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RESUMO GERAL

No presente estudo, células branquiais do mexilh&o de agua doce Lasmigona costata e do
marisco de &gua salgada Mesodesma mactroides foram isoladas, fracionadas, caracterizadas e
utilizadas em ensaios toxicoldgicos com cobre (Cu). As células branquiais do mexilhdo e do
marisco foram isoladas utilizando-se dissociacdo enzimatica e mecanica do tecido,
respectivamente. Para ambas as espécies, gradiente de densidade (Percoll) foi utilizado para
separar as celulas isoladas em duas Fragdes (I e I1). A presenca de células ricas em mitocéndrias
foi caracterizada na Fracdo Il através de marcadores mitocondriais e da medida da atividade da
Na’ K*-ATPase. A possibilidade de aplicacio deste modelo biol6gico em estudos toxicoldgicos
in vitro foi avaliada através da exposicdo das células da Fracdo Il a concentracbes
ambientalmente relevantes de Cu (5, 9 e 20 pg/L) em condigdo isosmética (840 mOsmol/Kg
H,0). Para ambas as espécies, 0 Cu ndo induziu toxicidade letal, mas causou acumulacgéo celular
do metal e diminuicio do conteido de Na'. De fato, uma correlagdo negativa entre estes
parametros foi observada, sugerindo a competicdo do Cu com o Na* por sitios de ligagdo na
membrana plasmatica. Posteriormente, foi realizada a exposicdo de celulas ricas em
mitocéndrias de M. mactroides seguida da analise da viabilidade celular, do contetdo i6nico
(Na*, K*, Ca®*, Mg®* e CI) e da atividade de enzimas envolvidas na regulacdo ionica (Na*,K*-
ATPase e anidrase carbonica), nas condicdes descritas acima. Foi observada reducdo no
contetido de Na*, K* e Mg?* e inibic4o da atividade da anidrase carbdnica apés exposicao a 20 g
Cu/L, sem efeito na viabilidade celular, nos contelidos Ca** e CI" e na atividade da Na*,K*-
ATPase. Visto que a salinidade da &gua influencia a toxicidade do Cu, células ricas em
mitocondria de M. mactroides foram mantidas em condi¢do isosmética ou transferidas para
meios hiposmoticos (730 e 670 mOsmol/Kg H,O) na auséncia e na presenca de Cu. Neste caso,
foram avaliadas a viabilidade celular, o contetido de Cu e de Na*, bem como as atividades da
Na’,K*-ATPase e anidrase carbonica. Na auséncia de Cu, o choque hiposmético reduziu a
viabilidade celular e o contetido de Cu, sem alterar o contetido de Na" e a atividade das enzimas.
Na presenca de Cu, houve acimulo de Cu, reducdo do contetdo de Na* e inibicio da atividade
da anidrase carbénica em células expostas a 20 pg Cu/L em meio isosmotico. Na exposicdo em
meio hiposmético, houve acimulo de Cu e inibi¢cdo da atividade da anidrase carbdnica nas
células expostas a 9 pg Cu/L e reducio do conteido de Na* e inibicdo das atividades da Na*,K*-
ATPase e anidrase carbbnica nas células expostas a 20 pg Cu/L. Estes resultados indicam a
viabilidade das técnicas empregadas para isolamento e fracionamento de células ricas em
mitocéndria de branquias de L. costata e M. mactroides, bem como o uso destas células em
testes toxicoldgicos visando a compreensdo do mecanismo de toxicidade do Cu em ambientes
dulcicolas e marinhos. Além disso, indicam que o Cu é um toxico ionorregulatério em bivalves
de agua doce e marinha e que ndo somente a quimica da agua, mas também a fisiologia do
animal é importante para previsao da toxicidade do Cu. Neste contexto, os resultados do presente
estudo apontam a atividade da anidrase carbénica de células branquiais ricas em mitocondrias de
bivalves como um potencial biomarcador da exposi¢do ao Cu em ambientes aquaticos.
Palavras-chave: branquia, cobre, célula isolada, ionorregulacdo, marisco, mexilhdo, salinidade



ABSTRACT

In the present study, gills cells from the freshwater mussel Lasmigona costata and the
seawater clam Mesodesma mactroides were isolated, fractionated, characterized and employed in
toxicological assays with copper (Cu). Mussel and clam gill cells were isolated employing
enzymatic and mechanical dissociation, respectively. For both species, density gradient (Percoll)
was employed to separate isolated cells into two Fractions (I e I1). The presence of cells rich in
mitochondria was characterized in the Fraction Il through mitochondrial dyes and Na* K-
ATPase activity measurement. The possible application of this biological model in in vitro
toxicological studies was evaluated exposing cells of Fraction Il to environmental relevant Cu
concentrations (5, 9 and 20 pg/L) in isosmotic medium (840 mOsmol/Kg H,0). For both species,
Cu exposure did not induce lethal toxicity, but caused cellular accumulation of Cu and reduction
in Na* content. A negative correlation between these parameters was observed, suggesting a
competition between Cu a Na’ for binding sites on the plasma membrane. Following this
experiment, cells rich in mitochondria isolated from gills of M. mactroides were exposed to Cu
under the experimental conditions described above and cellular viability, ionic content (Na*, K*,
Ca®*, Mg®* and CI"), and the activity of enzymes involved in ionic regulation (Na*,K*-ATPase
and carbonic anhydrase) were analyzed. Reduced Na*, K* and Mg?* content and inhibition of
carbonic anhydrase activity was observed in cells exposed to 20 pg Cu/L, without changes in cell
viability, Ca?* and CI contents, and Na*K'-ATPase activity. Because water salinity can
influence Cu toxicity, cells rich in mitochondria of M. mactroides were maintained in isosmotic
medium or transferred to hypoosmotic media (730 e 670 mOsmol/Kg H,0) for 3 h, in the
absence or the presence of Cu. In this case, cell viability, Cu and Na* contents, and enzyme
activity (Na*,K*-ATPase and carbonic anhydrase) were analyzed. In the absence of Cu, the
hypoosmotic shock reduced cell viability and Cu content, without effects on Na* content and
enzymes activities. In the presence of Cu, there was Cu accumulation, reduction in Na* content
and inhibition of the carbonic anhydrase activity in cells exposed to 20 pug Cu/L in isosmotic
medium. In the hypoosmotic media, there were Cu accumulation and inhibition of the carbonic
anhydrase activity in cells exposed to 9 pg Cu/L and decrease in Na* content and inhibition of
the activity of both Na",K*-ATPase and carbonic anhydrase in cells exposed to 20 pg Cu/L.
These findings indicate the viability of techniques employed to isolate and fractionate cells rich
in mitochondria from gills of L. costata and M. mactroides, as well as their use in toxicological
assays aiming to understand the mechanism of Cu toxicity in freshwater and seawater
environments. Also, they indicate that Cu is an ionoregulatory toxicant in freshwater and
seawater bivalves and suggest that not only the water chemistry, but animals physiology is
important in predicting Cu toxicity. In this context, results from the present study point out the
carbonic anhydrase activity of gill cells rich in mitochondria from bivalves as a potential
biomarker of Cu exposure in aquatic environments.

