobilize defense against reactive oxygen species (ROS) and
H,0,-induced apoptosis (Chung et al., 2005).

Considering the toxicological effects, zinc is a metal
tested in many distinct organisms with variable biochemical
and physiological responses. For example, Brocardo et al.
(2005) showed an inhibitory effect of zinc on AChE activity
from cerebral cortex and hippocampus of rats. Another
report demonstrated different results: the ChE activity of
the Adamussium colbecki scallop is not altered by the
in vivo zinc exposure (Corsi et al., 2004). The results pre-
sented herein demonstrated that zebrafish brain AChE is
not affected by in vitro zinc treatment.

There was no evidence about a possible toxicity of zinc
on NTPDase activity at the present moment. On the other
hand, studies demonstrate that zinc can modulate ATPase
activity in brain. This metal significantly increases the cop-
per-transporting ATPase (DiDonato et al., 2002), Na™-K™—
ATPase (Lovell et al, 1999) and Mg2*-independent Ca?*
activity (Gandhi and Ross, 1988). The results obtained are
consistent with these studies, demonstrating that the ATP
hydrolysis in zebrafish brain membranes is also modulated
by zinc. Furthermore, ecto-5"-nucleotidase contains catalyt-
ically important zinc at active site (Senger et al, 2004).
Based on these findings, it is possible to suggest the impor-

tance of this zinc ligand-site on the activation of AMPase
activity in zebrafish brain.

The effect of cadmium exposure on AChE was also
tested in another animal species. Carageorgiou et al. (2004)
verified the in vitro and in vivo effect of cadmium on this
enzyme activity on adult rat brain. After in vitro treatment,
concentrations higher than 0.1 mM decreased the acetyl-
choline hydrolysis. However, after in vivo short (8h) and
long-term (4 months) exposure, cadmium promoted differ-
ent effects on rat brain AChE. The short-term exposure
caused a dose-dependent reduction, while a long-term cad-
mium administration activated the brain AChE activity.
Studies also have shown the in vivo effect of cadmium on
brain AChE of different fishes. In Barbus conchonious, an
exposure to cadmium concentration of 12.6 mg/L during
48h stimulated the brain AChE activity (Gill et al., 1991).
Nevertheless, De La Torre et al. (2000) demonstrated that
Cyprinus carpio AChE presented no changes after trans-
ferred to water contaminated cadmium solution (1.6 mg/L).
The similar response to cadmium found to D. rerio and
C. carpio could be attributed to the relatively low phyloge-
netic distance showed between these species. An inhibition
of the NTPDase activity by cadmium acetate has been
already described on rat cerebral cortex synaptosomes
(Barcellos et al., 1994). This metal inhibited both ATP and
ADP hydrolysis in a concentration-dependent manner. The
concentration tested ranged to 0.05-1 mM, the same used in
our experiments.

A plausible explanation to the contrasting cadmium
effect on ATP and ADP hydrolysis is that it causes
activation of one member of the NTPDase family and a
concomitant inhibition on another member in brain mem-
branes of zebrafish. From the eight-well characterized
enzymes of mammals NTPDase family, four members
(NTPDase 1-3 and 8) are tightly bound to plasma mem-
brane with active site facing the extracellular milieu.
According to the literature, mammalian NTPDasel
hydrolyzes both ATP and ADP at the same rate, whereas
NTPDase2 substantially prefers triphosphonucleosides as
substrates (Zimmermann, 2001). Orthologous NTPDasel
(GenBank accession number AAH78240) and NTPDase2
(GenBank accession numbers CAE49096, NP_001004643
and XP_697600) genes are present in zebrafish genome.
Hence, the decreased ADP hydrolysis and increased
ATP hydrolysis observed in the presence of cadmium
may be due to NTPDasel inhibition and NTPDase2
activation.

This study has shown that the purinergic, but not cholin-
ergic system, is affected by in vitro zinc and cadmium treat-
ments in zebrafish brain. Our findings are important to
better understand the toxic effect of both metals on CNS.
E-NTPDases that are being expressed and contributing for
these metals responses are still unknown. Based on the
complexity of zinc and cadmium effect in this teleost, fur-
ther molecular analysis and in vivo assays will be important
to elucidate the influence of both contaminants in neuro-
transmission.
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Abstract

Aluminum is a toxic metal that is known to impact fish biota. Zebrafish has
been used as an attractive model for toxicology and behavioral studies. Here we
have investigated the effect of aluminum exposure on brain acetylcholinesterase
activity and behavior parameters in zebrafish. In vivo exposure of zebrafish to 50
pg/L AICI3 during 96 h at pH 5.8 significantly increased (36 %) acetylthiocholine
hydrolysis in zebrafish brain. There were no changes on acetylcholinesterase
activity when fish were exposed to the same concentration of AICI; at pH 6.8.
Semi-quantitative RT-PCR has not shown significant alterations on the expression
levels of ache mRNA in zebrafish brain. In vitro concentrations of AICI; varying
from 50 to 250 uM increased AChE activity (28 to 33 %, respectively). Moreover,
we observed that, animals exposed to AICI; at pH 5.8 presented a significant
decrease on locomotor activity, as evaluated by the number of line crossings (25
%), distance traveled (14.1 %) and maximum speed (24 %), besides an increase
on the absolute turn angle (12.7 %). These results indicate that sublethal levels of
aluminum can modify behavioral parameters and acetylcholinesterase activity in

zebrafish brain.

Keywords: acetylcholinesterase; AChE; aluminum; zebrafish; behavior; locomotion
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1. Introduction

Aluminum (Al) is a non-essential toxic metal extremely common throughout the
world, being the third most abundant element in the earth crust. Al is innocuous
under alkaline or circumneutral conditions whereas in acidic environments induce
severe risks to the aquatic biota, including fish (Waring et al., 1996). Studies have
postulated that those chronic water acidifications associated with Al are involved in
the Atlantic salmon population decline (Monette and McCormick, 2008).
Furthermore, Al is known to cause toxic effects to a variety of organs systems
including brain (Oteiza et al., 1993). The precise molecular mechanism by which Al
exerts its neurotoxic effects is still not completely understood. Evidence that Al
accumulation contributes to Alzheimer disease remains contradictory, although
epidemiological studies have indicated a relation between the concentration of Al in
potable water and Alzheimer disease (Shcherbatykh and Carpenter, 2007;
Rondeau et al., 2009).

Acetylcholine is a classical neurotransmitter secreted from the presynaptic
nerve terminals. After released, acetylcholine is rapidly removed from the synaptic
cleft by acetylcholinesterase (AChE, EC 3.1.1.7), which belongs to the family of
type B carboxylesterases that cleaves acetylcholine into choline and acetate
(Soreq and Seidman, 2001). Studies have demonstrated that AChE is a well-
known biomarker for several environmental contaminants (Senger et al., 2006,
Naravaneni and Jamil, 2007). Studies suggest that Al interacts with the cholinergic
system in both in vitro and in vivo systems. The results of these studies are
paradoxials, because some authors report decreases on AChE activity (Hetnarski,

et al., 1980; Kumar al., 1998) whereas others report an activation of AChE in the
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presence of aluminum (Peng et al., 1992; Sarkarati et al., 1999; Zatta, et al., 1994;
2002).

Zebrafish is a consolidated model system in neuroscience, toxicological and
behavioral studies (Gerlai et al., 2000; Senger et al., 2005; 2006). Zebrafish have
recently become a focus of neurobehavioral studies since larvae display learning,
sleep, drug addiction, and other neurobehavioral phenotypes that are quantifiable
and relate to those seen in man (Guo, 2004; Best and Alderton, 2008).
Furthermore, the organization of the zebrafish genome and genetic pathways
controlling signal transduction and development are highly conserved between
zebrafish and human (Postlethwai et al., 2000). This species also holds a great
potential for our understanding of the genetic basis of behavior and associated
behavioral disorders (Amsterdam and Hopkins, 2006; Krens et al., 2006).

This teleost presents a unique situation among vertebrates, because AChE is
the only ACh-hydrolysing enzyme in this organism (Behra et al., 2003). It has been
demonstrated that butyrylcholinesterase is not found in zebrafish genome and
AChE is encoded by a single gene that was already cloned, sequenced, and
functionally detected in zebrafish brain (Bertrand et al., 2001). Furthermore,
cholinergic receptors are also expressed in neuronal tissue of this teleost (Zirger et
al., 2003; Williams and Messer, 2004).

Considering that aluminum is an important pollutant that has been correlated
with fish population decline and neurodegenerative disorders and the fact that
zebrafish may be an ideal vertebrate model system for behavioral, neurological

diseases and toxicology studies, the aim of this study is to evaluate the effects of
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Al exposure on brain acetylcholinesterase activity and gene expression pattern as

well as on the behavior of this specie.

2. Methods

2.1. Animals

A total of 105 adult zebrafish were obtained from commercial supplier
(Delphis, RS, Brazil) and acclimated for at least 2 weeks in a 50-L aquarium. The
fish were kept on a 14 h light/dark cycle (lights on at 7:00 am) at a temperature of
25+2°C. Animals feeding and maintenance of fish were done according to
Westerfield (2000). All procedures for the use of animals were according to the

National Institute of Health Guide for Care and Use of Laboratory Animals.

2.2. Chemicals

Aluminum (AICl3, CAS number 7784-13-6) were purchased from Quimibras
Industrias Quimicas (Brazil). Trizma Base, ethylenedioxy-diethylene-dinitrilo-
tetraacetic acid (EDTA), ethylene glycol bis (beta-aminoethyl ether)-N,N,N',N'-
tetraacetic acid (EGTA), sodium citrate, Coomasie Blue G, bovine serum albumin,
acetylthiocholine, 5, 5’-dithiobis-2-nitrobenzoic acid (DTNB) were purchased from

Sigma (USA). All other reagents used were from analytical grade.

2.3. In vivo treatments
For in vivo treatments, animals were divided into four groups: control group

(pH 6.8), AlCIs-treated group (pH 6.8), control group (pH 5.8) and AICIs-treated
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group (pH 5.8). The control groups were maintained in the 5-L test aquarium water
at pH 6.8 or acidified with HCI to reach pH 5.8. The treated fish were maintained in
the 5-L test aquarium containing 50 ug/L AICI; at pH 5.8 or pH 6.8 during 24 h
(acute treatment) or 96 h (subchronic treatment) (Brodeur et al., 2001).

Immediately after the exposure, the fish were euthanized.

2.4. In vitro treatments

For in vitro assays, AlCls at final concentrations of 50, 100, and 250 uM were
directly added to reaction medium, pre-incubated for 10 min with the homogenate
and maintained throughout the enzyme assay. For the control group, the enzyme

assay was performed in the absence of AICl3,

2.5. Determination of AChE activity

Zebrafish were euthanized by decapitation, their brains were removed from
the cranial skull by the dissection technique. A pool of five total brains of zebrafish
was used for each experiment. The brains were homogenized on ice in 60 volumes
(v/w) of Tris-citrate buffer (50 mM Tris, 2 mM EDTA, 2 mM EGTA, pH 7.4, with
citric acid) in a motor driven Teflon-glass homogenizer. The rate of
acetylthiocholine hydrolysis (0.8 mM) was determined in a final volume of 2 ml with
100 mM phosphate buffer, pH 7.5, and 1.0 mM DTNB using a method previously
described (Ellman et al., 1961). Before the addition of substrate, samples
containing protein (10 pg) and the reaction medium described above were
preincubated for 10 min at 25°C. The acetylthiocholine hydrolysis was monitored

by the formation of thiolate dianion of DTNB at 412 nm for 2—-3 min (30-second
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intervals). Controls without the homogenate preparation were performed in order to
determine the non-enzymatic hydrolysis of acetylthiocholine. The linearity of
absorbance related to time and protein concentration was previously determined.
AChE activity was expressed as micromole of thiocholine (SCh) released per hour
per milligram of protein. Four different experiments were performed and the assays

were run in triplicate.

2.6. Protein determination
Protein was measured using Coomassie Blue as color reagent and bovine

serum albumin as standard (Bradford, 1976).

2.7. Reverse transcription-polymerase chain reaction (RT-PCR)

Forward (5-CCAAAAGAATAGAGATGCCATGGACG-3) and reverse (5'-
TGTGATGTTAAGCAGACGAGGCAGG-3’) ache primers and optimal conditions
for RT-PCR were used according to Rico et al. (2006). The B-actin primers forward
(5-TCCCTGTACGCCTCTGGTCG-3) and reverse (5%-
GCCGGACTCATCGTACTCCTG-3') was used as described previously (Chen et
al., 2004).

Total RNA was isolated from zebrafish brain using TRIzol reagent
(Invitrogen) in accordance with manufacturer instructions. RNA was quantified by
spectrophotometer and all samples were adjusted to 160 ng/uL. cDNA species
were synthesized using SuperScript Il ™ First-Strand (Synthesis System for RT-
PCR) Invitrogen Kit following the supplier instructions. One microliter of RT

reaction mix was used as a template for each PCR. PCR for ache was performed
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in a total volume of 25 pL using 0.08 pM of each primer, 0.2 uM dNTP, 2 mM
MgCl, and 1U Taq DNA polymerase (Invitrogen). PCR for B-actin gene was
performed in 20 pL using 0.1 uM of each primer, 0.2 yM dNTP, 2 mM MgCl, and
0.5U Tag DNA polymerase (Invitrogen). PCR were conducted at 1 min at 94°C, 1
min at 60°C (AChE) and at 54°C (B-actin), and 1 min at 72°C for 35 cycles. A post-
extension cycle was performed for 10 min at 72°C. For each PCR set, a negative
control was included. PCR products were analyzed on 1% agarose gel, containing
GelRed® and visualized with ultraviolet light. The low DNA Mass Ladder
(Invitrogen) was used as a molecular marker and normalization was performed
employing B-actin as a constitutive gene. The band intensities were measured by
optical densitometry analysis and the enzyme/B-actin mRNA ratios were

established for each treatment using the Kodak 1D Image Analysis Software.

2.8. Behavioral analysis

The behavior of fish was recorded between 10:00 h and 12:00 h and all
animals were maintained at ph 5.8. In the behavioral assessment, control and
AlClIs-treated group (50 pg/L of AICI3 to 96 hours) were placed individually into the
experimental tank (30 x 15 x 10 cm, length x height x width) and were first
habituated to test tank for 30 seconds, as previously described (Gerlai et al., 2000).
Their locomotor activity was videorecorded for 5 minutes after the habituation
period and simultaneously analyzed using the ANY-Maze recording software
(Stoelting Co., Wood Dale, lllinois). The tank was divided into equal sections with

four vertical and three horizontal lines and the follow locomotion patterns were
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measured: distance travelled, maximum speed, number of line crossing (vertical

and horizontal lines) and absolute turn angle.

2.9. Statistical analysis

Data were analyzed using one-way analysis of variance (ANOVA) and
expressed as means + S.D. A Tukey multiple test range as post-hoc was
performed considering P < 0.05 as significant. For behavioral studies, data were
analysed using using an unpaired, two-tailed Student’s t test, considering P < 0.05

as significant.

3. Results

The aluminum exposure were evaluated on brain AChE activity and
behavioral parameters of zebrafish. The in vivo experiments were performed after
24 and 96 h of exposure to 50 ug/L of AICI; at pH 5.8 and pH 6.8. We evaluated
the control and AlClIs-treated group at pH 6.8 in order to confirm influence of pH on
toxic effects of aluminum. The exposure to AICI; at pH 6.8 did not promote a
significant difference on AChE activity in zebrafish brain in both schedules of
treatment. There were no significant changes after AICIl; exposure during 24 h at
pH 5.8. However, this enzyme activity was significantly increased (36 %) after 96 h
of AICI; exposure (pH 5.8) when compared to control (pH 5.8) (Fig. 1).

In order to verify if the increase on acetylthiocholine hydrolysis could be a
consequence of transcriptional control, RT-PCR analysis was performed when

alterations on AChE activity were observed. There were no significant changes on
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the ache mRNA transcript levels after 96 h of exposure at pH 5.8 in zebrafish brain
(Fig.2).

To evaluate if aluminum could promote a direct effect on the enzyme
activity, we tested the in vitro effect of AICI; on AChE activity in zebrafish brain.
AICI3 concentrations tested (50 - 250 yM) promote a significant increase on AChE
activity ranging from 28 to 33 % (Fig.3).

Swimming activity of control group (pH 5.8) and AlCls-treated group (pH 5.8)
were evaluated in the open field. AICIs-treated group presented impairment a
decrease (25%) on locomotor activity, as evidenced by a decrease on the number
of crossings, when compared to control group (Fig.4A). In figure 4B, we have
shown that AICIs-treated group significantly decreased the distance traveled (14.1
%) during the 5 min of the task. When maximum speed was analyzed, the AICIs-
treated group showed a decrease of 24 % when compared to its respective control
group (Fig.4C). The measurement of absolute turn angle behavior reflects changes
in the zebrafish swimming direction and this parameter showed a significant

increase in degrees direction changes for AlClz-treated group (12.7 %) (Fig.4D).

4. Discussion

In the present study, we observed significant changes on brain AChE
activity and behavior parameters in zebrafish exposed to sublethal Al exposure.
The precise mechanism by which Al exerts its neurotoxic effects is still not
completely understood. However, literature suggests that Al interacts with the

cholinergic system, acting as a cholinotoxin (Gulya et al., 1990).
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In vivo experiment carried out after exposure for 96 h to 50 pg/L AICI; at pH
5.8 showed a significant increase of AChE activity on zebrafish brain. However,
this metal at the same concentration and exposure time did not promote any effect
on zebrafish brain AChE on circumneutral pH 6.8. Studies reported that Al chloride
exposure at low pH values induce more severe physiological consequences in fish
when compared to circumneutral exposure. Brodeur et al. (2001) has shown that
Atlantic salmon (Salmo salar) exposed for 36 days to acidified water (pH 5.2) with
50 pg/L AICI3 have altered the bioenergetics of the fish when compared to
circumneutral Al exposed fish. Furthermore, Monette and McCormick (2008)
demonstrated that gill ionoregulatory responses of the same fish specie were more
prominent in a 6 day-exposure time with 43-68 ug/L of Al at acid pH. In addition,
the solubility of Al increases as a direct result of decreased pH leading to the
increased presence of inorganic Al, the most toxic form of Al that to fish (Gensemer
and Playle, 1999; Finn, 2007). Therefore, our results are in agreement with the
before mentioned studies since we observed significant alterations of AChE only in
AlCls-treated group at pH 5.8.

There are mechanisms that could regulate AChE after in vivo experiments,
which include modifications at transcriptional level or direct effect of metal on
protein. In order to verify whether the ache gene expression pattern could be
modulated when zebrafish were exposed to 50 ug/L AICIl; for 96 h at pH 5.8, we
performed semi-quantitative RT-PCR experiments. Our results showed that AICl;-
treated group did not demonstrate alterations in the ache RNA transcript levels,
suggesting that the increase of AChE activity observed in this exposure was not

directly related to higher ache gene expression pattern.
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Our in vitro study demonstrates that AICI; was able to increase AChE
activity. These results could be related to the fact that in vitro experiments evaluate
the direct effect of the metal on the enzyme, without the influence of others
biological systems, such as cell signaling pathways. Alterations of AChE by
divalent cations mediated through allosteric anionic sites are well-known
(Roufogalis et al., 1973). Furthermore Gulya et al. (1990) suggested that increase
on AChE activity after Al exposure may be due to allosteric interaction between the
cation and the peripheric anionic site of the enzyme. Furthermore, previous studies
have suggested that modifications on lipid membrane could be responsible for a
change in the conformational state of the AChE molecule, which could induce the
activation of AChE activity observed after long-term exposure of Al (Kaizer et al.,
2005).

The involvement of cholinergic systems on locomotor activity, operant tasks,
exposure to novel stimuli and the performance of spatial memory tasks is well
established (Pepeu and Giovannini, 2004). Our results evaluating zebrafish
behavior after AICIs exposure are in accordance with Allin and Wilson (1999),
which observed reduced swimming activity in juvenile rainbow trout when exposed
to Al in acidic water. However, Brodeur et al (2001) using Atlantic salmon observed
a contradictory result, describing that salmon presents an increased swimming
activity when exposed to acidic water and Al. These contradictory results indicate
that fish can react differently to sublethal levels of Al on acidic waters. Many factors
can interfere for these differences, such as the relative level of toxicity of the acidic
water, or some species-specific variations. Therefore, alterations in fish behavior

can limit the fish survival in the wild (Brodeur et al., 2001). Reduced swimming
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activity can affect the ability of the fish to forage, avoid predation, migrate and
successfully reproduce (Allin and Wilson, 1999).

Reliable animal models are required to facilitate the understanding of
neurodegenerative pathways in AD. Models should allow for the testing of
compounds at various points of the pathogeneses cascade in order to search for
disease modifying drugs. Furthermore, they remain a valuable tool for identifying
molecular, cellular and pathological changes that trigger the onset of cognitive
decline in AD. The zebrafish is an effective and simple model organism for studies
of development and disease processes in the nervous system (Newman et al.,
2007). Considering that studies have linked Al-induced neurotoxicity with
neurodegenerative disorders such as (AD) (Flaten, 2001), the evaluation of
neurochemical and behavioral changes induced by aluminum of zebrafish can
contribute for a better understanding about the mechanisms related to the
neurodegeneration induced by this metal.

This study showed that Al treatment, at acid pH, cause alterations on brain
AChE activity and behavioral parameters in zebrafish. The activation of brain AChE
activity could be involved in the behavior and neurotoxic effect induced by

aluminum on central nervous system.

Acknowledgments
This work was supported by Fundagcéo de Amparo a Pesquisa do Estado do
Rio Grande do Sul (FAPERGS), Conselho Nacional de Desenvolvimento Cientifico

e Tecnolégico (CNPq), and by the FINEP research grant “Rede Instituto Brasileiro

50



de Neurociéncia (IBN-Net)” 01.06.0842-00. M.R.S was recipient of fellowship from

CAPES. G.G. was recipient of fellowship from FAPERGS.

References

Allin, C., Wilson, R., 1999. Behavioural and metabolic effects of chronic exposure
to sublethal aluminum in acidic soft water in juvenile rainbow trout
(Oncorhynchus mykiss). Can. J. Fish. Aquat. Sci. 56, 670-678.

Amsterdam, A., Hopkins, N., 2006. Mutagenesis strategies in zebrafish for
identifying genes involved in development and disease. Trends Genet. 22(9),
473-478.

Bertrand, C., Chatonnet, A., Takke, C., Yan, Y., Postlethwait, J., Toutant, J.,
Cousin, X., 2001. Zebrafish Acetylcholinesterase Is Encoded by a Single
Gene Localized on Linkage Group 7 gene structure and polymorphism;
molecular forms and expression pattern during development. J. Biol. Chem.
276, 464-474.

Best, J.D., Alderton, W.K., 2008. Zebrafish: An in vivo model for the study of
neurological diseases. Neuropsychiatr. Dis Treat. 4(3), 567-576.

Bradford, M.M., 1976. A rapid and sensitive method for the quantification of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 218-254.

Brodeur, J., @kland, F., Finstad, B., George Dixon, D., Scott McKinley, R., 2001.
Effects of subchronic exposure to aluminium in acidic water on bioenergetics

of Atlantic salmon (Salmo salar). Ecotoxicol. Environ. Saf. 49, 226-234.

51



Chen, W.Y., John, J.A.C., Lin, C.H., Lin, H.F., Wu, S.C., Lin, C.H., Chang, C.Y.,
2004. Expression of metallothionen gene during embryonic and early larval
development in zebrafish. Aquat. Toxicol. 69(3), 215-227.

Ellman, G.L., Courtney, K.D., Andres Jr., V., Feather-Stone, R.M., 1961. A new
and rapid colorimetric determination of acetylcholinesterase activity. Biochem.
Pharmacol. 7, 88-95.

Flaten, T., 2001. Aluminium as a risk factor in Alzheimer’s disease, with emphasis
on drinking water. Brain Res. Bull. 55, 187-196.

Finn, R.N. 2007. The physiology and toxicology of salmonid eggs and larvae in
relation to water quality criteria. Aquat Toxicol. 81, 337-54.

Gensemer, R.W., Playle, R.C., 1999. The bioavailability and toxicity of aluminium
in aquatic environments. Crit. Rev. Environ. Sci. Technol. 29, 315-340.

Gerlai, R., Lahav, M., Guo, S., Rosenthal, A., 2000. Drinks like a fish: zebra fish
(Danio rerio) as a behavior genetic model to study alcohol effects. Pharmacol.
Biochem. Behav. 67, 773-782.

Glick, D., Ben-Moyal, L., Soreq, H., 2003. Genetic variation in
butyrylcholinesterase = and  the  physiological = consequences  for
acetylcholinesterase function. Butyrylcholinesterase: Its Function and
Inhibitors, 55.

Gulya, K., Rakonczay, Z., Kasa, P., 1990. Cholinotoxic effects of aluminum in rat
brain. J. Neurochem. 54, 1020-1026.

Guo, S., 2004. Linking genes to brain, behavior and neurological diseases: what

can we learn from zebrafish? Genes Brain Behav. 3(2), 63-74.

52



Hetnarski, B., Wisniewski, H., Igbal, K., Dziedzic, J., Lajtha, A., 1980. Central
cholinergic activity in aluminum-induced neurofibrillary degeneration. Annals
of Neurology 7, 489-490.

Krens, S., He, S., Spaink, H., Snaar-Jagalska, B., 2006. Characterization and
expression patterns of the MAPK family in zebrafish. Gene Express. Patt. 6,
1019-1026.

Kumar, S., 1998. Biphasic effect of aluminium on cholinergic enzyme of rat brain.
Neurosci. lett. 248, 121-123.

Missel, J., Schetinger, M., Gioda, C., Bohrer, D., Pacholski, |., Zanatta, N., Martins,
M., Bonacorso, H., Morsch, V., 2005. Chelating effect of novel pyrimidines in
a model of aluminum intoxication. J. Inorg. Biochem. 99, 1853-1857.

Monette, M., McCormick, S., 2008. Impacts of short-term acid and aluminum
exposure on Atlantic salmon (Salmo salar) physiology: A direct comparison of
parr and smolts. Aquat. Toxicol. 86, 216-226.

Naravaneni, R., Jamil, K., 2007. Determination of AChE levels and genotoxic
effects in farmers occupationally exposed to pesticides. Hum. Exp. Toxicol.
26(9), 723-31.

Nehru, B., Bhalla, P., Garg, A., 2006. Evidence for centrophenoxine as a protective
drug in aluminium induced behavioral and biochemical alteration in rat brain.
Mol. Cell. Biochem. 290, 33-42.

Newman, M., Musgrave, I|.F., Lardelli, M., 2007 Alzheimer disease:
amyloidogenesis, the presenilins and animal models. Biochim. Biophys. Acta.

1772(3),285-97

53



Oteiza, P., Fraga, C., Keen, C., 1993. Aluminum has both oxidant and antioxidant
effects in mouse brain membranes. Arch. Biochem. Biophysi. 300, 517-521.

Peng, J., Xu, Z., Xu, Z., Parker, J., Friedlander, E., Tang, J., Melethil, S., 1992.
Aluminium-induced acute cholinergic neurotoxicity in rat. Mol. Chem.
Neuropathol. 17, 79-89.

Pepeu, G., Giovannini, M., 2004. Changes in acetylcholine extracellular levels
during cognitive processes. Learn. Mem. 11, 21-27.

Postlethwait, J.H., Woods, |.G., Ngo-Hazelett, P., Yan, Y.L., Kelly, P.D., Chu, F.,
Huang, H., Hill-Force, A., Talbot, W.S., 2000. Zebrafish comparative
genomics and the origins of vertebrate chromosomes. Genome Res. 10(12),
1890-902.

Rico, E.P., Rosemberg, D.B., Senger, M.R., Arizi, M.B., Bernardi, G.F., Dias, R.D.,
Bogo, M.R., Bonan, C.D., 2006. Methanol alters ecto-nucleotidases and
acetylcholinesterase in zebrafish brain. Neurotoxicol. Teratol. 28(4), 489-496.

Rondeau, V., Jacgmin-Gadda, H., Commenges, D., Helmer, C., Dartigues, J.F.,
2009. Aluminum and silica in drinking water and the risk of Alzheimer's
disease or cognitive decline: findings from 15-year follow-up of the PAQUID
cohort. Am J Epidemiol. 15;169(4),489-96.

Roufogalis, B., Wickson, V., 1973. Acetylcholinesterase specific inactivation of
allosteric effects by a water-soluble carbodiimide. J. Biol. Chem. 248, 2254-
2256.

Sarkarati, B., Cokugras, A., Tezcan, E., 1999. Inhibition kinetics of human serum
butyrylcholinesterase by Cd2+, Zn2+ and Al3+: comparison of the effects of

metal ions on cholinesterases. Comp. Biochem. Physiol. Part C 122, 181-190.

54



Senger, M., Rico, E., Arizi, M., Rosemberg, D., Dias, R., Bogo, M., Bonan, C.,
2005. Carbofuran and malathion inhibit nucleotide hydrolysis in zebrafish
(Danio rerio) brain membranes. Toxicol. 212, 107-115.

Senger, M., Rosemberg, D., Rico, E., de Bem Arizi, M., Dias, R., Bogo, M., Bonan,
C., 2006. In vitro effect of zinc and cadmium on acetylcholinesterase and
ectonucleotidase activities in zebrafish (Danio rerio) brain. Toxicol. in Vitro 20,
954-958.

Shcherbatykh, ., Carpenter, DO., 2007.The role of metals in the etiology of
Alzheimer's disease. J Alzheimers Dis. 11(2), 191-205.

Soreq, H., Seidman, S., 2001. Acetylcholinesterase-new roles for an old actor. Nat.
Rev. Neurosci 2(4), 294-302.

Waring, C., Brown, J., Collins, J., Prunet, P., 1996. Plasma prolactin, cortisol, and
thyroid responses of the brown trout (Salmo trutta) exposed to lethal and
sublethal aluminium in acidic soft waters. Gen. Comp. Endocrinol. 102, 377-
385.

Westerfield, M., 2000. The Zebrafish Book. A Guide for the Laboratory Use of
Zebrafish (Danio rerio), 4th edn. Eugene, OR. USA: University of Oregon
Press.

Williams, F.E., Messer, W.S. Jr. 2004. Muscarinic acetylcholine receptors in the
brain of the zebrafish (Danio rerio) measured by radioligand binding
techniques. Comp. Biochem. Physiol. C . 137(4),349-53.