Keywords: clam, copper, gills, isolated cell, ionoregulation, mussel, salinity



INTRODUCAO

Bivalves e seu uso em ecotoxicologia

Pertencente ao filo Mollusca, os bivalves sdo um grupo de animais que tém como
caracteristica exclusiva a presenca de duas conchas carbonadas. Essas conchas sdo formadas por
duas valvas que protegem os tecidos moles destes animais. Por filtracdo, os bivalves alimentam-
se de material em suspensdo na agua através de estruturas chamadas sifdes inalantes e exalantes.
Exclusivamente aquéticos, esses animais sdo bentbnicos e podem ser encontrados em ambientes
de agua salgada, doce ou salobra (Rupert e Barnes, 1996).

O sucesso evolutivo destes animais nos diferentes ambientes aquaticos se deve ao fato da
presenca de diferentes padrGes osmorregulatérios. Os bivalves marinhos sdo
osmoconformadores, ou seja, alteram a concentracdo osmotica de seus fluidos corporeos e
tornam-se isosmoéticos em relacdo ao meio (Gilles, 1979; Zanotto e Wheatly, 2006),
apresentando alto grau de tolerancia osmotica celular (Randall et al., 2000). No entanto,
osmoconformadores com tolerancia baixa a variagdo de salinidade externa sdo chamados
estenoalinos, e espécies com uma alto grau de tolerancia a salinidade sdo chamados eurialinos
(Evans, 2008). Eurialinidade portanto, é uma caracteristica necessaria a animais estuarinos ou
aqueles que pertecem a a zona costeira onde as flutuacGes de salinidade ocorrem de forma
natural. J& animais de agua doce possuem a capacidade de manter a concentracdo osmética de
seus fluidos corporeos estaveis até niveis semelhantes ao do ambiente, a partir disso, estes
animais passam a se comportar de forma osmoconformadora.

Apesar dos diferentes padrées osmorregulatérios observados nestes animais, suas células
branquiais usam estratégias osmorregulatorias que preservam seu volume e a concentragédo de

eletrolitos durante essas possiveis variagdes da salinidade. Estas respostam ocorrem através da



regulacdo adaptativa de permeabilidade a agua e aos ions, bem como regulagdo de osmdlitos
organicos (Kultz, 2001; Marshall e Grosell, 2005). Células expostas a um aumento da
concentracdo osmotica do meio diminuiem seu volume celular e, para que o volume celular seja
restaurado ocorre um aumento da concentracdo de osmolitos citoplasmaticos. No entanto,
quando estas mesmas células sdo expostas a ambientes de menor osmolaridade ocorre um
aumento do seu volume celular devido ao influxo de &gua. Nesse caso, 0 mecanimos para
reducdo osmotica intracelular é a liberacdo de osmolitos para o fluido extracelular (Smith e
Pierce, 1987; Quinn e Pierce, 1992). A auséncia destas estratégias poderia resultar em problemas
no funcionamento celular através das alteracdes no gradiente de difucdo de &gua e ions na
membrana celular em fungdo das mudancas osmoticas do fluido extracelular.

Além de afetar a regulacdo idnica e osmdética em animais aquaticos, a variacdo na
osmolaridade externa pode alterar também a sensibilidade dos organismos a exposi¢cdo a
metais. Isto se da em funcdo da influéncia da quantidade de ions na &gua nos fenémenos de
complexagdo com o metal, bem como especiagdo. Assim, considerando somente o efeito da
quimica da &gua, € esperado que metais sejam menos tdxicos aos organismos em agua salgada.
Isto se da pelo aumento da complexacdo do metal com os &nions presentes em grande quantidade
na agua, especialmente o CI°, bem como a maior competicao entre o metal e os cations presentes
em maiores concentracdes na agua pelos sitios de ligacdo na membrana das células branquiais

(Paquin et. al., 2002).

Efeitos do cobre sobre a regulagéo idnica celular
Os metais sdo constituintes naturais no ecossistema marinho e de agua doce, sendo

introduzidos no ambiente através de processos geoquimicos (Santore et al., 2000) . Entretanto, as
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atividades humanas tem alterado de forma significativa os ciclos biogeoquimicos naturais destes
elementos, que sdo estaveis e persistentes. O cobre, por exemplo, tem sua ocorréncia considerada
como um fenémeno natural, pois grande porcentagem do total anual lancado nos oceanos é
resultado de processos de intemperismo (Pedroso e Lima, 2001). Nos ambientes aquaticos, este
metal pode se encontrar na forma sollvel, associado a particulas sedimentares ou ainda em
suspensdo na agua. A captacdo, distribuicdo e disposi¢do desses metais nos organismos sdo
tipicamente governadas por processos bioquimicos especificos (Nordberg et al., 2007).

Os efeitos bioldgicos relacionados a exposicao ao cobre estdo associados as propriedades
quimicas dos metais, tais como sua alta afinidade por grupos sulfidrilas (-SH) (Webb, 1979) e
grupos imidazolicos, provenientes de acidos nucléicos, substratos e metabdlicos (afinidade ao S
> N > O) (Freeman, 1973). Este metal é o (nico elemento que passa do estado oxidado (Cu?*) a
um estado reduzido (Cu®) em ambiente celular, mudando significativamente sua afinidade pelos
grupos —SH, sendo esta menor apenas que a do mercurio (Hg** > Cu* > Cd** > Cu** > zn%)
(Viarengo et al., 2002).

Nos bivalves, a captacdo de cobre pode ocorrer de varias maneiras, através das
membranas celulares por meio da camada externa epitelial das branquias, bem como de outros
6rgdos localizados na cavidade paleal, tais como 0 manto, as gbnadas e a glandula digestiva (Le
Pennec e Le Pennec, 2001). Durante a interacdo do cobre com quaisquer destes tecidos, ocorre a
sua reducdo para Cu®, mesmo que no ambiente aquético ele esteja predominantemente sob a
forma de ion bivalente. A capacidade do cobre em ser transferido através da membrana celular é
claramente um dos fatores principais na sua toxicidade, uma vez que este metal pode afetar a
regulacéo idnica através da competicdo com cétions presentes na agua, tais como Na*, K* e Ca?",

por sitios de ligacdo na membrana plasmatica das células branquiais (Bianchini e Wood, 2002;
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Grosell et al. 2002; Paquin et al., 2002; Jorge et al., 2012). Consequentemente, qualquer
disturbio na regulagdo da concentragdo desses cations interfere no metabolismo e funcéo
celular (Kiltz, 2001). De fato, o metabolismo celular, durante o curso da evolugdo, foi
adaptado para a manutencéo das concentragBes intracelulares de ions, particularmente K*, Na*,
Mg®*, Ca** e Zn**, bem como de outros eletrélitos que definem a forca idnica intracelular,
dentro de limites adequados.

Além do efeito gerado pela competigdo idnica por ligantes da membrana celular, o cobre
pode afetar a atividade de enzimas relacionadas ao transporte idnico, tais como Na*,K*-ATPase e
anidrase carbénica, devido sua afinidade por grupos tidis. Em alguns estudos, o mecanismo de
toxicidade do metal tem sido relatado estar relacionado & uma insuficiéncia osmorregulatoria
associada a inibicdo de algumas ATPases branquiais (McGeer e Wood, 1998). Assim, Stagg e
colaboradores (1992) sugeriram a avaliagdo da atividade de ATPases como um sinal de alerta de
danos osmorregulatorios e do sistema acido-base celular causados por poluentes, como 0s
metais.

Estudos com andlise da atividade da Na*,K'-ATPase em branquias de peixes de agua
doce sugerem que o cobre pode afetar a atividade enzimatica por ligar-se aos grupos tidis
encontrados nas subunidades protéicas, bem como pela inibicdo estequiométrica dos sitios de
ligacdo do Mg?*, através da substituicdo do fon pelo metal (Li et al. 1998; Handy et al. 2002),
sendo relacionado a um efeito indireto no distdrbrio na regulagio de Na" (Blanchard e Grosell,
2006). No entanto, este mesmo efeito ndo foi observado em peixes de agua salgada, ocorrendo
uma alteracio na captagdo de Na* porém sem alteragdo na atividade da Na*,K*-ATPase (Grosell
et al., 2003, 2004; Blanchard e Grosell, 2006). Em virtude dessa alteracdo néo estar relacionada a

mudancas na atividade da Na*,K*-ATPase, alguns estudos relacionam a atividade da anidrase
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carbbnica. Tem sido relatado que varios metais pesados inibem a atividade da anidrase carb6nica
in vitro em uma grande diversidade de organismos, tais como peixes, caranguejos, anémonas,
corais e também os bivalves (Gilbert e Guzman, 2001; Lopes et al., 2011a; Jorge, 2012).

A inibicdo da atividade da anidrase carbonica se mostra tempo-dependente, sendo
necessario pelo menos 10 min de exposi¢do para a isoforma citosélica e 30 min para a isoforma
presente na membrana plasmética. A isoforma de membrana possui sua atividade inibida através
do sequestro do metal via componentes lipidicos localizados na membrana celular, porém é
necessaria uma alta concentracdo de cobre para que a inibicdo seja observada (Lioneto et al.,
2012).

Nas brénquias de animais aquaticos, o efeito da inibi¢do desta enzima pode interferir em
diversas funcbes fisioldgicas, tais como nas trocas gasosas, no balanco acido-base, na
osmoregulacdo e na excrecao de amonia (Grosell et al., 2003, 2004, Zimmer et al., 2012).

A captacdo de Na* em alguns animais aquaticos ocorre através da membrana apical branquial
pela troca direta de H* via trocador Na'/H*. O fato de a anidrase carbOnica promover a
hidratacdo do CO e liberar substrato tanto para o trocador Na*/H® quanto para o trocador
CI/HCO?®, faz com que a mesma seja relacionada & captacdo de Na*. Na truta arco-iris exposta
in vivo ao cobre houve uma reducdo da captagdo tanto de Na* quanto de CI" em paralelo & uma
inibicdo da atividade da anidrase carbonica branquial (Morgan et al., 2004). Nos caranguejos
eurialinos Neohelice granulata, Callinectes sapidus e Carcinus maenas, a atividade da anidrase
carbbnica branquial também foi inibida ap0s exposicdo in vitro. A exposicao a diversos metais
demonstrou que o cobre é mais potente inibidor da atividade desta enzima, seguido pelo zinco e

cadmio (Vitale et al., 1999; Skaggs et al., 2002).
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Ja em mexilhdes, acredita-se que a sensibilidade da anidrase carbdnica é tecido-especifica
(Jernelov et al., 1996; Soto et al., 2000; Caricato et al., 2010; Jorge, 2012). Devido a grande
aplicacéo de bivalves no monitoramente da qualidade ambiental, a determinacgdo da sensibilidade
da anidrase carbonica a metais pesados representa um importante passo na aplicacdo futura de
variagcOes na atividade desta enzima como biomarcador de exposicdo a metais pesados no

organismo sentinela (Lionetto et al., 2012).

O estudo toxicoldgico in vitro

Para a avaliacdo dos impactos da poluicdo sobre os animais aquaticos que vivem em
ecossistemas costeiros, estuarinos e de agua doce existe um consideravel interesse no
desenvolvimento de modelos in vitro. Células oriundas de vérios tipos de cultura, bem como
aquelas obtidas a partir da dissociacdo de tecidos de bivalves adultos, tem sido utilizadas em
estudos ecotoxicologicos e podem ser obtidas a a partir da glandula digestiva (Lowe e Pipe,
1994; Birmelin e Pipe, 1999; Le Pennec e Le Pennec, 2001) ou da hemolinfa (Cajaraville et al.,
1996; Venier et al., 1997; Olabarrieta et al., 2001; Gomez- Mendikute et al., 2002; Gdémez-
Mendikute e Cajaraville, 2003).

De forma semelhante, as células branquiais de bivalves sdo considerados bons modelos
para estudos ecotoxicolégicos, ja que as branquias sdo o primeiro alvo e local de captacdo para
muitos téxicos no ambiente aquatico e, assim, suas células sdo frequentemente afetadas pela
exposicdo a poluentes (Bigas et al., 2001). Este tecido possui diversas funcdes fisioldgicas,
incluindo respiracdo, excregdo, balanco acido-base, regulacdo idnica e transferéncia de solutos,
sendo considerado como um 6rgdo fundamental para manutencdo da homeostase do meio

extracelular (Péqueux, 1995; Goss et al., 2001).
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Por exemplo, experimentos in vivo e in vitro com branquias do mexilhdo marinho Mytilus
galloprovincialis demonstraram que estes animais possuem 58% de células epiteliais ciliadas,
sendo o restante composto por células ndo ciliadas. Neste caso, 0s mucdécitos corresponderam a
2,3% e 0s hemdcitos 4,3% do total de células isoladas (Gomez-Mendikute et al., 2005). Por sua
vez, os bivalves de agua doce Pyganodon cataracta, Utterbackia imbecillis e Ligumia substrata
(Familia Unionidae) também foram analisados morfologicamente, tendo sido observada uma
grande diversidade nos tipos celulares branquiais, incluindo aquelas ricas em mitocondrias (Kays
et al., 1990; Schwartz e Dimock, 2001). Nestes trabalhos, as células ricas em mitocdndrias foram
designadas por participarem ativamente do transporte de soluto e da captacdo ionica.