Zatta, P., Ibn-Lkhayat-Idrissi, M., Zambenedetti, P., Kilyen, M., Kiss, T., 2002. In
vivo and in vitro effects of aluminum on the activity of mouse brain

acetylcholinesterase. Brain Res. Bull. 59, 41-45.

95



Zatta, P., Zambenedetti, P., Bruna, V., Filippi, B., 1994. Activation of
acetylcholinesterase by aluminium (lIl): the relevance of the metal species.
NeuroReport 5, 1777.

Zirger, J.M., Beattie, C.E., McKay, D.B., Boyd, R.T., 2003. Cloning and expression
of zebrafish neuronal nicotinic acetylcholine receptors. Gene Expr. Patt.

3(6),747-54.

56



Figure legends

Figure 1: In vivo effect of AICI; on acetylcholinesterase activity in zebrafish brain.
Data represent means £ S.D. of four different experiments, performed in triplicate. *
indicates difference when compared to the control group. Data were analyzed
statistically by one-way ANOVA followed by Tukey test as post-hoc test,

considering a P<0.05 significant.

Figure 2: Acetylcholinesterase and B-actin mRNA expression in zebrafish brain.
Fish were exposed to Aluminum after 96 h of exposure at pH 5.8 and the RT-PCR
experiments were conducted. The PCR products were subjected to electrophoresis
on a 1 % agarose gel, using B-actin as constitutive gene. The figure shows a
representative gel and the AChE/B-actin mRNA ratio (expressed as arbitrary units)
obtained by optical densitometry analysis of three independent experiments, with
entirely consistent results. The data were expressed as means = S.D. and
analyzed statistically by one-way ANOVA followed by Tukey test as post-hoc test,

considering a P<0.05 significant.

Figure 3: In vitro effect of different concentrations of aluminum on
acetylcholinesterase activity in zebrafish brain. Data represent means + S.D. of
four different experiments, each one performed in duplicate. * indicates difference
when compared to the control group. Data were analyzed statistically by one-way

ANOVA followed by Tukey test as post-hoc test, considering a P<0.05 significant.
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Figure 4: Effect of aluminum acid exposure (50 pg/L, during 96 h at pH 5.8) on the
swimming behavior during 5 minutes of videorecording. Figure (A) show the
number o line crossing, (B) total distance traveled, (C) maximum speed and (D)
show the absolute turn angle. Data are representative of 10 animals per group,

presented as mean x S.D. considering P<0.05 significant.
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Abstract

Toxic metals are widespread environmental contaminants that induce
neurotoxicity even at very low concentrations. In this study, we investigated the
effects of mercury chloride, cadmium acetate, potassium dichromate, lead acetate,
zinc chloride, copper sulphate, cobalt chloride, and manganese chloride on soluble
and membrane adenosine deaminase (ADA) activity and gene expression in
zebrafish brain. Among the metals tested, only mercury was able to inhibit the
adenosine deamination in vitro. The inhibition was observed from 5 to 250 uM
HgCL; (84.6 — 92.6%) in soluble fraction while in membrane fractions the inhibition
varied from 50 to 250 uM (20.9 — 26 %). In order to verify if mercury chloride could
bind to ADA, we performed in vitro experiments with chelants to test if these
compounds prevent or reverse the inhibition promoted by HgCl,. The inhibition
promoted by HgCl, was partially or fully abolished by the chelants. The in vivo
exposure of zebrafish to 20 pg/L of HgCl, was evaluated after acute (24h) and
subchronic (96h) treatments on ADA activity in soluble and membrane fractions.
The ADA activity from soluble fraction was inhibited after both acute (24.5 %) and
subchronic (40.8 %) exposures while the ADA activity from brain membranes was
inhibited only after subchronic exposure (21.9 %). Semi-quantitative RT-PCR
analysis showed that HgCl; did not alter the ADA gene expression. This study has
shown that ADA activity was inhibited by mercury and this inhibition can be one of

the neurotoxic targets of this heavy metal.

Key words: adenosine, adenosine deaminase, zebrafish, brain, toxic metals,

mercury.
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1. Introduction

Toxic metals are ubiquitous pollutants that are introduced in the aquatic
environment by anthropogenic sources, mainly by industrial effluents (Kostial,
1978; Rai, 2009). Exposure to these substances promotes a wide range of
deleterious effects to the aquatic and terrestrial biota even at sublethal
concentrations. The high toxic effect of heavy metals, their persistence in the
environment and their accumulation in the food chain, make them highly hazardous
for animal and humans, mainly acting at central nervous system (CNS) (Jarup,
2003).

Nucleotides and nucleosides have important roles in energetic and signaling
systems in the CNS in both physiological and pathological conditions. Adenosine
can be rapidly obtained by ATP breakdown via ectonucleotidase activity (NTPDase
and 5’-nucleotidase) or be released from any cell when the intracellular
concentration goes up (Fredholm, 2002, Yegutkin, 2008). Extracellularly,
adenosine acts as a neuromodulator, controlling both inhibitory and excitatory
synapses acting on G-protein coupled receptors (A1, Aza, Azs, As) (Burnstock,
2007). Extracellular adenosine concentrations can be regulated by neural cell
uptake through bi-directional nucleoside transporters followed by phosphorylation
to AMP by adenosine kinase or deamination to inosine by adenosine deaminase
(ADA) (Fredholm et al., 2005, Rosemberg et al., 2007). Furthermore, studies have
shown that the extracellular concentrations of adenosine may also be regulated by
ecto-ADA activity (Franco et al., 1998; Romanowska et al., 2007). Adenosine

deaminase (ADA, E.C.3.5.4.4.) is an enzyme witch catalyzes the hydrolytic
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deamination of adenosine to inosine in both cytosol and on the cell membrane
(Franco et al., 1997; Rosemberg et al., 2008).

Zebrafish (Danio rerio) is a small teleost widely used in toxicological and
biochemical studies (Rubinstein, 2006; Senger et al., 2006b). This fish combines
the relevance of a vertebrate with the scalability of an invertebrate (Lieschke and
Currie, 2007). Studies performed in our laboratory demonstrated the presence of
NTPDases, 5-nucleotidase, and adenosine deaminase activities in zebrafish brain
(Rico et al., 2003; Senger et al., 2004, Rosemberg et al., 2008). A recent data from
our group has also reported the differential expression pattern of ADA-related
genes in zebrafish tissues, including brain, demonstrating that distinct ADA related
genes (ada1, ada2-1, ada2-2, and adal) are present in this specie (Rosemberg et
al., 2007a). In addition, Western blot analysis revealed the presence of a band of
35 kDa for A(1)R in membrane preparations and a band of 43 kDa for ADA in both
cytosol and membranes in goldfish (Beraudi et al., 2003).

Considering that toxic metals are important environmental pollutants and
parameters of purinergic signaling and adenosine deaminase activity have been
reported in zebrafish brain, the aim of this work is verify the effect of toxic metals
on ADA activity and gene expression in soluble and membrane fractions of

zebrafish brain.

2. Materials and methods
2.1. Chemicals
Adenosine, EDTA, EGTA, Coomassie Blue G, and bovine serum albumin

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Phenol and sodium
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nitroprusside were purchased from Merck (Darmstadt, Germany). Mercury chloride
(HgCl,, CAS number 7487-94-7) and lead acetate [Pb(CH3COOQO),;, CAS number
301-04-2] were purchased from Quimibras Industrias Quimicas (Brasil). Cadmium
acetate [Cd(CH3COQ),;, CAS number 543-90-8], copper sulphate (CuSO4, CAS
number 7758-99-8), potassium dichromate (K,Cr,O7, CAS number 7778-50-9), and
cobalt chloride (CoCl;, CAS number 7646-79-9) were purchased from Nuclear
(Brazil). Zinc chloride (ZnCl2, CAS number 7648-85-7) was purchased from QM
(Brasil). Manganese chloride (MnCl,, CAS number 7791-18-6) was purchased from
Vetec Quimica Fina LTDA (Brasil). All other reagents used were from high

analytical grade.

2.2. Experimental Animals

Adult zebrafish (Danio rerio) were obtained from commercial supplier
(Delphis, RS, Brazil) and acclimated for at least 2 weeks in a 50-L aquarium filled
with continuously aerated unchlorinated water. The temperature was kept between
25 + 1 °C under a 14-h light-dark photoperiod. Animals feeding and maintenance
were done according to Westerfield, (2000). The use and maintenance of zebrafish
were according to the National Institute of Health Guide for Care and Use of

Laboratory Animals.

2.3. Preparation of soluble and membrane fractions
Zebrafish were sacrificed and whole brains were initially homogenized in 20
volumes (v/w) of chilled phosphate buffer saline (PBS) 2 mM EDTA, 2 mM EGTA,

pH 7.4 in a glass-Teflon homogenizer in order to obtain both cellular fractions. The
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preparation of brain membranes was according to the method described previously
(Barnes et al., 2003) with minor modifications. The homogenate was centrifuged at
800 g for 10 min and the pellet was discarded. After removing the nuclear and cell
debris, the supernatant was centrifuged for 25 min at 40 000 g. The resultant
supernatant and the pellet corresponded to the soluble and membrane fractions,
respectively. The supernatant was collected and kept on ice for enzyme assays.
The pellet was frozen in liquid nitrogen, thawed, resuspended in PBS once and
centrifuged for 20 min at 40 000 g. This freeze-thaw-wash procedure was used to
ensure the lysis of the brain membranes. The final pellet was resuspended and
used for biochemical assays. The material was maintained at 2-4°C throughout

preparation.

2.4. Determination of adenosine deaminase activity

Adenosine deaminase activity was determined using a Berthelot reaction as
previously reported (Weisman et al., 1988). The brain fractions prepared (5-10 ug
protein) were added to the reaction mixture containing 50 mM sodium phosphate
buffer (pH 7.0) and 50 mM sodium acetate buffer (pH 5.0) for the experiments with
soluble and membrane fractions assays, respectively, in a final volume of 200 pl.
The samples were preincubated for 10 min at 37°C and the reaction was initiated
by the addition of adenosine to a final concentration of 1.5 mM. After incubated for
75 min (soluble fraction) and 120 min (membranes), the reaction was stopped by
the addition of 500 ul of phenol-nitroprusside reagent (50.4 mg of phenol and 0.4
mg of sodium nitroprusside/ml). Controls with the addition of the enzyme

preparation after mixing with phenol-nitroprusside reagent were used to correct
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non-enzymatic hydrolysis of substrates. The reaction mixtures were immediately
mixed to 500 pl of alkaline-hypochlorite reagent (sodium hypochlorite to 0.125%
available chlorine, in 0.6 M NaOH) and vortexed. Samples were incubated at 37°C
for 15 min and the ammonia produced were quantified by a colorimetric assay at
635 nm. Incubation times and protein concentrations were chosen in order to
ensure the linearity of the reactions. Specific activity was expressed as nmol of

NHa;. min™. mg protein™.

2.5. In vitro assays

The metals were added to reaction medium before preincubation with the
enzyme and maintained throughout the enzyme assays. Metals were tested at final
concentration of 50-250 uM (Fig. 1). For HgCl, experiments, we tested this metal in
a final concentration of 1-250 uM (Fig. 2).

To verify if HgCl, could bind directly to the enzyme, we performed in vitro
experiments with DTT and EDTA. The adenosine deamination was measured in
the presence of 250 yM HgClI, for membrane fractions or 5 yM and 250 HgCl, for
soluble fractions. The control group was performed in the absence of HgCl,. The
fractions were preincubated 5 min in the reaction mixture and DTT or EDTA (500
MM) were added and preincubated during more 5 min (Groups E + DTT and E +
EDTA); or preincubated 5 min with DTT or EDTA (500 uM) and after 5 min with the
fractions (E) (Groups DTT + E and EDTA + E). Then, the determination of

adenosine deaminase activity was performed as described above.
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2.6. In vivo assays

The animals were introduced to the test aquariums (10 L) containing
solution of HgCl, in a final concentration of 20 ug/L, which was been reported in the
aquatic environment (Berzas Nevado et al.,, 2003; Senger et al., 2006). The
animals were maintained in the test aquarium for acute (24 h) and subchronic (96

h) exposures.

2.7. Protein determination
Protein was measured using Coomassie blue as color reagent (Bradford,

1976) and bovine serum albumin as a standard.

2.8. Reverse transcription-polymerase chain reaction (RT-PCR)

The analysis of the expression of ADA related genes ada, ada2-1, adaz2-2,
and adal was carried out by a semi-quantitative reverse transcription-polymerase
chain reaction (RT-PCR) assay. Total RNA from zebrafish brain was isolated using
Trizol reagent (Invitrogen) in accordance with manufacturer’s instructions. All
samples were adjusted to 160 ng/pl and cDNA species were synthesized using
SuperScript Il ™ First-Strand Synthesis SuperMix Kit (Invitrogen, USA), following
the supplier instructions. The B-actin primers were used as described previously
(Chen et al., 2004). Primer sequences of ADA-related genes were designed and

RT-PCR conditions were performed according Rosemberg et al. (2007a).
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2.9. Statistical analysis

All experiments were carried out in replicate and means + S.D. of at least
three independent experiments were presented. Data were analyzed by one-way
analysis of variance (ANOVA), followed by Tukey test as post-hoc. P values < 0.05
were considered as significant. All analyses were performed using the Statistical

Package for the Social Sciences (SPSS) software in a PC compatible computer.

3. Results

The effect of mercury chloride, cadmium acetate, potassium dichromate,
lead acetate, zinc chloride, copper sulphate cobalt chloride, and manganese
chloride (varying from 100 to 250 uM) were tested on soluble (Fig. 1A) and
membrane fraction (Fig. 1B) ADA activity. Among the metals tested, only HgCl,
inhibited the adenosine deamination in zebrafish brain.

In order to verify if lower mercury concentrations could be able to affect the
ADA activity, we have tested concentrations ranging from 1 to 250 yM on soluble
(Fig. 2A) and membrane (Fig. 2B) fractions. In soluble fractions, the inhibition has
been observed at 5 yM and has been maintained until 250 pM (84.6 — 92.6%). In
membrane fractions, the inhibition varied from 20.9 — 26 % at 50 to 250 yM HgCly,
respectively. Our experiments demonstrated that the inhibition promoted by 5 yM
HgCl, were partially and totally recovery by DTT when added after and before the
soluble fraction, respectively. EDTA recovered partially the ADA activity only when
added before the enzyme on the soluble fraction (Fig. 3A). Both DTT and EDTA

did not prevent the inhibition promoted by 250 yM HgClI; in soluble fraction. For
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membrane fractions, only DTT reverted partially the HgCl, inhibition when added
before the enzyme preparation.

The in vivo exposure of zebrafish to 20 ug/L of HgCl, was evaluated after
acute (24 h) and subchronic (96 h) treatments on ADA activity in soluble (Fig. 4A)
and membrane fractions (Fig. 4B). Significant mortality was not observed in control
and treated groups in the different exposure times and no changes in the
swimming behavior were observed between control and treated groups (Senger et
al., 2006a). The ADA activity of soluble fraction was inhibited after both acute (24.5
%) and subchronic (40.8 %) exposure times. The membrane ADA activity was
inhibited only after subchronic exposure (21.9 %). Semi-quantitative RT-PCR
experiments were conducted to verify whether HgCl, treatment could alter the
expression of zebrafish brain ADA-related genes and the band densitometry using
enzyme/B-actin ratios were determined for each treatment. The results have shown
that HgCl, was not able to modulate ADA gene expression in zebrafish brain (Fig.

5).