Além da identificagdo destas células em alguns bivalves de 4gua doce, sabe-se que em
crustaceos decapodas estas células estdo presente independente do padrdo osmorregulatorio
osmoconformador (ambiente marinho) ou hiper-reguladores (ambiente de dgua doce ou salobra).
Nestes animais, estas células possuem invaginagGes basais com grandes quantidades de
mitocdndria, além de varios canais i6nicos, transportadores, trocadores e bombas, sugerindo que
estes estdo inseridos diferencialmente entre as membranas apical e basolateral da célula
branquial, agindo assim em série e dirigindo o transporte de Na* e CI” para a hemolinfa (Martelo
e Zanders, 1986; Taylor e Taylor, 1992; Kirschner, 2004; Freire et al., 2008).

No entanto, as células ricas em mitocéndrias foram primeiramente descritas em branquias
de peixes ha mais de 30 anos (Hwang e Hirano, 1985). Desde esta época, as células sao
conhecidas por participarem ativamente dos processos de osmorregulacdo e entdo foram
formalmente conhecidas como células de cloreto ou iondcitos. Por serem amplamente estudadas

neste grupo de animais, as celulas ricas em mitocondrias tem reconhecido papel na absorcao
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(animais de &gua doce) ou secrecdo (animais de dgua salgada) ativa de ions, bem como na
regulacdo acido-base e de excrecdo de amoénia (Hwang e Lee, 2007; Evans, 2008; Hwang, 2009).

Atualmente, somente nos diferentes grupos de animais, é reconhecida uma
heterogeneidade de subtipos de células branquiais ricas em mitocondrias com distintas fungdes
na ionorregulacdo. Em peixes teledsteos de agua doce Oryzias dancena, por exemplo, tiveram
seu epitélio branquial descrito e dois diferentes tipos de células ricas em mitocondria (MRC)
foram identificadas. O primeiro tipo de MRC foi descrito como sendo responsavel pela captagdo
de Na*, devido a presenca do trocador Na*/H" na membrana apical, e 0 segundo tipo celular por
possuir em sua membrana apical o trocador Na*/2CI", responsavel pela captacio de Na* e CI’
(Kang et al., 2013). J& na truta arco-iris Oncorhynchus mykiss, as células do epitélio branquial
foram isoladas e diferenciadas em células pavimentosas e células ricas em mitocondrias, sendo
estas Ultimas caracterizadas como sendo positivas & reagdo com “lectin agglutinin” (PNA+MRC)
ou negativas a reagdo com “lectin agglutinin” (PNA-MRC). Diferentes componentes associados
ao transporte ionico estdo presentes nestes diferentes subtipos celulares. Experimentos in vitro
demonstraram que as células PNA-MRC sdo responsaveis pela captagdo de Na*, enquanto que as
PNA+MRC estdo envolvidas na captacdo de Ca®* (Reid et al., 2003; Galvez et al., 2006; Goss et
al., 2011).

Dessa forma, a participacdo ativa das células ricas em mitocondrias na regulacdo i6nica
em nivel do epitélio branquial nos diferentes grupos animais faz com que essas células sejam
foco de interesse de estudos, tanto em animais de 4gua doce quanto de agua salgada (Lee et al.,
1996; Chang et al., 2001; Goss et al., 2001; Galvez et al., 2002; Reid et al., 2003; Galvez et al.,
2006; Hiroi e McCormick, 2007). No entanto, quando relaciona-se metal e exposicéo in vitro de

células ricas em mitocondrias isoladas, somente reporta-se um trabalho com a truta arco-iris
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Oncorhynchus mykiss. Goss et al. (2011) demonstrou o efeito da exposi¢do ao cobre, cadmio e
prata na captacdo de Na* em células branquiais ricas em miténdrias isoladas (PNA+ e PNA-),

bem como sobre a atividade da Na*,K"-ATPase.

Bivalves em estudo
1. Mexilhdo de &gua doce Lasmigona costata

O mexilhdo de agua doce Lasmigona costata (Rafinesque, 1820) é pertencente a familia
Unionidae. Os animais adultos desta familia podem medir entre 4 e 30 cm, no entanto a espécie
em estudo possui um tamanho médio de 10,4 cm. Estes animais sdo encontrados em areas de
fluxo lento a moderado em rios de grande e médio porte que apresentam sedimento arenoso,
lamoso ou composto de cascalho fino. Estes mexilhdes sdo planctivoros e também podem servir
de alimento para peixes e outros predadores (Willians et al., 1993).

A maior diversidade desses animais da familia Unionidae estd localizada nos Estados
Unidos e Canada, no entanto esses os mexilhdes de 4gua doce veém sofrendo um grande declinio
com relagdo ao nimero de individuos e também espécies. Esse declinio é em fungdo da alta
sensibilidade destes animais, principalmente suas larvas, a alguns contaminantes ambientais
advindos das atividades antropogénicas (Cope et al., 2008; Gillis, 2011).

O desenvolvimento larval destes mexilhdes pertencentes a familia Unionidae ocorre pela
fertilizacdo dos ovos que sdo mantidos dentro das branquias das fémeas, chamadas de marsupio.
Ap0s alguns dias, as larvas, denominadas glochidias, séo liberadas na &gua e podem permanecer
semanas no ambiente aquatico até infestarem as branquias de peixes especificos e desenvolver

seu estagio parasitario até se tornar juvenil (Cope et al., 2008). Em fémeas gravidas as células
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branquiais ricas em mitocondrias foram identificadas microscopicamente e, atribuiu-se a funcéo

no transporte ativo de membrana para dentro e fora do marsupio (Schwartz e Dimock, 2001).

2. Marisco de 4gua salgada Mesodesma mactroides

Pertencente a familia Mesodesmatidae, o marisco branco ou sernambi, Mesodesma
mactroides, esta distribuido desde o Rio de Janeiro, no Brasil, até a Bahia Blanca, na Argentina
(Rios, 1994). Nesta espécie, o individuo adulto é considerado aquele com mais de 4,3 cm de
comprimento. As praias favoraveis ao desenvolvimento desta espécie de marisco ndo apresentam
substrato lodoso ou com alta porcentagem de fragmentos de rocha, sendo encontrados na zona de
varredura das praias. Esta espécie possui, na maior parte do seu tempo, um habito alimentar
suspensivoro. Entretanto, quando ha escassez de alimento em suspenséo na coluna da agua, este
passa a se alimentar de detritos contidos no sedimento (Defeo e Scarabino, 1990).