4. Discussion

The results presented herein demonstrate the influence of toxic metals on
ADA activity and expression in zebrafish brain. Among the eight metals tested in
vitro, only HgCl, was able to inhibit ADA activity in soluble and membrane fractions.
Our experiment with DTT and EDTA demonstrated that the inhibition was partially
or fully abolished by these chelating agents, suggesting that HgCl, can bind on the

enzyme structure and thus alter adenosine deamination on zebrafish brain.
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There are few studies on the literature about the effect of metals on ADA
activity. The role of divalent cations in structure and function of murine ADA has
been previously demonstrated (Cooper et al., 1997). The authors showed that a
single zinc or cobalt cofactor are bound in a high affinity site deep within the
substrate binding cleft and it is required for catalytic function. Furthermore, metal
ions bound at additional sites inhibited the enzyme and zinc, cobalt, cooper,
manganese, and cadmium were able to inhibit the ADA activity at micromolar
range. The decrease on ADA activity promoted by these added metals was
immediately reversed by addition of EDTA to the reaction solution, indicating that
they might be associated at sites readily accessible on the enzyme. The same
reversion result of the inhibitory effect promoted by mercury on soluble and
membrane bound ADA activity was observed in the present report, which lead us
to suggest that these same enzyme sites are involved with the inhibitory effect of
HgCl, on ADA activity from zebrafish brain.

The ADA activity of soluble fraction was significantly decreased after acute
and subchronic exposures while the membrane ADA activity was inhibited only
after subchronic exposure. The RT-PCR results showed that HgCl, did not
interfere on ADA-related genes expression, indicating that this metal was not able
to modulate the mRNA synthesis of enzymes able to deaminate adenosine. In this
regard, it is possible to suggest that the significant decrease on adenosine
deamination promoted by HgCl, in vivo might be due to a direct effect on
enzymatic activities, as verified in the in vitro experiments.

Previous studies from our laboratory performed a phylogenetic analysis and

have found the presence of ADA1, ADA2, and ADAL in zebrafish brain
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(Rosemberg et al., 2007a). It has been suggested that the presence of these
enzymes could be contributing in a different manner for the regulation of
adenosine/inosine levels in distinct cellular fractions of porcine and zebrafish brains
(Kukulski et al., 2004; Rosemberg et al., 2007a). Traditionally, ADA1 has been
considered a cytosolic enzyme, constituting 90—-100% of the total intracellular ADA
activity (Franco et al., 2007; Iwaki-Egawa and Watanabe, 2002). Evidence
demonstrated that cell-surface ADA1 are colocalized with A4, Ag receptors and
concentrative nucleoside transporters, suggesting that this enzyme might be also
involved in a fine tuning modulation of purinergic signaling (Saura et al., 1998;
Herrera et al., 2001; Hirsch et al., 2007). No differences on catalytically activity or
molecular characteristics between intracellular ADA1 and ecto-ADA1 have been
found so far (Franco et al., 2007). It has been shown that subcellular fractions from
rat cultured brain cells and rat brain synaptosomes reveal the coexistence between
ADA1 and the membrane bound enzyme 5’-nucleotidase (Trams and Lauter, 1975;
Franco et al., 1986). Previous study demonstrated that, together with ADA1, ADA2
also contributes to adenosine deamination on extracellular milieu, belonging to a
new family of growth factors with ADA activity (Zavialov and Engstrom, 2005). In
fact, zebrafish ADA2 sequences shared a signal peptide suggesting their potential
role to cleave adenosine at the extracellular space (Rosemberg et al., 2007a).
Although it has no evidence related to ADAL functionality and location so far, the
presence of conserved amino acids involved on adenosine deamination, its
similarity with ADA1 and the presence of adal mRNA transcripts on zebrafish brain
(Rosemberg et al. 2007a) might indicate a putative role of this enzyme member to

cleave adenosine. Considering that the inhibition induced by HgCl, on adenosine
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deamination of soluble fraction was more pronounced that the observed on the
membrane ADA activity, it is possible to suggest a differential cellular location of
these ADA-related enzymes in zebrafish brain and a distinct effect of HgCl, on
these enzyme family members. Moreover, these aspects might be also important
to explain the absence of effect after cadmium acetate, potassium dichromate, lead
acetate, zinc chloride, copper sulphate cobalt chloride, and manganese chloride
treatments on total adenosine deamination on soluble and membrane fractions.
Extracellular nucleotides and nucleosides are important signaling molecules
that require effective mechanisms for their signal regulation (Yegutkin, 2008). This
regulation is exerted by a broad range of nucleotide-degrading and interconverting
extracelular enzymes (Zimmerman, 2006; Abbracchio et al., 2009). Our laboratory
has already characterized the presence of NTPDase, 5-nucleotidase and ADA
activity in brain membranes of zebrafish, enzymes that are required for the
extracellular degradation of ATP to adenosine (Rico et al., 2003; Senger et al.,
2004; Rosemberg et al., 2008). In addition, we have already demonstrated that
NTPDase and 5'nucleotidase activities are inhibited by toxic elements like
mercury, lead, zinc, cadmium, and copper (Rosemberg et al., 2007b; Senger et al.,
2006a; 2006b). Adenosine deamination is an important mechanism able to
promote tissue homeostasis and adenosine signaling in brain. (Franco et al., 1997;
Sun et al., 2005). Furthermore, the product of this reaction, inosine, has signaling
properties on brain by act on A; adenosine receptors (Shen et al., 2005). Although
the inhibitory effect promoted by HgCl, on ADA activity indicates a possible
decrease on inosine synthesis, it might be an important mechanism to increase the

levels of the neuromodulator adenosine since previous data have shown that
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different exposure times to this metal decrease nucleotide hydrolysis in zebrafish
brain membranes (Senger et al., 2006a). Further experiments involving other
purinergic signaling parameters are still required to elucidate this hypothesis.
Altogether, this study demonstrated that mercury inhibit the ADA activity, an
important enzyme of the purinergic metabolism, suggesting that the
adenosine/inosine levels could be altered. These results suggest that both
extracellular and intracellular purine metabolism are modulated by mercury
chloride and could be utilized as a tool to the bioindication of these hazardous

substances on the environment utilizing zebrafish as a model.
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Figure legends

Fig. 1: In vitro effect of toxic metals on soluble (A) and membrane-bound (B) ADA
activity from zebrafish brain. Data represent means + S.D. of at least three different

*

replicate experiments. * represents a significant difference from control group

(ANOVA, followed by Tukey test as post-hoc, p < 0.05).

Fig. 2: Effect of mercury chloride concentrations on soluble (A) and membrane (B)
preparations from zebrafish brain. Data represent means + S.D. of three different
replicate experiments. * represents a significant difference from control group

(ANOVA, followed by Tukey test as post-hoc, p < 0.05).

Fig. 3: Effect of DTT and EDTA on the inhibition promoted by mercury chloride on
ADA activity from soluble (A) and membrane (B) fractions of zebrafish brain. The
adenosine deamination was measured in the absence (control group) or in the
presence of 250 uM HgCly; preincubated 5 min with DTT or EDTA (500 uM) and
after 5 min with the enzyme preparations (E) (Groups DTT + E and EDTA + E); or
preincubated 5 min with the enzyme preparations and after more 5 min with DTT or
EDTA (500 pM) (Groups E + DTT and E + EDTA). Data represents means + S.D.
of four different replicate experiments. * represents a significant difference from
control group (ANOVA, followed by Tukey test as post-hoc, p < 0.05). # represents
a significant difference from control and HgCl, group (ANOVA, followed by Tukey

test as post-hoc, p < 0.05).
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Fig. 4 Effect of acute (24 h) and subchronic (96 h) mercury chloride (20 ug/L)
exposure on soluble (A) and membrane-bound (B) ADA activity from zebrafish
brain. Data represent means + S.D. of at least four different replicate experiments.
The asterisk represents a significant difference from control group (ANOVA,

followed by Tukey test as post-hoc, p < 0.05).

Fig. 5: ADA gene expression patterns after subchronic (96 h) mercury exposure
(20 pg/L). The figure shows p-actin, ADA1, ADAL, ADA2-1, and ADA2-2
expression in brain of zebrafish. The results were expressed as optical
densitometry (O.D.) of ADA related genes versus [-actin expression. Data

represent means + S.D. of four different replicate RT-PCR experiments.
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I11.1. Discussao

No capitulo 1, foi testado o efeito in vitro do zinco e do cadmio sobre a
atividade da acetilcolinesterase e ectonucleotidases em cérebro de peixe zebra. A
atividade da acetilcolinesterase nao foi alterada, mas a hidrélise dos nucleotideos
foi afetada na presenca destes metais toxicos. O zinco aumentou a hidrélise de
ATP e AMP, mas nao teve efeito sobre a hidrélise de ADP. O cadmio aumentou
fortemente a hidrélise do ATP, mas promoveu uma inibigado significativa na
hidrélise do ADP e AMP em membranas cerebrais do peixe zebra. Este estudo
demonstrou que as enzimas do sistema purinérgico, mas ndo a AChE, séo
afetados pela exposicao in vitro ao zinco e cadmio no cérebro do peixe zebra. As
diferencas observadas com relacdo aos efeitos promovidos por cadmio e zinco
sugerem que a atividade enzimatica dos membros da familia das NTPDases
podem ser diferentemente afetados por estes metais, sendo que nossos
resultados sugerem uma inibicdo da NTPDase1 e um ativagdo da NTPDaseZ2.
Nossos resultados contribuem para uma maior compreensio dos efeitos téxicos
de cadmio e zinco na sinalizagdo purinérgica e colinérgica. Baseado na
complexidade dos efeitos do zinco e cadmio neste teledsteo, futuros estudos in
vivo serdo importantes para elucidar a influéncia destes contaminantes na
neurotransmissao purinérgica.

O capitulo 2 foi realizado com o intuito de verificar o efeito da exposicdo ao
aluminio (Al) na atividade da AChE cerebral e em parametros comportamentais de
peixes zebra. O experimento in vivo realizado apdés 96 horas de exposi¢cao a 50

Mg/l de AICI; em pH 5,8 demonstrou um aumento significativo na atividade da
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AChE cerebral do peixe zebra. Entretanto, este metal na mesma concentragao e
tempo de exposicdo nao promoveu nenhum efeito na AChE cerebral do peixe
zebra em pH neutro 6,8. O aumento da atividade da AChE em pH 5.8 e a auséncia
de mudangas na atividade da AChE em pH 6.8 reforcam a hipotese de que os
efeitos toxicos do AICI; sdo mais intensos em pH acidos. Existem mecanismos
que podem regular a atividade da AChE apds experimentos in vivo, dentre os
quais podemos incluir modificacbes em nivel transcricional, ou efeito direto do
metal na proteina. A fim de verificar se o0 padrao de expressao do gene da AChE
pode ser modulado quando o peixe zebra foi exposto a 50 ug/L de AICI;em pH 5,8
por 96 horas, nés realizamos experimentos de RT-PCR semiquantitativo. Nossos
resultados demonstraram que o grupo tratado com aluminio nessas condigdes n&o
apresentou alteragdes nos niveis de transcritos de RNA da AChE, sugerindo que o
aumento da atividade da AChE observado nesta exposi¢cdo nao foi diretamente
relacionado a uma maior expressao desta enzima. Os experimentos in vitro
demonstraram que o AICI; foi capaz de aumentar a atividade da AChE. Talvez
este aumento possa estar relacionado ao fato que os experimentos in vitro avaliam
o efeito direto do metal sobre a enzima, sem a influéncia de outros sistemas
bioldgicos, como vias de sinalizagao celular.

Nossos resultados avaliando o comportamento do peixe zebra apds o
tratamento com AICI; estdo de acordo com ALLIN & WILSON (1999), que
observaram uma atividade natatéria reduzida em trutas arco-iris quando expostas
ao Al em pH &cido. Entretanto, BRODEUR et al. (2001), usando o salmao atlantico
como modelo experimental, observou um resultado contraditério, descrevendo que

o salméo apresenta uma atividade natatéria aumentada quando exposto ao Al em
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pH acido. Variagcbes no comportamento dos peixes podem limitar sua
sobrevivéncia em seu habitat natural (BRODEUR et al., 2001). Uma reducéo na
atividade natatéria pode afetar a habilidade do peixe foragear, evitar predagéo,
migrar e se reproduzir com sucesso (ALLIN & WILSON, 1999). Muitos fatores
podem interferir para estas diferengas, como o nivel relativo de toxicidade da agua
acidificada ou algumas variagoes especificas de cada espécie.

Os resultados do capitulo 3 mostram a influéncia de metais téxicos na
atividade e expressao da ADA em cérebro de peixe zebra. Entre os oito metais
testados in vitro, apenas o cloreto de mercurio foi capaz de inibir a atividade da
ADA em fragdes soluveis e de membrana. Nossos experimentos com DTT e EDTA
demonstraram que a inibicao foi parcialmente ou totalmente abolida por estes
agentes quelantes, sugerindo que o cloreto de mercurio pode se ligar na estrutura
protéica, e assim alterar a desaminagdo da adenosina. A atividade da ADA foi
significativamente diminuida na fragdo soluvel apds as exposi¢des aguda e sub
crbnica, enquanto que na fracdo de membrana este efeito inibitorio sé foi
observado apos a exposicdo sub-crénica. Os resultados de RT-PCR mostraram
que o mercurio ndo interferiu na expressdo dos genes relacionados a ADA,
indicando que este metal téxico n&o foi capaz de modular a sintese de RNAm das
enzimas capazes de desaminar a adenosina. Nesse sentido, € possivel sugerir
que a diminuicdo significativa da desaminagdo da adenosina promovida pelo
mercurio, apds exposi¢ao in vivo pode ser devido a um efeito direto na atividade
enzimatica, como verificada nos experimentos in vitro. Estes resultados sugerem
que o metabolismo das purinas no espacgo extracelular e intracelular é afetado

pelo mercurio e pode ser utilizado como uma ferramenta toxicolégica para a
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bioindicacdo deste metal deletério ao meio ambiente utilizando o peixe zebra

como modelo experimental.

[11.2. Concluséao Final

Com os resultados apresentados nesta tese de doutorado, pode-se concluir
que as enzimas envolvidas na degradagdo de nucleotideos e nucleosideos
(NTPDase, 5-nucleotidase e ADA) e acetilcolina (Acetilcolinesterase) sé&o
moduladas por metais toxicos em cérebro de peixe zebra. Além de serem
possiveis alvos da neurotoxicidade dos metais, a alteragcdo destas atividades
enzimaticas pode ser utilizada como bioindicador da presenga ambiental destes

poluentes.

95



I11.3. Referéncias

ABBRACCHIO, M.P., BURNSTOCK, G., VERKHRATSKY, A., ZIMMERMANN, H.,
2008. Purinergic signaling in the nervous system: an overview. Trends Neurosci.
32(1), 19-29

ALLIN, C., WILSON, R., 1999. Behavioural and metabolic effects of chronic
exposure to sublethal aluminum in acidic soft water in juvenile rainbow trout
(Oncorhynchus mykiss). Can. J. Fish. Aquat. Sci. 56, 670-678.

AMATRUDA, J.F., PATTON, E.E., 2008. Genetic models of cancer in zebrafish.
Int. Rev. Cell. Mol. Biol. 271, 1-34.

AMSTERDAM, A., HOPKINS, N., 2006. Mutagenesis strategies in zebrafish for
identifying genes involved in development and disease. Trends Genet. 22(9),
473-478.

ANDERSON, K. V., INGHAM, P. W. 2003. The transformation of the model
organism: a decade of developmental genetics. Nat. Genet. 33, 285-293.

APPELBAUM L., SKARIAH, G., MOURRAIN, P., MIGNOT, E.. 2007. Comparative
expression of p2x receptors and ecto-nucleoside triphosphate
diphosphohydrolase 3 in hypocretin and sensory neurons in zebrafish. Brain
Res. 12;1174, 66-75.

BARANANO, D.E., FERRIS, C.D., SNYDER, S.H., 2001. Atypical neural
messengers Trends in Neuroscience 24, 99-106.

BARBAZUK W.B., KORF I., KADAVI C., HEYEN J., TATE S., WUN E., BEDELL
J.A.,, MCPHERSON J.D., JOHNSON S.L. 2000. The syntenic relationship of

the Zebrafish and humam genomes. Gen. Res. 10(9), 1351-1358.

96



BARCELLOS, C.K., SCHETINGER, M.R.C., BATTASTINI, AM.O., SILVA, L.B,,
DIAS, R.D., SARKIS, J.J.F., 1994. Inhibitory effect of cadmium acetate on
synaptosomal ATP diphosphohydrolase (EC 3.6.1.5; apyrase) from adult rat
cerebral cortex. Brazilian Journal of Medical and Biological Research 27, 1111-
1115.

BARNES, J.M., MURPHY, P.A., KIRKHAM, D., HENLEY, J.M., 1993. Interaction
of guanine nucleotides with [3H] kainate and 6-[3H] cyano-7-nitroquinoxaline-
2,3-dione binding in goldfish brain. Journal of Neurochemistry 61, 1685—1691.

BEHRA, M., ETARD, C., COUSIN, X., STRAHLE, U., 2003. The use of zebrafish
mutants to identify secondary target effects of acetylcholine esterase inhibitors.
Toxicological Sciences 77, 325-333.

BERAUDI, A., TRAVERSA, U., VILLANI, L., SEKINO, Y., NAGY, J. I., POLI, A.
2003. Distribution and expression of A1 adenosine receptors, adenosine
deaminase and adenosine deaminase-binding protein (CD26) in goldfish brain.
Neurochem. Int. 42, 455-464.

BERTRAND, C., CHATONNET, A., TAKKE, C., YAN, Y., POSTLETHWAIT, J.,
TOUTANT, J.P., COUSIN, X., 2001. Zebrafish acetylcholinesterase is encoded
by a single gene localized on linkage group 7. Journal of Biological Chemistry
276, 464—-474.

BERTRAND, C., CHATONNET, A., TAKKE, C., YAN, Y., POSTLETHWAIT, J.,
TOUTANT, J., COUSIN, X., 2001. Zebrafish Acetylcholinesterase Is Encoded
by a Single Gene Localized on Linkage Group 7 gene structure and
polymorphism; molecular forms and expression pattern during development. J.

Biol. Chem. 276, 464-474.

97



BERZAS NEVADO, J.J., BERMEJO, L.F.G., MARTIN-DOIMEADIOS, R.C.R.,
2003. Distribution of mercury in the aquatic environment at Almadein, Spain.
Environ. Pollut. 122, 261-271.

BEST, J.D., ALDERTON, W.K., 2008. Zebrafish: An in vivo model for the study of
neurological diseases. Neuropsychiatr. Dis Treat. 4(3), 567-576.

BIGONNESSE, F., LEVESQUE, S. A., KUKULSKI, F., LECKA, J., ROBSON, S.
C., FERNANDES, M. J. G., SEVIGNY, J. Cloning and characterization of
mouse nucleoside triphosphate diphosphohydrolase-8. Biochem. 43, 5511-
5519.

BOEHMLER, W., PETKO, J., WOLL, M., FREY, C., THISSE, B., THISSE, C,,
CANFIELD, V.A.,, LEVENSON, R., 2009. Identification of zebrafish A2
adenosine receptors and expression in developing embryos. Gene Expr.
Patterns. 9(3), 144-51.

BOUE-GRABOT, E., AKIMENKO, M. A., SEGUELA, P. 2000. Unique functional
properties of a sensory neuronal P2X ATP-gated channel from zebrafish. J.
Neurochem. 75 (5), 1600-1607.

BRADFORD, M.M., 1976. A rapid and sensitive method for the quantification of
microgram quantities of protein utilizing the principle of protein— dye binding.
Analytical Biochemistry 72, 218-254.

BROCARDO, P.S., PANDOLFO, P., TAKAHASHI, R.N., RODRIGUES, A.L,
DAFRE, A.L., 2005. Antioxidant defenses and lipid peroxidation in the cerebral
cortex and hippocampus following acute exposure to malathion and/or zinc

chloride. Toxicology 207, 283-291.

98



BRODEUR, J., OKLAND, F., FINSTAD, B., GEORGE DIXON, D., SCOTT
MCKINLEY, R., 2001. Effects of subchronic exposure to aluminium in acidic
water on bioenergetics of Atlantic salmon (Salmo salar). Ecotoxicol. Environ.
Saf. 49, 226-234.

BROUGHTON, R. E., MILAN, J. E., ROE, B. A. 2001. The complete sequence of
the zebrafish (Danio rerio) mitochondrial genome and evolutionary patterns in
vertebrate mitochondrial DNA. Genome Res. 11 (11), 1958-1967.

BURNSTOCK, G., CAMPBELL, G., SATCHELL, D. G.,, SMYTHE, A. 1970.
Evidence that adenosine triphosphate or a related nucleotide is the
transmittersubstance released by non-adrenergic inhibitory nerves in the gut.
Br. J. Pharmacol. 40, 668-688.

BURNSTOCK, G. 1972. Purinergic nerves. Pharmacol. Rev. 24 (3), 509-581.

BURNSTOCK, G. 1976. Purinergic Receptors. J. Theor. Biol. 62,491 — 503.

BURNSTOCK, G., 2004. Cotransmission. Current Opinion on Pharmacology 4,
47-52.

BURNSTOCK, G., 2007. Purine and pyrimidine receptors, Cell Mol. Life Sci. 64,
1471-1483.

BURNSTOCK, G., VERKHRATSKY, A., 2009. Evolutionary origins of the
purinergic signalling system. Acta Physiol. (Oxf). 195(4), 415-47.

CALVI, AM., ALLINSON, G., JONES, P., SALZMAN, S., NISHIKAWA, M.
TUROCZY, N., 2006. Trace metal concentrations in wild and cultured
Australian short-finned eel (Anguilla australis Richardson), Bull Environ Contam

Toxicol 77 (4), 590-596.

99


javascript:AL_get(this,%20'jour',%20'Cell%20Mol%20Life%20Sci.');

CARAGEORGIOU, H., TZOTZES, V., PANTOS, C., MOURQUZIS, C., ZARROS,
A., TSAKIRIS, S., 2004. In vivo and in vitro effects of cadmium on adult rat
brain total antioxidant status, acetylcholinesterase, (Na+, K+)-ATPase and
Mg2+—ATPase activities: protection by L-cysteine. Basic Clinical Pharmacology
Toxicology 94, 112-118.

CARVAN I, M. J., DALTON, T. P., STUART, G. W., NEBERT, D. W. 2000.
Transgenic zebrafish as sentinels for aquatic pollution. Ann. N. Y. Acad. Sci.
919, 133-147.

CHAKRABARTI, S., FREEDMAN, J.E., 2008. Dipyridamole, cerebrovascular
disease, and the vasculature. Vascul. Pharmacol. 48(4-6), 143-9.

CHAKRABORTY, C., H.S.U., C.H., W.E.N., Z.H, LIN, C.S., 2009. Agoramoorthy
G. Zebrafish: a complete animal model for in vivo drug discovery and
development. Curr. Drug. Metab. 10(2), 116-24.

CHAN, K.M., DELFERT, D., JUNGER, K.D., 1986. A direct colorimetric assay for
Ca2+-stimulated ATPase activity. Analytical Biochemistry 157, 375— 380.

CHEN, W.Y., JOHN, J.A.C., LIN, C.H,, LIN, H.F., WU, S.C., LIN, C.H., CHANG,
C.Y., 2004. Expression of metallothionen gene during embryonic and early
larval development in zebrafish. Aquat. Toxicol. 69(3), 215-227.

CHUNG, M.J., WALKER, P.A., BROWN, R.W., HOGSTRAND, C., 2005. ZINC-
mediated gene expression offers protection against H202-induced cytotoxicity.
Toxicology and Applied Pharmacology 205, 225-236.

CHUU, J.J., LIU, S.H., LIN-SHIAU, S.Y., 2007. DIFFERENTIAL NEUROTOXIC
EFFECTS OF METHYLMERCURY AND MERCURIC SULFIDE IN RATS.

TOXICOL LETT. 169(2). 109-20.

100



COOPER, G.P., MANALIS, R.S., 1984. Cadmium: effects on transmitter release
at the frog neuromuscular junction. European Journal of Pharmacology 99,
251-256.

COOPER, B.F., SIDERAKI, V., WILSON, D.K., DOMINGUEZ, D.Y., CLARK, S.W.,
QUIOCHO, F.A., RUDOLPH, F.B., 1997. The role of divalent cations in
structure and function of murine adenosine deaminase, Protein Sci. 6(5), 1031-
1037.

CORSI, I, BONACCI, S., SANTOVITO, G., CHIANTORE, M., CASTAGNOLO, L.,
FOCARDI, S., 2004. Cholinesterase activities in the Antarctic scallop
Adamussium colbecki: tissue expression and eVect of ZnCI2 exposure. Marine
Environmental Research 58, 401-406.

COUSIN, X., STRAHLE, U., CHATONNET, A., 2005. Are there non-catalytic
functions of acetylcholinesterases. Lessons from mutant animal models.
Bioassays 27, 189-200.

CUNHA, R.A., RIBEIRO, J.A., 2000. ATP as a presynaptic modulator. Life
Sciences 68, 119-137.

DE LA TORRE, F.R., SALIBIAN, A., FERRARI, L., 2000. Biomarkers assessment
in juvenile Cyprinus carpio exposed to waterborne cadmium. Environmental
Pollution 109, 277-282.

DELGADO, L., SCHMACHTENBERG, O. 2008. Immunohistochemical localization
of GABA, GADG5, and the receptor subunits GABAAalpha1 and GABAB1 in the
zebrafish cerebellum. Cerebellum. 7(3), 444-50.

DE SOUZA DAHM, K.C., RUCKERT, C., TONIAL, E.M., BONAN, C.D., 2006. IN

VITRO EXPOSURE OF HEAVY METALS ON NUCLEOTIDASE AND

101


http://www.ncbi.nlm.nih.gov/sites/?Db=pubmed&Cmd=Search&Term=
http://www.ncbi.nlm.nih.gov/sites/?Db=pubmed&Cmd=Search&Term=
http://www.ncbi.nlm.nih.gov/sites/?Db=pubmed&Cmd=Search&Term=
http://www.ncbi.nlm.nih.gov/sites/?Db=pubmed&Cmd=Search&Term=
http://www.ncbi.nlm.nih.gov/sites/?Db=pubmed&Cmd=Search&Term=
http://www.ncbi.nlm.nih.gov/sites/?Db=pubmed&Cmd=Search&Term=
http://www.ncbi.nlm.nih.gov/sites/?Db=pubmed&Cmd=Search&Term=
javascript:AL_get(this,%20'jour',%20'Protein%20Sci.');

CHOLINESTERASE ACTIVITIES FROM THE DIGESTIVE GLAND OF HELIX
ASPERSA. COMP. BIOCHEM. PHYSIOL. C. 143(3), 316-20.

DIAZ-HERNANDEZ, M., COX, J. A, MIGITA, K., HAINES, W., EGAN, T. M.,
VOIGT, M. M. 2002. Cloning and characterization of two novel zebrafish P2X
receptor subunits. Biochem. Biophys. Res. Com. 295 (4), 849-853.

DIDONATO, M., ZHANG, J., QUE JR., L., SARKAR, B., 2002. Zinc binding to the
NH2-terminal domain of the Wilson disease copper-transporting ATPase:
implications for in vivo metal ion-mediated regulation of ATPase activity. Journal
of Biological Chemistry 277, 13409-13414.

DIGIROLAMO, A.M., RAMIREZ-ZEA, M., 2009. ROLE OF ZINC IN MATERNAL
AND CHILD MENTAL HEALTH. AM J CLIN NUTR. 89(3), 940S-945S.

DOOLEY, K., ZON, L. I. 2000. Zebrafish: a model system for the study of human
disease. Curr. Op. Genet. Dev. 10, 252-256.

EDDINS, D., PETRO, A., WILLIAMS, P., CERUTTI, D.T., LEVIN, E.D., 2009.
Nicotine effects on learning in zebrafish: the role of dopaminergic systems.
Psychopharmacology (Berl). 202(1-3),103-9.

EDWARDS, J.G., GREIG, A., SAKATA, Y., ELKIN, D., MICHEL, W.C., 2007.
Cholinergic innervation of the zebrafish olfactory bulb. J. Comp. Neurol. 504(6),
631-45.

EGAN, T. M., COX, J. A., VOIGT, M. M. 2000. Molecular cloning and functional
characterization of the zebrafish ATP-gated ionotropic receptor P2X3 subunit.

FEBS Lett. 475, 287-290.

102



EKINO, S., SUSA, M., NINOMIYA, T., IMAMURA, K., KITAMURA, T., 2007.
Minamata disease revisited: an update on the acute and chronic manifestations
of methyl mercury poisoning. J Neurol Sci. 262(1-2), 131-44.

ELLMAN, G.L.,, COURTNEY, K.D., ANDRES JR., V., FEATHER-STONE, R.M.,
1961. A new and rapid colorimetric determination of acetylcholinesterase
activity. Biochem. Pharmacol. 7, 88-95.

EMRAN, F., RIHEL, J., DOWLING, J.E., 2008. A behavioral assay to measure
responsiveness of zebrafish to changes in light intensities. J. Vis. Exp. (20). Pii,
923.

FERRER, A. 2003. Metal poisoning. Anales Sis. San. Navarra 26 (1), 141-153.

FLATEN, T., 2001. Aluminium as a risk factor in Alzheimer's disease, with
emphasis on drinking water. Brain Res. Bull. 55, 187-196.

FOUNTAIN, M.T., HOPKIN, S.P., 2004. A comparative study of the effects of metal
contamination on Collembola in the field and in the laboratory. Ecotoxicology.
13(6), 573-87.

FREDHOLM, B. B., IRENIUS, E., KULL, B., SCHULTE, G. 2001. Comparison of
the potency of adenosine as an agonist at human adenosine receptor expressed
in Chinese hamster ovary cells. Biochem. Pharmacol. 61, 443-448.

FINN, R.N. 2007. The physiology and toxicology of salmonid eggs and larvae in
relation to water quality criteria. Aquat Toxicol. 81, 337-54.

FRANCISCATO, C., GOULART, F.R., LOVATTO, N.M., DUARTE, F.A., FLORES,
E.M., DRESSLER, V.L., PEIXOTO, N.C., PEREIRA, M.E., 2009. ZnClI(2)
exposure protects against behavioral and acetylcholinesterase changes induced

by HgClI(2). Int J Dev Neurosci. [Epub ahead of print] PubMed PMID: 19446626.

103



FRANCO, R., CANELA, E.I., BOZAL, J. 1986. Heterogeneous localization of some
purine enzymes in subcellular fractions of rat brain and cerebellum. Neurochem
Res. 11(3), 423-35.