A presenca de cursos de agua doce é um dos fatores que influenciam na distribuicéo
destes animais, pois mesmos eurialianos esse animais tém baixa toleréncia a salidade (entre 15 e
35). Além deste fator, a morfologia da praia, a composi¢do do substrato e superexploracédo sdo
fatores que também afetam sua presenca na praia (Olivier et al., 1971; Bastida et al., 1991; Defeo
etal., 1992).

Assim como todos bivalves, estes animais séo considerados bons bioindicadores
biol6gicos pois metais pesados e outras substancias nocivas aos seres vivos ficam incorporados

aos seus tecidos (Mansur et al., 1994; Gil e Thome, 1998).
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OBJETIVOS

Objetivo geral

O presente estudo teve como objetivo geral a obtencdo de células branquiais ricas em
mitocondrias do mexilhdo de &gua doce Lasmigona costata e do marisco de agua salgada
Mesodesma mactroides e avaliacdo da viabilidade do uso destas células em estudos toxicolégicos

in vitro com o cobre em diferentes condi¢des osmoticas.

Obijetivos especificos

- Isolar as células branquiais do marisco de dgua salgada Mesodesma mactroides e mexilhdo de
agua salgada Lasmigona costata e separar o pool total de células em duas distintas fracoes;

- Identificar as distintas fracdes celulares obtidas do marisco de 4gua salgada M. mactroides e do
mexilhdo de dgua doce L. costata através da aplicacdo da identificacdo de mitocdndrias e anélise
da atividade da Na",K*-ATPase;

- Avaliar a toxicidade e o contetdo de cobre em células branquiais ricas em mitocondria isoladas
do M. mactroides e do L. costata apds exposicdo a 5, 9 e 20 ug Cu/L;

- Avaliar o efeito do cobre sobre o contetido de Na*, Ca**, K* ,Mg** e CI em células isoladas
ricas em mitocondrias do M. mactroides;

- Avaliar o efeito do cobre sobre a atividade da Na*,K*-ATPase e anidrase carbonica em células
isoladas ricas em mitocondrias do M. mactroides;

- Avaliar o efeito do cobre associado ao choque hiposmético sobre o contetdo de Na* e cobre,
bem como a atividade enzimatica da Na*,K*-ATPase e anidrase carbonica em células ricas em

mitocondrias isoladas do M. mactroides.

19



I. ARTIGO CIENTIFICO

O primeiro manuscrito desta tese foi submetido para a revista Cytotechnology. As normas

da revista para submisséo encontra-se no ANEXO 1.
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ABSTRACT

Gills cells of the freshwater mussel Lasmigona costata and the seawater clam Mesodesma
mactroides were isolated (mussel: chemical dissociation; clam: mechanical dissociation) and
fractionated (Percoll gradient) into Fractions I and Il. Mitochondrial dyes (DASPEI: mussel;
MitoTracker™: clam) and Na*,K*-ATPase activity measurement were used to distinguish between
cells of Fractions I and 11. For mussel and clam, 80.5 + 1.5% and 48.3 + 3.2% of cells were in
Fraction 11, respectively. For both species, cells of Fraction Il had higher fluorescence emission
and higher enzyme activity than those of Fraction I, being characterized as ‘cells rich in
mitochondria’. Cells of Fraction II were kept under control condition (no Cu addition) or
exposed (3 h) to copper (Cu: 5, 10 and 20 pg Cu/L). Cell viability and Cu and Na* content were
measured. For both species, Cu content was higher and Na* content was lower in cells exposed
to 20 pg Cu/L. Furthermore, a strong negative correlation was observed between cell Na* and Cu
content in the two bivalve species, indicating a possible competition between Cu and Na™ for
ion-transporting mechanisms or binding sites at gill cells of Fraction Il. Considering that Cu is an
ionoregulatory toxicant in aquatic invertebrates, our data support the idea of using isolated gill
cells rich in mitochondria to study the mechanisms underlying the acute toxicity of waterborne

Cu in freshwater and marine bivalves.

Keywords: bioaccumulation, clam, copper, gills, isolated cells, mussel
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INTRODUCTION

In vitro studies in bivalves have been largely performed with digestive glands, mantle,
haemocytes and gills (Le Pennec and Le Penec 2001; Chelomin et al. 2005; Lopes et al.
2011a,b). However, studies involving the identification of cells present in these tissues are
generally scarce. Scarce studies examined the gill tissue and analysed the cells of freshwater
mussels, Pyganodon cataracta, Utterbackia imbecillis and Ligumia substrata (Unionid mussels),
and reported different cellular types, including the cells rich in mitochondria’, which play a
significant role in active solute transport into and out of the gill cells and uptake of ions (Kays et
al. 1990; Schwartz and Dimock, 2001). In vivo and in vitro gill epithelium analyses were also
performed in the seawater mussel Mytilus galloprovincialis (Gomez-Mendikute et al. 2005).
Findings reported the presence of ciliated (58%) and non-ciliated (42%) cells, including
epithelial cells and haemocytes. Mucocytes and haemocytes corresponded to 2.3 and 4.3%,
respectively.

Although morphological studies in bivalves describe the gill epithelium as being
heterogeneous, the specific types of cells and their physiological functions are still unknown.
Moreover, there is considerable interest in the development of in vitro models due to the action
of aquatic pollutants in cell membranes via the outer epithelial layer of the gills, as well as other
organs located in the paleal cavity, and the consequent toxicity to cells (Bigas et al. 2001; Le
Pennec and Le Pennec 2001; Lopes et al., 2011a,b). Therefore, the first goal of the present study
was to isolate and fractionate cells from the gills of the freshwater mussel Lasmigona costata and
seawater clam Mesodesma mactroides. Fractionation was performed using discontinuous Percoll
gradient and confirmed by fluorescence microscopy using specific mitochondrial dyes and
Na’ K*-ATPase activity measurement, as earlier applied for teleost fish (Fletcher et al. 2000;
Kelly et al. 2000; Wong and Chan 2001; Tse et al. 2006). Two distinct fractions were identified,
one of which (Fraction 11) was rich in mitochondria and Na*,K*-ATPase activity.