FRANCO, R., CASADO, V., CIRUELA, F., SAURA, C., MALLOL, J., CANELA, E.I.
LLUIS, C., 1997. Cell surface adenosine deaminase: much more than an
ectoenzyme. Prog. Neurobiol. 52(4), 283-294.

FRANCO, R., VALENZUELA, A., LLUIS, C., BLANCO, J., 1998. Enzymatic and
extraenzymatic role of ecto-adenosine deaminase in lymphocytes. Immunol.
Rev. 161, 27-42.

FRANCO, R., PACHECO, R., GATELL, J.M., GALLART, T., LLUIS, C., 2007.
Enzymatic and extraenzymatic role of adenosine deaminase 1 in T-cell-dendritic
cell contacts and in alterations of the immune function. Crit. Rev. Immunol.
27(6), 495-509.

FREDHOLM, B.B., 2002. Adenosine, an endogenous distress signal, modulates
tissue damage and repair. Cell Death Differ. 14, 1315-1323.

FREDHOLM, B.B., CHEN, J.F., CUNHA, R.A., SVENNINGSSON, P., VAUGEOIS,
J.M., 2005. Adenosine and brain function. Int. Rev. Neurobiol. 63, 191-270.

FROEHLICHER, M., LIEDTKE, A., GROH, K.J., NEBUHAUSS, S.C., SEGNER, H.,
EGGEN, R.l., 2009. Zebrafish (Danio rerio) neuromast: Promising biological
endpoint linking developmental and toxicological studies. Aquat. Toxicol. In
press.

GANDHI, C.R., ROSS, D.H., 1988. Characterization of a high-affinity Mg2+-
independent Ca2+-ATPase from rat brain synaptosomal membranes. Journal of

Neurochemistry 50, 248-256.

104



GANROT, PO, 1986. Metabolism and possible health effects of aluminum. Environ
Health Perspect. 65:363-441.

GENSEMER, R.W., PLAYLE, R.C.,, 1999. The bioavailability and toxicity of
aluminium in aquatic environments. Crit. Rev. Environ. Sci. Technol. 29, 315-
340.

GERLAI, R., LAHAV, M., GUO, S., ROSENTHAL, A., 2000. Drinks like a fish:
zebra fish (Danio rerio) as a behavior genetic model to study alcohol effects.
Pharmacol. Biochem. Behav. 67, 773-782.

GERLAI R., CHATTERJEE, D., PEREIRA, T., SAWASHIMA, T., KRISHNANNAIR,
R., 2009. Acute and chronic alcohol dose: population differences in behavior
and neurochemistry of zebrafish. Genes Brain Behav. In press

GILL, T.S., TEWARI, H., PANDE, J., 1991. In vivo and in vitro effects of cadmium
on selected enzymes in different organs of the fish Barbus conchonius Ham.
(rosy barb). Comparative Biochemistry and Physiology Part C 100, 371-384.

GLICK, D., BEN-MOYAL, L., SOREQ, H., 2003. Genetic variation in
butyrylcholinesterase and the physiological consequences for
acetylcholinesterase function. Butyrylcholinesterase: Its Function and Inhibitors,
55.

GORRELL, M.D., GYSBERS, V., MCCAUGHAN, G.W. 2001. CD26: a
multifunctional integral membrane and secreted protein of activated
lymphocytes. Scand. J. Immunol. 54(3), 249-64.

GREGORY, M., JAGADEESWARAN, P. 2002. Selective labeling of zebrafish
thrombocytes: quantitation of thrombocyte function and detection during

development. Blood Cells Mol. Dis. 28 (3), 418-427.

105



GRISARU, D., STERNFELD, M., ELDOR, A., GLICK, D., SOREQ, H., 1999.
Structural roles of acetylcholinesterase variants in biology and pathology. Eur. J.
Biochem. 264(3), 672-86.

GRUNWALD, D. J., EISEN, J. S. 2002. Headwaters of the zebrafish — emergence
of a new model vertebrate. Nat. Rev. Genet. 3, 717-724.

GULYA, K., RAKONCZAY, Z., KASA, P., 1990. Cholinotoxic effects of aluminum in
rat brain. J. Neurochem. 54, 1020-1026.

GUO, S., 2004. Linking genes to brain, behavior and neurological diseases: what
can we learn from zebrafish? Genes Brain Behav. 3(2), 63-74.

GUZZI, G., LA PORTA, C.A., 2008. Molecular mechanisms triggered by mercury.
Toxicology. 244(1), 1-12.

HANDA, M., GUIDOTTI, G., 1996. Purification and cloning of a soluble ATP-
diphosphohydrolase (apyrase) from potato tubers (Solanun tuberosum).
Biochem. Biophys. Res. Commun. 218, 916-923.

HARGUS, N.J., BERTRAM, E.H., PATEL, M.K.., 2009. Adenosine A(1) receptors
presynaptically modulate excitatory synaptic input onto subiculum neurons.
Brain Res. In press

HENZ, S.L., COGNATO, G.D., VUADEN, F.C., BOGO, M.R., BONAN, C.D.,
SARKIS, J.J., 2009. Influence of antidepressant drugs on Ecto-nucleotide
pyrophosphatase/phosphodiesterases (E-NPPs) from salivary glands of rats.
Arch Oral Biol. In press.

HERNICK, M., FIERKE, C.A., 2005. Zinc hydrolases: the mechanisms of
zincdependent deacetylases. Archives of Biochemistry and Biophysics 433, 71—

84.

106



HERRERA, C., CASADO, V., CIRUELA, F., SCHOFIELD, P., MALLOL, J., LLUIS,
C., FRANCO, R. 2001. Adenosine Ags receptors behave as an alternative
anchoring protein for cell surface adenosine deaminase in lymphocytes and
cultured cells. Mol. Pharmacol. 59(1), 127-34.

HETNARSKI, B., WISNIEWSKI, H., IQBAL, K., DZIEDZIC, J., LAJTHA, A., 1980.
Central cholinergic activity in aluminum-induced neurofibrillary degeneration.
Annals of Neurology 7, 489-490.

HILL, A.J., TERAOKA, H., HEIDEMAN, W., PETERSON, R.E., 2005. Zebrafish as
a model vertebrate for investigating chemical toxicity. Toxicological Sciences 86,
6-19.

HIRSH A.J., STONEBRAKER J.R., VAN HEUSDEN C.A., LAZAROWSKI E.R.,
BOUCHER R.C., PICHER M., 2007. Adenosine deaminase 1 and concentrative
nucleoside transporters 2 and 3 regulate adenosine on the apical surface of
human airway epithelia: implications for inflammatory Ilung diseases.
Biochemistry 46(36),10373-83.

INGHAM, P.W., 2009. The power of the zebrafish for disease analysis. Hum. Mol.
Genet. 18(R1), R107-12.

IWAKI-EGAWA, S., WATANABE, Y., 2002. Characterization and purification of
adenosine deaminase 1 from human and chicken liver. Comp. Biochem.
Physiol. B. 133(2), 173-182.

JARUP, L., 2003. Hazards of heavy metal contamination. Br. Med. Bull.68, 167-82.

JONES, P.G., DUNLOP, J., 2007. Targeting the cholinergic system as a
therapeutic strategy for the treatment of pain. Neuropharmacology. 53(2), 197-

206.

107


http://www.ncbi.nlm.nih.gov/sites/?Db=pubmed&Cmd=Search&Term=
http://www.ncbi.nlm.nih.gov/sites/?Db=pubmed&Cmd=Search&Term=
javascript:AL_get(this,%20'jour',%20'Comp%20Biochem%20Physiol%20B%20Biochem%20Mol%20Biol.');
javascript:AL_get(this,%20'jour',%20'Comp%20Biochem%20Physiol%20B%20Biochem%20Mol%20Biol.');

KATO, F., KAWAMURA, M., SHIGETOMI, E., TANAKA, J., INOUE, K. 2004. ATP-
and adenosine-mediated signaling in the central nervous system: synaptic
purinoceptors: the stage for ATP to play its “dual-role”. J. Pharmacol. Sci. 94,
107-111.

KEGEL, B., BRAUN, N., HEINE, P., MALISZEWSKI, C. R., ZIMMERMANN, H.
1997. An ecto-ATPase and an Ecto-ATP diphosphohydrolase are expressed in
rat brain. Neuropharmacol. 36 (9), 1189-1200.

KIMMEL, C., WARGA, R. 1988. Cell lineage and developmental potential of cells in
the zebrafish embryos. Trends Genet. 5, 68-74.

KIMMEL, C. 1989. Genetics and early development of zebrafish. Trends Genet. 5,
283-288.

KOKEL, D., PETERSON, R.T., 2008. Chemobehavioural phenomics and
behaviour-based psychiatric drug discovery in the zebrafish. Brief Funct.
Genomic Proteomic. 7(6), 483-90.

KORBAS, M., BLECHINGER, S.R., KRONE, P.H., PICKERING, I.J., GEORGE,
G.N., 2008. Localizing organomercury uptake and accumulation in zebrafish
larvae at the tissue and cellular level. Proc. Natl. Acad. Sci. U S A. 105(34),
12108-12.

KOSTIAL, K., KELLO, D., JUGO ROBERT, I., MALYKOVIC, T. 1978. Influence of
age on metal metabolism and toxicity. Environ. Health Perspect. 25, 81-86.

KRENS, S., HE, S., SPAINK, H., SNAAR-JAGALSKA, B., 2006. Characterization
and expression patterns of the MAPK family in zebrafish. Gene Express. Patt. 6,

1019-1026.

108



KUCENAS, S., LI, Z.,, COX, J.A., EGAN, T.M., VOIGT, M.M., 2003. Molecular
characterization of the zebrafish P2X receptor subunit gene family Neuroscience
121, 935-945.

KUKULSKI, F., SEVIGNY, J., KOMOSZYNSKI, M., 2004. Comparative hydrolysis
of extracellular adenine nucleotides and adenosine in synaptic membranes
from porcine brain cortex, hippocampus, cerebellum and medulla oblongata.

Brain Res. 24, 1030(1), 49-56.

KUMAR, S., 1998. Biphasic effect of aluminium on cholinergic enzyme of rat brain.
Neurosci. lett. 248, 121-123.

KUNO, R., FERNICOLA, N. A., ROQUETTI-HUMAYTA, M. H., DE CAMPOS, A. E.
1999. Lead concentration in blood samples of humans and animals near an
industrial waste dump in Sdo Paulo, Brazil. Vet. Hum. Toxicol. 41 (4), 249-51.

LELE Z., KRONE P.H. 1996. The zebrafish as a model system in
developmental,toxicological and transgenic research. Biotech Adv 14, 57-72.

LEVIN, E. D., CHEN, E. 2004. Nicotinic involvement in memory function in
zebrafish. Neurobiol. Teratol. 26, 731-735.

LEVIN, E. D., SWAIN, H. A., DONERLY, S., LINNEY, E. 2004. Developmental
chlorpyrifos effects on hatling zebrafish swimming behavior. Neurotoxicol.
Teratol. 26, 719-723.]

LIESCHKE, G.J., CURRIE, P.D., 2007. Animal models of human disease:
zebrafish swim into view. Nat. Rev. Genet. 8(5), 353-367.

LOVELL, M.A., XIE, C., MARKESBERY, W.R., 1999. Protection against amyloid

beta peptide toxicity by zinc. Brain Research 823, 88—95.

109



LOW, S.E., KUWADA, J.Y., HUME, R.l., 2008. Amino acid variations resulting in
functional and nonfunctional zebrafish P2X(1) and P2X (5.1) receptors.
Purinergic Signal. 4(4), 383-92.

LU, Q., INOUYE, M. 1996. Adenylate kinase complements nucleoside diphosphate
kinase deficiency in nucleotide metabolism. Proc. Natl. Acad. Sci. U. S. A. 93
(12), 5720-5725.

LUCCHI, R., POLI, A., TRAVERSA, U., BARNABEI, O. 1992. Characterization of
A1 adenosine receptors in membranes from whole goldfish brain. Comp.
Biochem. Physiol. 102B, 331-336.

LUCCHI, R., POLI, A.,, TRAVERSA, U., BARNABEI, O. 1994. Functional
adenosine A1 receptors in goldfish brain: regional distribution and inhibition of
K+- evoked glutamate release from cerebellar slices. Neurosci. 58, 237-243.

MACHADO, I.C., MAIO. F.D., KIRA, C.S., CARVALHO, M.F.H. 2002. Estudo da
ocorréncia dos metais pesados Pb, Cd, Hg, Cu, Zn na ostra de mangue
Crassostrea brasiliana do estuario de Cacanéia-SP, Brasil. Ver. Int. Adolfo Lutz.
61(1), 13-18.

MAGALHAES-CARDOSO, M.T., PEREIRA, M.F., OLIVEIRA, L., RIBEIRO, J.A,,
CUNHA, R.A., CORREIA-DE-SA, P., 2003. Ecto-AMP deaminase blunts the
ATP-derived adenosine A2A receptor facilitation of acetylcholine release at rat
motor nerve endings. Journal of Physiology 549, 399—408.

MILAN, D.J., MACRAE, C.A., 2008. Zebrafish genetic models for arrhythmia. Prog.

Biophys. Mol. Biol. 98(2-3), 301-8.

110



MINAMI, A., TAKEDA, A., NISHIBABA, D., TAKEFUTA, S., OKU, N., 2001.
Cadmium toxicity in synaptic neurotransmission in the brain. Brain Research
894, 336-339.

MISSEL, J., SCHETINGER, M., GIODA, C., BOHRER, D., PACHOLSKI, I.,
ZANATTA, N., MARTINS, M., BONACORSO, H., MORSCH, V., 2005. Chelating
effect of novel pyrimidines in a model of aluminum intoxication. J. Inorg.
Biochem. 99, 1853-1857.

MOLLER-MADSEN, B. 1990. Localization of mercury in CNS of the rat. Toxicol.
Appl. Pharmacol. 103, 303-323.

MONETTE, M., MCCORMICK, S., 2008. Impacts of short-term acid and aluminum
exposure on Atlantic salmon (Salmo salar) physiology: A direct comparison of
parr and smolts. Aquat. Toxicol. 86, 216-226.

MORETTO, M.B., LERMEN, C.L., MORSCH, V.M., BOHRER, D., INEU, R.P., DA
SILVA, AC., BALZ, D., SCHETINGER, M.R., 2004. Effect of subchronic
treatment with mercury chloride on NTPDase,5-nucleotidase and
acetylcholinesterase from cerebral cortex of rats. J Trace Elem Med Biol. 17(4),
255-60.

MORTELLARO, A., HERNANDEZ, R.J., GUERRINI, M.M., CARLUCCI, F.,
TABUCCHI, A., PONZONI, M. SANVITO, F., DOGLIONI, C., DI, SERIO. C.,
BIASCO, L., FOLLENZI, A., NALDINI, L., BORDIGNON, C., RONCAROLDO,
M.G., AIUTI, A.. 2006. Ex vivo gene therapy with lentiviral vectors rescues
adenosine deaminase (ADA)-deficient mice and corrects their immune and

metabolic defects. Blood. 108(9), 2979-88.

111



MULERO, J. J., YEUNG, G., NELKEN, S. T., FORD, J. E. 1999. CD39-L4 is a
secreted human apyrase, specific for the hydrolysis of nucleoside diphosphates.
J. Biol. Chem. 274, 20064-20067.