In teleost fish, separation of different isolated cell types has been useful for biochemical
and cytological analyses, e.g. functional characterization of cell membrane transporters related to
Na" uptake (Goss et al., 2001; Galvez et al., 2002; Reid et al., 2003), and particularly in
analyzing the ionoregulatory disrupting effects of metals such as Cu (Goss et al., 2011). Cu is

now generally recognized to be an ionoregulatory toxicant in aquatic invertebrates (Pinho et al.,
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2007; Lopes et al., 2011a,b) as well as in fish. Therefore, we exposed gill cells of Fraction Il
isolated from the freshwater mussel L. costata and the seawater clam M. mactroides to three
environmentally relevant concentrations of copper (Cu) (5, 9 and 20 pg Cu/L) for 3 h and
analysed the cellular content of both Cu and Na*. Results obtained were compared between
species and the methodology used to obtain gill cells of bivalves for in vitro toxicological studies

was evaluated.

MATERIAL AND METHODS

Experimental animals

Wild adults of the fluted-shell mussel L. costata (Rafinesque, 1820) were collected from
a reference site in the Grand River (southern Ontario, Canada). In turn, adults of the yellow clam
M. mactroides (Deshayes, 1854) were collected from a reference site at the Mar Grosso beach
(southern Rio Grande do Sul, Brazil). Both species were acclimated to laboratory conditions for
at least 1 week prior to experimentation. Mussels were held in aerated reconstituted moderately-
hard water (composition in mM: 2.28 NaHCO3, 0.78 CaSO4 H,0, 1 MgSO,, 0.1 KCI; pH 7.8-
8.0; ASTM 2006) under a 16h:8h light:dark cycle at 14°C. The water was renewed once a week
when the mussels were fed with a commercial shellfish diet (Instant Algae Shellfish Diet 1800°,
Richmond Hill, Ontario, Canada) at the rate of approximately 1.2x10'° algal cells per mussel.
Clams were held in natural filtered (45 um-mesh filter) sea water (salinity 30 ppt) continuously
aerated and in the absence of sediment. Room temperature (20°C) and photoperiod (12L:12D)
were fixed. The acclimation medium was renewed three times a week, when clams were

fed with the diatom Thalassiosira weissflogii approximately 2x107 cells per clam.

Cell isolation

Initially, cell isolation from the gill epithelium of the mussel L. costata was performed
using mechanical dissociation as this approach was thought to be less aggressive. However, the
maintenance of small pieces of gill tissue in freshwater phosphate buffer solution (PBS) for 40

min caused massive cell death (data not shown). Therefore, we subsequently employed
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enzymatic dissociation as described by Quinn et al. (2009) with modifications. Briefly, gill tissue
from two mussels were dissected, pooled, and held in calcium-free phosphate buffer solution
(freshwater PBS; composition in mM: 9 NaCl, 5 NaHCOs3, 0.5 KCI, 5 Na,PO4; pH 7.6; 20°C) for
10 min to remove the excess mucus. Tissues were sliced into small pieces and incubated (120
rotations per minute) with pronase from Streptomyces griseus (0.025% in freshwater PBS)
(Sigma-Aldrich, Oakville, Ontario, Canada), for 15 min at room temperature (21°C). After
enzymatic digestion, isolated cells were filtered using a 30 um-mesh nylon filter into stop buffer
(1:10 fetal bovine serum/FBS; Sigma-Aldrich, Oakville, Ontario, Canada), centrifuged (600 xg
for 4 min; Sorvall Legend X1, Thermo Scientific, Walthan, Massachusetts, USA) and
resuspended in freshwater PBS.

Isolation of gill cells from the seawater clam M. mactroides was performed following the
procedures previously described by Lopes et al. (2011a,b) with modifications. Briefly, gill tissue
from three clams was dissected, pooled, sliced into small pieces, incubated in calcium-free
phosphate buffer solution (seawater PBS; composition in mM: 342 NaCl, 20 Na;HPO,, 1.7
K2HPQO,, 16 KCI, 5.5 EDTA; pH 7.6; 20°C), and shaken (120 rotations per minute; Certomat-
MO-I11; Sartorius Stedim Biotech GmbH, Géttingen, Germany) for 30 min. After incubation,
dissociated cells were filtered (30 pm-mesh nylon filter) to remove the non-dissociated tissue
and large debris. The filtered solution containing isolated cells was transferred to plastic tubes,
centrifuged (360 xg) for 3 min (Hettich Zentrifugen, Model Mikro 22 R, Global Medical
Instrumentation, Ramsey, Minnesota, USA). The pellet obtained was resuspended in seawater
PBS.

Fractionation of isolated gill cells

Isolated gill cells from both species were layered onto a discontinuous Percoll gradient
(Sigma-Aldrich, St. Louis, Missouri, USA). The gradient for L. costata was obtained by diluting
the Percoll stock solution to obtain the following densities: 1.03 g/mL (18.6% Percoll stock
solution, 71.4% bi-distilled H,O, 10% 1.5 M NaCl), 1.05 g/mL (34.0% Percoll stock solution,
56.0% bi-distilled H,0O, 10% 1.5 M NaCl); 1.09 g/mL (64.8% Percoll stock solution, 25.2% bi-
distilled H,O, 10% 1.5 M NaCl). The gradient for M. mesodesma was obtained as described for
L. costata, but replacing bi-distilled H,O with seawater PBS.
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Each layer of the Percoll gradient was placed into a plastic falcon-type tube (15 mL) in
the following sequence: 1.09; 1.05; and 1.03 g/mL. Finally, the pool of isolated gill cells was
added and centrifuged at 2000 xg for 10 min as described by Galvez et al. (2002), with
modifications. Briefly, gill cells from both species were separated into Fraction | (1.03-1.05
g/mL Percoll interface) and Fraction Il (1.05-1.09 g/mL Percoll interface). These Fractions were
washed with 10 mL of the respective PBS for each species and centrifuged at 600 xg for 4 min.
Finally, the new pellet obtained for each species was resuspended in 1 mL of saline solution of
similar composition to the freshwater mussel hemolymph (composition in mM: 18 NacCl, 1.6
CaCly, 0.9 KCl, 0.4 MgCl,, 2 NaHCOg3, and 1.4 glucose; pH 7.6; 20°C; Dietz 1979) and to the
seawater clam hemolymph (composition in mM: 350 NaCl, 9 KCI, 30 MgSO, 9 CaCl, 2
NaHCOgs; pH 7.6; 20°C; Lopes et al. 2011a,b).

Cell distinction

For both species, a specific mitochondrial dye was used to distinguish between cells from
Fractions I and 11 (Lin and Hwang 2004; Lin et al. 2006; Buhariwalla et al. 2012). The
fluorescent dye DASPEI (2-(4-dimethylaminostyryl)-1-methylpyridinium iodide; Sigma-Aldrich,
St. Louis, Missouri, USA) was used in isolated gill cells of L. costata. Cells from Fractions | and
Il were incubated with DASPEI (0.2 uM) for 20 min, washed with freshwater PBS, and held in
the corresponding saline solution for image processing. Images were analyzed using a
fluorescent microscope (Leica DMR microscope; Leica Microsystems, Wetzlar, Germany) equipped
with a Qimaging FAST 1394 digital camera. In turn, fractionated gill cells of M. mactroides
were incubated with the fluorescent dye MitoTracker Green® (1uM) for 10 min, washed with
seawater PBS, and held in the corresponding saline solution for image processing. Images were
analyzed using a fluorescent microscope (Olympus IX 81, Markham, Ontario, Canada) equipped
with a DP72 digital camera. For both species, gills cells from Fractions | and 11 were evaluated
for the presence or the absence of fluorescence emission.

Gill cells present in Fractions | and Il were also distinguished through measurements of
the cell Na*,K*-ATPase activity. Following cell isolation and Percoll gradient fractionation, gill
cells of L. costata were homogenized in buffer solution (composition in mM: 150 sucrose; 5
EDTA,; 50 imidazole; pH 7.5). Na*,K*-ATPase activity was measured based on the difference in
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the amount of inorganic phosphate (Pi) released from ATP in the presence of K* (medium A)
and in the absence of K* (medium B) and the presence of ouabain as described by Bianchini and
Castilho (1999). For each cell fraction, 10 pL of the cell homogenate was incubated in medium
A (composition in mM: 100 NaCl; 6 MgCl,; 50 imidazole; 20 KCI; 3 ATP; pH 7.5) and in
medium B (composition in mM: 100 NaCl; 6 MgCl,; 50 imidazole; 3 ATP; 2 ouabain; pH 7.5) at
30°C for 30 min. The reaction was stopped by adding 0.2 mL trichloroacetic acid (50%) to the
reaction medium. Phosphate concentration was determined using a colorimetric method (Fiske
and Subbarow, 1925). Protein concentration in the cell homogenate was determined using the
method described by Bradford (1976). The specific enzyme activity was expressed as pmol
Pi/mg protein/h.

Isolated gill cells of M. mactroides were homogenized in buffer solution (composition in
mM: 300 sucrose; 20 EDTA; 100 imidazole; pH: 7.4). Na",K*-ATPase activity was measured
based on the ADP production in the presence of K* (medium A) and in the absence of K* and the
presence of ouabain (medium B) as described by McCormick (1993). An aliquot (10 pL) of the
cell homogenate was added in medium A (composition in mM: 100 NaCl; 10.5 MgCl,.H,0; 30
KCI; 50 imidazole) and in medium B (composition in mM: 100 NaCl; 10.5 MgCl,.H,0; 50
imidazole; 1 ouabain). The reaction solution (composition in mM: 2.8 phosphoenolpyruvate; 3.5
ATP; 0.22 NADH; 50 mM imidazole; composition in uL/ml: 4 lactate dehydrogenase; 5
pyruvate kinase) was then added to the mixture, which was incubated for 30 min. Protein
concentration in the cell homogenate was determined using the method described by Bradford

(1976). The specific enzyme activity was expressed as pmol ADP/mg protein/h.

Copper accumulation and Na™ content after Cu exposure

For both species, isolated cells (10° cells) present in Fraction II (cells rich in
mitochondria, see Results section) were kept in their respective saline solution without Cu
addition (control) or exposed (3 h) to Cu (5, 9 and 20 pg/L), as previously described for mantle
cells of the clam M. mactroides (Lopes et al. 2011a,b) with some modification. The 5 and 9 ug
Cu /L concentrations used in our study are within toxicological endpoint in the environmental
protection regulation in Brazil (Conselho Nacional do Meio Ambiente, 2005) and Canada

(Canadian Water Quality Guideline, 2005). In turn, the 20 pg Cu/L exposure is an extrapolation
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of the environmental legislation concentrations. Briefly, Cu as CuCl, (Merck, St. Louis,
Missouri, USA) was added to the respective saline solution for L. costata and M. mactroides.
After exposure, cells rich in mitochondria were centrifuged 360xg, 3 min (Hettich Zentrifugen,
Model Mikro 22 R, Global Medical Instrumentation, Ramsey, Minnesota, USA). The
supernatant was discarded and the pellet was quickly washed with the respective saline solution
containing EDTA (12 mM) to remove the loosely Cu bound on the cell surface. The washing and
centrifugation procedures were repeated. The pellet was resuspended in the respective
(freshwater or seawater) PBS solution. An aliquot of the suspension was collected to determine
cell viability using the Trypan Blue exclusion method. Remaining cells were then split into two
aliquots. The first aliquot was dried (50°C; 24 h), completely digested with HNO3 (Suprapur,
Merck, St. Louis, Missouri, USA), diluted with Milli-Q water, and analyzed for Cu
concentration. The second aliquot was sonicated (Sonozap, Ultrasonic Processor, New York,
USA) and diluted with Milli-Q water for Na" concentration analysis.

For L. costata samples, Cu and Na" concentration was analyzed by graphite furnace
atomic absorption spectrometry (GFAAS, Varian Spectra AA-20 equipped with graphite tube
atomizer [GTA-110], Mulgrave, Australia) and flame atomic absorption spectrometry (SpectrAA
220FS Atomic Absorption Spectrometer), respectively. For M. mactroides samples, Cu and Na*
concentration was analyzed by atomic absorption spectrophotometry (AAS 932 Avanta Plus,
GBC, Hampshire, Illinois, USA), as previously described (Pinho et al. 2007; Lopes et al. 2011b).
Cell Cu or Na* content was expressed as pmol Cu or Na*/10° cells, considering the respective

cell viability in each experimental condition.

Cell viability

Cell viability was determined using the Trypan Blue exclusion assay (0.08% Trypan
Blue). Cells from each sample were counted under a light microscope. Cell viability was
determined by dividing the number of non-stained (living) cells by the number of total cells
counted. Measurements were performed immediately after cell isolation, after 5 h of
maintenance in the corresponding saline solution, after cell fractionation (Percoll gradient), and

the 3-h period of Cu exposure (Fraction 1l cells only).
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Statistical analyses

Data are expressed as mean + standard error (n = 5), where each measurement represents
a pool of cells (Fraction I or I) prepared with gills from two (L. costata) and three (M.
mactroides) animals. Each pool of cells was analyzed at least in triplicate and a mean value was
calculated for each pool of cells. Na*,K*-ATPase activity, as well as Na* and Cu cell content data
were compared using one-way analysis of variance (ANOVA) followed by the Fisher least
significant difference (LSD) test. Correlations between cell Cu content and Cu concentration in
the incubation medium or between cell Cu content and Na* content were evaluated through the
Spearman correlation index. Statistical analyses were performed using the software Statistica 7.0
(Stat Soft, Tulsa, Oklahoma, USA). The significance level adopted was 95% (o = 0.05).