MURAKAMI, M., HIRANO, T., 2008. Intracellular zinc homeostasis and zinc
signaling. Cancer Sci. 99(8), 1515-22.

MYERS, G., DAVIDSON, P. W., COX, C., SHAMLAYE, C., CERNICHIARI, E.,
CLARKSON, T. W. 2000. Twenty-seven years studying the human neurotoxicity
of methylmercury exposure. Environ. Res. 83, 275-285.

NARAVANENI, R., JAMIL, K., 2007. Determination of AChE levels and genotoxic
effects in farmers occupationally exposed to pesticides. Hum. Exp. Toxicol.
26(9),723-31.

NEHRU, B., BHALLA, P., GARG, A., 2006. Evidence for centrophenoxine as a
protective drug in aluminium induced behavioral and biochemical alteration in rat
brain. Mol. Cell. Biochem. 290, 33-42.

NEWMAN, M., MUSGRAVE, I|.F., LARDELLI, M., 2007 Alzheimer disease:
amyloidogenesis, the presenilins and animal models. Biochim. Biophys. Acta.
1772(3),285-97

NORTON, W. H., ROHR, K. B., BURNSTOCK, G. 2000. Embryonic expression of
a P2X3 receptor encoding gene in zebrafish. Mech. Dev. 9, 149-152.

NORTON, W.H., FOLCHERT, A., BALLY-CUIF, L., 2008. Comparative analysis of
serotonin receptor (HTR1A/HTR1B families) and transporter (slc6a4a/b) gene

expression in the zebrafish brain. J Comp Neurol. 511(4), 521-42.

112



ODENDAAL, J.P.,, REINECKE, AJ., 1999. SHORT-TERM TOXICOLOGICAL
EFFECTS OF CADMIUM ON THE WOODLOUSE, PORCELLIO LAEVIS
(CRUSTACEA, ISOPODA). ECOTOXICOL ENVIRON SAF. 43(1), 30-4.

OLIVERA-BRAVO, S., IVORRA, |., MORALES, A., 2006. Quaternary ammonium
anticholinesterases have different effects on nicotinic receptors: is there a single
binding site? J. Mol. Neurosci. 30(1-2), 205-8.

OTEIZA, P., FRAGA, C., KEEN, C., 1993. Aluminum has both oxidant and
antioxidant effects in mouse brain membranes. Arch. Biochem. Biophysi. 300,
517-521.

PATTEN, S.A., ALI, D.W., 2007. AMPA receptors associated with zebrafish
Mauthner cells switch subunits during development. J. Physiol. 581, 1043-56.
PAVLICA, S., GAUNITZ, F., GEBHARDT, R., 2009. COMPARATIVE IN VITRO
TOXICITY OF SEVEN ZINC-SALTS TOWARDS NEURONAL PC12 CELLS.

TOXICOL. IN VITRO. 23(4), 653-9.

PENG, J., XU, Z., XU, Z., PARKER, J., FRIEDLANDER, E., TANG, J., MELETHIL,
S., 1992. Aluminium-induced acute cholinergic neurotoxicity in rat. Mol. Chem.
Neuropathol. 17, 79-89.

PEPEU, G., 1972. Cholinergic neurotransmission in the central nervous system.
Arch. Int. Pharmacodyn. Ther. 196. 229-

PEPEU, G., GIOVANNINI, M., 2004. Changes in acetylcholine extracellular levels
during cognitive processes. Learn. Mem. 11, 21-27.

PLESNER, L. 1995. Ecto-ATPases: identities and functions. Int. Rev. Cytol. 158,

141-214.

113



POLI, A., LUCCHI, R., NOTARI, S., ZAMPACAVALLO, G., GANDOLFI, O.,
TRAVERSA, U. 1999. Pharmacological Characterization of adenosine A1
receptors and its functional role in Brown trout (Salmo truta) brain. Brain Res.
837, 46-54.

POLI, A., DI IORIO, P., BERAUDI, A., NOTARI, S., ZACCANTI, F., VILLANI, L.,
TRAVERSA, U. 2001. The calcium-dependent [3H] acetylcholine release from
synaptosomes of brown trout (Salmo trutta) optic tectum is inhibited by
adenosine a1 receptors: effects of enucleation on A1 receptor density and
cholinergic markers. Brain Res. 892, 78-85.

POSTLETHWAIT, J.H., WOODS, I.G., NGO-HAZELETT, P., YAN, Y.L., KELLY,
P.D., CHU, F., HUANG, H., HILL-FORCE, A., TALBOT, W.S., 2000. Zebrafish
comparative genomics and the origins of vertebrate chromosomes. Genome
Res. 10(12), 1890-902.

RAI, P.K., 2009. Seasonal monitoring of heavy metals and physicochemical
characteristics in a lentic ecosystem of subtropical industrial region, India.
Environ Monit Assess. In press.

RAJESH, R.V., BALASUBRAMANIAN, A.S., BOOPATHY, R., 2009. Evidence for
presence of Zn+2-binding site in acetylcholinesterase. Biochimie. 91(4), 526-32.

RAKONCZAY, Z., HORVATH, Z., JUHASZ, A., KALMAN, J., 2005. Peripheral
cholinergic disturbances in Alzheimer's disease. Chem. Biol. Interact. 157-
158:233-8.

RALEVIC, V., BURNSTOCK, G. 1998. Receptors for purines and pyrimidines.

Pharmacol. Rev. 50, 413-492.

114



REY, H. L., BURNSIDE, B. 1999. Adenosine stimulates cone photoreceptor myoid
elongation via an adenosine A2-like receptor. J. Neurochem. 72 (6), 2345-2355.

RICO, E.P., SENGER, M.R., FAURTH, M.G., DIAS, R.D., BOGO, M.R., BONAN,
C.D., 2003. ATP and ADP hydrolysis in brain membranes of zebrafish (Danio
rerio). Life Sciences 73, 2071-2082.

RICO, E.P., ROSEMBERG, D.B., SENGER, M.R., ARIZI, M.B., BERNARDI, G.F.,
DIAS, R.D., BOGO, M.R., BONAN, C.D., 2006. Methanol alters ecto-
nucleotidases and acetylcholinesterase in zebrafish brain. Neurotoxicol. Teratol.
28(4), 489-496.

RICO, E.P., ROSEMBERG, D.B., SENGER, M.R., DE BEM ARIZI, M., DIAS, R.D.,
SOUTO, AA., BOGO, M.R., BONAN, C.D., 2008. Ethanol and acetaldehyde
alter NTPDase and 5'-nucleotidase from zebrafish brain membranes.
Neurochem Int. 52(1-2), 290-6.

ROMANOWSKA, M., OSTROWSKA, M., KOMOSZYNSKI, M.A., 2007. Adenosine
ecto-deaminase (ecto-ADA) from porcine cerebral cortex synaptic membrane,
Brain Res. 1156, 1-8.

RONDEAU, V., JACQMIN-GADDA, H., COMMENGES, D., HELMER, C.,
DARTIGUES, J.F., 2009. Aluminum and silica in drinking water and the risk of
Alzheimer's disease or cognitive decline: findings from 15-year follow-up of the
PAQUID cohort. Am J Epidemiol. 15;169(4),489-96.

ROSATI, A. M., TRAVERSA, U., LUCCHI, R., POLI, A. 1995. Biochemical and
pharmacological evidence for the presence of A1 but not A2a adenosine
receptors in the brain of the low vertebrate teleost Carassius auratus (goldfish).

Neurochem. Int. 26 (4), 411-423.

115


http://www.ncbi.nlm.nih.gov/sites/?Db=pubmed&Cmd=Search&Term=
http://www.ncbi.nlm.nih.gov/sites/?Db=pubmed&Cmd=Search&Term=
http://www.ncbi.nlm.nih.gov/sites/?Db=pubmed&Cmd=Search&Term=
javascript:AL_get(this,%20'jour',%20'Brain%20Res.');

ROSEMBERG, D.B., RICO, E.P., GUIDOTI, M.R., DIAS, R.D., SOUZA, D.O.,
BONAN, C.D., BOGO, M.R., 2007a. Adenosine deaminase-related genes:
molecular identification, tissue expression pattern and truncated alternative
splice isoform in adult zebrafish (Danio rerio), Life Sci. 81(21-22), 1526-1534.

ROSEMBERG, D.B., RICO, E.P., SENGER, M.R., ARIZI, M.B., DIAS, R.D.,
BOGO, M.R., BONAN, C.D., 2007b. Acute and subchronic copper treatments
alter extracellular nucleotide hydrolysis in zebrafish brain membranes.
Toxicology. 236(1-2), 132-9.

ROSEMBERG, D,B,, RICO, E.P.,, SENGER, M.R., DIAS, R.D., BOGO, M.R,,
BONAN, C.D., SOUZA, D.O., 2008. Kinetic characterization of adenosine
deaminase activity in zebrafish (Danio rerio) brain. Comp. Biochem. Physiol. B.
151(1),96-101.

ROUFOGALIS, B., WICKSON, V., 1973. Acetylcholinesterase specific inactivation
of allosteric effects by a water-soluble carbodiimide. J. Biol. Chem. 248, 2254-
2256.

RUBINSTEIN, A.L., 2006. Zebrafish assays for drug toxicity screening. Expert.
Opin. Drug Metab. Toxicol. 2(2), 231-40

RUSSEK-BLUM, N., GUTNICK, A., NABEL-ROSEN, H., BLECHMAN, J.,
STAUDT, N., DORSKY, R.., HOUART, C., LEVKOWITZ, G., 2008.
Dopaminergic neuronal cluster size is determined during early forebrain
patterning. Development. 135(20), 3401-13.

SANDHIR, R., JULKA, D., GILL, K. D. 1994. Lipoperoxidative damage on lead
exposure in rat brain and its implications on membrane bound enzymes.

Pharmacol. Toxicol. 74 (2), 66-71.

116



SARKARATI, B., COKUGRAS, A., TEZCAN, E., 1999. Inhibition kinetics of human
serum butyrylcholinesterase by Cd2+, Zn2+ and Al3+: comparison of the effects
of metal ions on cholinesterases. Comp. Biochem. Physiol. Part C 122, 181-190.

SARTER, M., PARIKH, V., 2005. Choline transporters, cholinergic transmission
and cognition. Nat. Rev. Neurosci. 6(1), 48-56.

SATOH, Y., HIRASHIMA, N., TOKUMARU, H., KIRINO, Y. 1997. Activation of
adenosine A1 and A2 receptors differentially affects acetylcholine release from
electric organ synaptosomes by modulating calcium channel. Neurosci. Res. 29
(4), 325-333.

SAURA, C.A., MALLOL, J., CANELA, E.l., LLUIS, C., FRANCO, R., 1998.
Adenosine deaminase and A1 adenosine receptors internalize together following
agonist-induced receptor desensitization. J Biol Chem. 273(28),17610-7

SCHERER, U., FUCHS, S., BEHRENDT, H., HILLENBRAND, T. 2003. Emissions
of heavy metals into river basins of germany. Water Sci. Technol. 47 (7-8), 251-
7.

SCHETINGER, M.R., MORSCH, V.M., BONAN, C.D., WYSE, A.T., 2007 NTPDase
and 5'-nucleotidase activities in physiological and disease conditions: new
perspectives for human health. Biofactors. 31(2), 77-98.

SCHULZ, A., SCHONEBERG, T. 2003. The structural evolution of a P2Y-like G-
protein-coupled receptor. J. Biol. Chem. 278 (37), 35531-35541.

SHAFFERMAN, A., KRONMAN, C., FLASHNER, Y., LEITNER, M., GROSFELD,
H., ORDENTLICH, A., GOZES, Y., COHEN, S., ARIEL, N., BARAK, D., et al,,
1992. Mutagenesis of human acetylcholinesterase. ldentification of residues

involved in catalytic activity and in polypeptide folding. J. Biol. Chem. 267(25),

117



SIROIS, J.E., ATCHISON, W.D.., 1996. EFFECTS OF MERCURIALS ON
LIGAND- AND VOLTAGE-GATED ION CHANNELS: A REVIEW.
NEUROTOXICOLOGY. 17(1), 63-84.

SENGER, M.R., RICO, E.P., DIAS, R.D., BOGO, M.R., BONAN, C.D., 2004. Ecto-
5 -nucleotidase activity in brain membranes of zebrafish (Danio rerio).
Comparative Biochemistry and Physiology Part B 139, 203—-207.

SENGER, M., RICO, E., ARIZI, M., ROSEMBERG, D., DIAS, R., BOGO, M.,
BONAN, C., 2005. Carbofuran and malathion inhibit nucleotide hydrolysis in
zebrafish (Danio rerio) brain membranes. Toxicol. 212, 107-115.

SENGER, M.R., RICO, E.P., DE BEM ARIZI, M., FRAZZON, A.P., DIAS, R.D,,
BOGO, M.R., BONAN, C.D., 2006a. Exposure to Hg** and Pb®* changes
NTPDase and ecto-5'-nuclecotidase activities in central nervous system of
zebrafish (Danio rerio). Toxicology 226(2-3), 229-237.

SENGER, M., ROSEMBERG, D., RICO, E., DE BEM ARIZI, M., DIAS, R., BOGO,
M., BONAN, C., 2006b. In vitro effect of zinc and cadmium on
acetylcholinesterase and ectonucleotidase activities in zebrafish (Danio rerio)
brain. Toxicol. in Vitro 20, 954-958.

SEOK, S.H., BAEK, M.W., LEE, H.Y., KIM, D.J., NA, Y.R., NOH, K.J., PARK, S.H.,
LEE, H.K., LEE, B.H., PARK, J.H., 2008. In vivo alternative testing with
zebrafish in ecotoxicology. J. Vet. Sci. 9(4), 351-7.

SERRA, E. L., MEDALHA, C. C. MATTIOLI, R. 1999. Natural preference of
zebrafish (Danio rerio) for a dark environment. Braz. J. Med. Biol. Res. 32,

1551-1553.

118



SHCHERBATYKH, I., CARPENTER, DO., 2007.The role of metals in the etiology
of Alzheimer's disease. J Alzheimers Dis. 11(2), 191-205.

SHEN, H., CHEN, G.J., HARVEY, B.K., BICKFORD, P.C., WANG, Y., 2005.
Inosine reduces ischemic brain injury in rats. Stroke 36(3), 654-9.

SIEBENALLER, J. F., MURRAY, T. F. 1986. Phylogenetic distribution of [3H]
cyclohexyladenosine binding sites in nervous tissue. Biochem. Biophys. Res.
Commun. 137, 182-189.

SILMAN, I., SUSSMAN, J.L., 2005. Acetylcholinesterase: 'classical' and 'non-
classical'functions and pharmacology. Curr. Opin. Pharmacol.. 5(3), 293-302.
SILMAN, I., SUSSMAN, J.L., 2008. Acetylcholinesterase: how is structure related

to function? Chem Biol Interact. 175(1-3), 3-10.

SMART, T.G., HOSIE, A.M., MILLER, P.S., 2004. Zn2+ ions: modulators of
excitatory and inhibitory synaptic activity. Neuroscientist 10, 432—442.

SMITH, T. M., KIRLEY, T. L., HENNESSEY, T. M. 1997. A soluble ecto-ATPase
from Tetrahymena thermophila: purification and similarity to the membrane
bound ecto-ATPase of smooth muscle. Arch. Biochem. Biophys. 337, 351-359.

SPENCE, R., GERLACH, G., LAWRENCE, C., SMITH, C., 2008. The behaviour
and ecology of the zebrafish, Danio rerio. Biol Rev. Camb. Philos. Soc. 83(1),
13-34.

SPRAGUE J, DOERRY E, DOUGLAS S, WESTERFIELD M. 2001. The Zebrafish
Information Network (ZFIN): a resource for genetic, genomic and developmental
research. Nucleic Acids Res. 29 (1), 87-90.

SOREQ, H., SEIDMAN, S., 2001. Acetylcholinesterase-new roles for an old actor.

Nat. Rev. Neurosci 2(4), 294-302.

119



STEINBERG, C. E. W., LORENZ, R., SPIESER H. 1995. Effects of Atrazine on
Swimming Behavior of Zebrafish, Brachydanio rerio. Wat. Res. 29, 981-985.

STERN, H. M., ZON, L. I. 2003. Cancer genetics and drug discovery in the
zebrafish. Nature Rev. Cancer 3, 1-7.

SUN, W.C., CAO, Y., JIN, L, WANG, L.Z, MENG, F., ZHU, X.Z.., 2005.
Modulating effect of adenosine deaminase on function of adenosine A1
receptors. Acta Pharmacol. Sin.. 26(2), 160-5.

SUNDIN, L., NILSSON, G. E. 1996. Branchial and systemic roles of adenosine
receptors in rainbow trout: microscopic study. Am. J. Physiol. 271, 661-669.

SWAIN, H. A, SIGSTAD, C., SCALZO, F. M. 2004. Effects of dizocilpine (MK-801)
on circling behavior, swimming activity, and place preference in zebrafish (Danio
rerio). Neurotoxicol. Teratol. 26, 725-729.

TABOR, R., FRIEDRICH, R.W., 2008. Pharmacological analysis of ionotropic
glutamate receptor function in neuronal circuits of the zebrafish olfactory bulb.
PLoS ONE. 3(1), 1416.

TAKEDA, A., 2001. Zinc homeostasis and functions of zinc in the brain. Biometals
14, 343-351.

TALESA, V.N., 2001. Acetylcholinesterase in Alzheimer's disease. Mech. Ageing
Dev. 122(16), 1961-9.

TRAMS, E.G., LAUTER, C.J., 1975. Adenosine deaminase of cultured brain cells.
Biochem. J. 152(3), 681-687.

VAN DER OOST , R. BEYER, J. VERMEULEN, N.P.E. 2003 Fish bioaccumulation
and biomarkers in environmental risk assessment: a review. Environ. Toxicol.

Pharm. 13, 57.

120



VAN DER ZEE, E.A., LUITEN, P.G., 1999. Muscarinic acetylcholine receptors in
the hippocampus, neocortex and amygdala: a review of immunocytochemical
localization in relation to learning and memory. Prog Neurobiol. 58(5), 409-71.

VAN STRAALEN, N.M., VAN, MEERENDONK. J.H., 1987. Biological half-lives of
lead in Orchesella cincta (L.) (Collembola). Bull. Environ. Contam. Toxicol.
38(2), 213-9.

VASCONCELOS, E. G., FERREIRA, S. T., DE CARVALHO, T. M. U., DE SOUZA,
W., KETTLUN, A. M., MANCILLA, M., VALENZUELA, M. A., VERJOVSKI-
ALMEIDA, S. 1996. Partial Purification and immunohistochemical localization of
ATPdiphosphohydrolase from Schistosoma mansoni- immunological cross-
reactivities with potato apyrase and Toxoplasma gondii nucleoside triphosphate
hydrolase. J. Biol. Chem. 271, 22139-22145.

VASCOTTO, S. G., BECKHAM, Y., KELLY, G.M. 1997. The zebrafish swim to
fame as an experimental model in biology. Biochem. Cell. Biol. 75 (5), 479-485.
VOGEL, G. 2000. Genomics. Sanger will sequence zebrafish genome. Science

290, 1671.

WARING, C., BROWN, J., COLLINS, J., PRUNET, P., 1996. Plasma prolactin,
cortisol, and thyroid responses of the brown trout (Salmo trutta) exposed to
lethal and sublethal aluminium in acidic soft waters. Gen. Comp. Endocrinol.
102, 377-385.

WEISMAN, M.l.,, CAIOLFA, V.R., PAROLA, A.H., 1988. Adenosine deaminase-
complexing protein from bovine kidney. Isolation of two distinct subunits, J. Biol.

Chem. 263(11), 5266-5270.

121


http://www.ncbi.nlm.nih.gov/sites/?Db=pubmed&Cmd=Search&Term=
http://www.ncbi.nlm.nih.gov/sites/?Db=pubmed&Cmd=Search&Term=
http://www.ncbi.nlm.nih.gov/sites/?Db=pubmed&Cmd=Search&Term=
javascript:AL_get(this,%20'jour',%20'J%20Biol%20Chem.');
javascript:AL_get(this,%20'jour',%20'J%20Biol%20Chem.');

WESTERFIELD, M. 2000. The zebrafish Book: A guide for the laboratory use of
zebrafish (Danio rerio) (4™ ed.). Eugene.OR: University of oregon Press.

WILLIAMS, F.E., MESSER, W.S. JR. 2004. Muscarinic acetylcholine receptors in
the brain of the zebrafish (Danio rerio) measured by radioligand binding
techniques. Comp. Biochem. Physiol. C . 137(4),349-53.

XIA, J., CHEN, F., YAN, J., WANG, H., DUAN, S., HU, Z., 2009. Activity-
dependent release of adenosine inhibits the glutamatergic synaptic transmission
and plasticity in the hypothalamic hypocretin/orexin neurons. Neuroscience. In
press.

YAMASHITA, Y., OMURA, Y., OKAZAKI E. 2005. Total mercury and
methylmercury levels in commercially important fishes in Japan, Fish Sci 71 (5),
1029-1035.

YAMAZAKI, K., TERAOKA, H., DONG, W., STEGEMAN, J. J., HIRAGA. T. 2002.
cDNA cloning and Expressions of cytocrome P450 1A in zebrafish embrios. J.
Vet. Med. Sci. 64 (9), 829-833.

YEGUTKIN, G.G., 2008. Nucleotide- and nucleoside-converting ectoenzymes:
Important modulators of purinergic signalling cascade. Biochim. Biophys. Acta.

1783(5), 673-94.

ZATTA, P., IBN-LKHAYAT-IDRISSI, M., ZAMBENEDETTI, P., KILYEN, M., KISS,
T., 2002. In vivo and in vitro effects of aluminum on the activity of mouse brain
acetylcholinesterase. Brain Res. Bull. 59, 41-45.

ZATTA, P., ZAMBENEDETTI, P., BRUNA, V., FILIPPI, B., 1994. Activation of
acetylcholinesterase by aluminium (lll): the relevance of the metal species.

NeuroReport 5, 1777.

122



ZAVIALOV AV, ENGSTROM A., 2005. Human ADA2 belongs to a new family of
growth factors with adenosine deaminase activity. Biochem. J. 391(1), 51-7.
ZHANG, C., SCHMIDT, J. T. 1999. Adenosine A1 and class Il metabotropic
glutamate receptors mediate shared presynaptic inhibition of retinotectal

transmission. J. Neurophysiol. 82 (6), 2947-2955.

ZHANG, J., TAKEDA, M.. 2007. Molecular characterization of MbADGF, a novel
member of the adenosine deaminase-related growth factor in the cabbage
armyworm, Mamestra brassicae: the functional roles in the midgut cell
proliferation. Insect. Mol. Biol. 16(3), 351-60.

ZHOU, Q., ZHANG, J., FU, J., SHI, J., JIANG, G., 2008. Biomonitoring: an
appealing tool for assessment of metal pollution in the aquatic ecosystem. Anal
Chim. Acta. 606(2), 135-50.

ZIMMERMANN, H. 1992. 5-nucleotidase: molecular structure and functional
aspects. Biochem. J. 285, 345-365.

ZIMMERMANN, H. 1994. Signalling via ATP in the nervous system. Trends
Neurosci. 17, 420-426.

ZIMMERMANN, H. 1996a. Extracallular purine metabolism. Drug Dev. Res. 39,
337-352.

ZIMMERMANN, H. 1996b. Biochemistry, location and functional roles of ecto-
nucleotidases in the nervous system. Prog. Neurobiol. 49, 589-618.

ZIMMERMANN, H., BRAUN, N., KEGEL, B., HEINE, P. 1998. New insights into
molecular structure and function of ectonucleotidases in the nervous system.

Neurochem. Int. 32, 421-425.

123



ZIMMERMANN, H. 1999. Two novel families of ectonucleotidases: molecular
structures, catalytic properties and a search for function. TIPS. 20, 231-236.

ZIMMERMANN, H. 2001. Ectonucleotidases: some recent developments and a
note on nomenclature. Drug Dev. Res. 52, 44-56.

ZIMMERMANN, H., BRAUN, N. 1999. Ecto-nucleotidases: molecular structures,
catalytic properties, and functional roles in the nervous system. Prog. Brain Res.
120, 371-385.

ZIMMERMANN H., 2006. Ectonucleotidases in the nervous system. Novartis

Found. Symp. 276, 113-28

ZIMMERMAN, G., SOREQ, H., 2006. Termination and beyond:
acetylcholinesterase as a modulator of synaptic transmission. Cell Tissue Res.
326(2), 655-69.

ZIRGER, J.M., BEATTIE, C.E., MCKAY, D.B., BOYD, R.T., 2003. Cloning and
expression of zebrafish neuronal nicotinic acetylcholine receptors. Gene
Expression Patterns 3, 747-754.

ZON, L.l., PETERSON, R.T., 2005. In vivo drug discovery in the zebrafish. Nat.

Rev. Drug Discov. 4(1), 35-44.

124



[l1.4. Anexos

l11.4.1. Indice de Figuras

Parte |

Figura 1 Peixe zebra (Danio rerio)

Figura 2 Vias da sinalizagao purinérgica. Adaptado de YEGUTKIN, 2008

Figura 3 Estrutura das ectonucleotidases. Adaptado de www.crri.ca/sevigny.html

Figura 4 Degradagao de nucleotideos e nucleosideos. Adaptado de Yegutkin,
2008.

Figura 5 sinapse colinérgica. Adaptado de

http://www.chm.bris.ac.uk/webprojects2006/Macgee/Web%20Project/ach esterase

small bord.png

Parte Il

[I.1. Capitulo 1

Fig. 1: In vitro effect of varying concentrations of cadmium (A) and zinc (B) on
AChE activity in zebrafish brain. Bars represent the mean + of at least three
different experiments. The AChE control activity (without metal) was 37.97 + 3.59
and 35.21 + 1.45 pmol of ASCh released.h™.mg™ of protein for cadmium and zinc,
respectively. (ANOVA followed by a Duncan multiple range test, considering P <

0.05 as significant).

Fig. 2: In vitro effect of varying concentrations of cadmium (A) and zinc (B) on
nucleotide hydrolysis in zebrafish brain membranes. Bars represent the mean + of
at least three different experiments. The control ATPase, ADPase and AMPase
activities for cadmium were 617.1 £ 88.3; 147.9 + 5.5 and 30.5 £ 5.4 nmol Pi.min

' mg™ of protein, respectively. The control ATPase, ADPase and AMPase activities

125


http://www.crri.ca/sevigny.html
http://www.chm.bris.ac.uk/webprojects2006/Macgee/Web%20Project/ach_esterase_small_bord.png
http://www.chm.bris.ac.uk/webprojects2006/Macgee/Web%20Project/ach_esterase_small_bord.png

for zinc were 564.4 + 58.2; 147.9 + 28.21 and 24.2 + 5.2 nmol Pi.min".mg™" of
protein, respectively. * Significantly different from control group (P < 0.05) using

ANOVA followed by a Duncan multiple range test.

II. 2. Capitulo 2

Figure 1: In vivo effect of AICI; on acetylcholinesterase activity in zebrafish brain.
Data represent means + S.D. of four different experiments, performed in triplicate. *
indicates difference when compared to the control group. Data were analyzed
statistically by one-way ANOVA followed by Tukey test as post-hoc test,

considering a P<0.05 significant.

Figure 2: Acetylcholinesterase and B-actin mRNA expression in zebrafish brain.
Fish were exposed to Aluminum after 96 h of exposure at pH 5.8 and the RT-PCR
experiments were conducted. The PCR products were subjected to electrophoresis
on a 1 % agarose gel, using B-actin as constitutive gene. The figure shows a
representative gel and the AChE/B-actin mRNA ratio (expressed as arbitrary units)
obtained by optical densitometry analysis of three independent experiments, with
entirely consistent results. The data were expressed as means * S.D. and
analyzed statistically by one-way ANOVA followed by Tukey test as post-hoc test,

considering a P<0.05 significant.

Figure 3: In vitro effect of different concentrations of aluminum on
acetylcholinesterase activity in zebrafish brain. Data represent means + S.D. of
four different experiments, each one performed in duplicate. * indicates difference
when compared to the control group. Data were analyzed statistically by one-way
ANOVA followed by Tukey test as post-hoc test, considering a P<0.05 significant.

Figure 4: Effect of aluminum acid exposure (50 pg/L, during 96 h at pH 5.8) on the
swimming behavior during 5 minutes of videorecording. Figure (A) show the
number o line crossing, (B) total distance traveled, (C) maximum speed and (D)
show the absolute turn angle. Data are representative of 10 animals per group,

presented as mean x S.D. considering P<0.05 significant.
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11.3. Capitulo 3

Fig. 1: In vitro effect of toxic metals on soluble (A) and membrane-bound (B) ADA
activity from zebrafish brain. Data represent means + S.D. of at least three different
replicate experiments.The asterisk represents a significant difference from control
group (ANOVA, followed by Tukey test as post-hoc, p < 0.05).

Fig. 2: Effect of mercury chloride concentrations on soluble (A) and membrane (B)
preparations from zebrafish brain. Data represent means + S.D. of three different
replicate experiments. The asterisk represents a significant difference from control
group (ANOVA, followed by Tukey test as post-hoc, p < 0.05).

Fig. 3: Effect of DTT and EDTA on the inhibition promoted by mercury chloride on
ADA activity from soluble (A) and membrane (B) fractions of zebrafish brain. The
adenosine deamination was measured in the absence (control group) or in the
presence of 250 uM HgCl,; preincubated 5 min with DTT or EDTA (500 uM) and
after 5 min with the enzyme preparations (E) (Groups DTT + E and EDTA + E); or
preincubated 5 min with the enzyme preparations and after more 5 min with DTT or
EDTA (500 puM) (Groups E + DTT and E + EDTA). Data represents means + S.D.
of four different replicate experiments. The asterisk represents a significant
difference from control group (ANOVA, followed by Tukey test as post-hoc, p <
0.05).

Fig. 4 Effect of acute (24 h) and subchronic (96 h) mercury chloride (20 ug/L)
exposure on soluble (A) and membrane-bound (B) ADA activity from zebrafish
brain. Data represent means + S.D. of at least four different replicate experiments.
The asterisk represents a significant difference from control group (ANOVA,

followed by Tukey test as post-hoc, p < 0.05).
Fig. 5: ADA gene expression patterns after subchronic (96 h) mercury exposure

(20 pg/L). The figure shows p-actin, ADA1, ADAL, ADA2-1, and ADA2-2

expression in brain of zebrafish. The results were expressed as optical
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densitometry (O.D.) of ADA related genes versus [-actin expression. Data

represent means + S.D. of four different replicate RT-PCR experiments.
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