RESULTS

Cell dissociation, fractionation and distinction

The enzymatic cellular dissociation employed for the freshwater mussel L. costata
showed satisfactory results when cell viability data were considered. After isolation, cell viability
was 87.4 £+ 2.7% and no significant change was observed after 5 h of cell maintenance in saline
solution of similar composition to the mussel hemolymph. Also, the mechanical dissociation of
gill cells applied to the gill epithelium of the seawater clam M. mactroides proved to be
satisfactory with respect to the number of isolated cells acquired and the cell viability observed
(82.4 £ 1.0%).

For both species, the discontinuous Percoll gradient technique separated gill cells into
two different groups of cells (Fraction I: cells retained in the 1.03-1.05 g/mL Percoll interface;
Fraction Il: cells retained in the 1.05-1.09 g/mL Percoll interface). For both fractions, cell
viability did not differ from that observed for the total pool of cells. Cell separation was
confirmed through two different approaches (mitochondrial dyes and Na*,K*-ATPase activity
measurement), as described below.

For L. costata, cells collected from the 1.03-1.05 (Fraction I) and the 1.05-1.09 g/mL
(Fraction 1) Percoll interfaces were incubated separately in the mitochondrial fluorescent dye
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DASPEI. Cells present in Fraction I (Fig. 1A) virtually showed no fluorescence emission (Fig.
1B) while those from Fraction Il (Fig. 1C) emitted higher levels of fluorescence (Fig. 1D). For
M. mactroides, each cell fraction was incubated separately in the mitochondrial fluorescent dye
MitoTracker Green®. Cells from Fraction | (Fig. 2A) showed lower fluorescence emission (Fig.
2B) than those present in Fraction Il (Fig. 2C,D).

For both the freshwater mussel (Fig. 3A) and seawater clam (Fig. 3B), Na*,K*-ATPase
activity was significantly higher in cells from Fraction Il than in those from Fraction I. Cell
counting data indicated that 80.5 + 1.5% and 48.3 £ 3.2% of the isolated cells were actually cells
showing high fluorescence emission and Na*,K*-ATPase activity in L. costata and M.

mactroides, respectively.

Copper accumulation and Na™* content after Cu exposure

For both species, Cu exposure (3 h) did not significantly affect viability of gill cells
present in Fraction Il. For L. costata, control cells showed 87.35 £ 2.69% viability while those
exposed to 5, 9 and 20 pg Cu/L had 89.86 + 2.18 %, 88.02 £ 2.46%, and 87.99 + 4.48% viability,
respectively. Cell Cu content in control cells was 1.02 + 0.06 pmol/10° cells, and significantly
increased in those exposed to 20 pg Cu/L (1.53 + 0.21 pmol/10° cells). Notably, a significant
positive correlation between Cu content in gill cells and Cu concentration in the incubation
medium was observed (R = 0.72; p <0.05). Notably, the Na* content was significantly lower in
cells exposed to 20 pg Cu/L (3.44 + 0.16 pmol/10° cells) than in control cells (5.02 + 0.43
umol/10° cells). In addition, a significant negative correlation between cell Cu content and cell
Na* content was observed (R = -0.57; p < 0.05) (Fig. 4A).

For M. mactroides, viability in control cells was 81.28 + 2.75% while it was 78.81 £
3.22%, 75.81 £ 3.05% and 76.42 + 2.87% in those exposed to 5, 9 and 20 pg Cu/L, respectively.
As for L. costata, a significant increase in Cu content was also observed in cells exposed to 20
g Cu/L (0.048 + 0.004 pmol/10° cells) when compared to that observed in control cells (0.037 +
0.001 umol/10° cells). Also, there was a positive correlation between Cu content in gill cells and
Cu concentration in the incubation medium (R = 0.44; p<0.05). The Na* content was also

significantly lower in cells exposed to 20 pg Cu/L (5.77 + 0.88 umol/10° cells) than in cells
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(12.31 + 1.22 pmol/10° cells). Finally, a significant negative correlation between cell Cu content
and cell Na* content was also observed (R = -0.59; p < 0.05) (Fig. 4B).

DISCUSSION

In the two bivalve species analyzed in the present study, the gill epithelium is a thin
tissue playing essential role in respiration, excretion, acid-base regulation, ionic regulation, and
solute transfer. However, the freshwater mussel L. costata hold embryos in their internal cavity
(marsupium) until the larval (glochidia) stage is fully developed and released into the water
column in order to parasitize fish and metamorphose into juveniles (Schwartz and Dimock,
2001).

Two different techniques were employed to dissociate and isolate gill cells from the
freshwater mussel L. costata (enzymatic technique) and the seawater clam M. mactroides
(mechanical technique). Although the mechanical dissociation approach is considered to be less
aggressive for cells during the isolation process, it proved to be inappropriate for dissociating gill
cells of the freshwater mussel L. costata. The massive cell mortality observed using this
technique (during preliminary trials) may have resulted from the high sensitivity of freshwater
bivalves to the low K* concentration in the external medium (Fisher et al., 1991). In contrast, our
data indicate that the enzymatic method was an excellent option to obtain isolated cells from gills
of L. costata. Pronase, the enzyme used in the present study, has been described as the most
satisfactory in cell dissociation in the freshwater mussel Dreissena polymorpha (Quinn et al.,
2009). However, mechanical shaking was included and the time of tissue incubation with the
enzyme was improved (reduced from 16 h to 20 min) in the protocol applied for L. costata in the
present study, thus resulting in a satisfactory number of isolated cells at a high percentage of
viability in a shorter time. On the other hand, the mechanical cell isolation technique applied to
the seawater clam M. mactroides proved very effective, liberating a satisfactory number of
isolated cells with a higher percent viability. In addition, gill cells showed a high viability even 5
h after being isolated. According to Lilius et al. (1995), cells are able to maintain their membrane
polarity and normal functions up to 5 h after being isolated and then they likely lose this ability

after that period.
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Following the successful application of the different techniques for isolation of gill cells
in the two bivalve species, a three-step Percoll gradient was applied to separate the pool of gill
cells obtained into two major fractions. The gill cells of L. costata and M. mactroides present in
Fraction 11 (1.05 —1.09 g/L) of the Percoll gradient showed a markedly higher fluorescence
emission in the presence of the DASPEI and Mito tracker Green®, respectively. To confirm our
finding in the freshwater mussel, Mito tracker Green® was also used and similar results were
obtained (data not shown). According to Galvez et al. (2002), isolated gill cells from fish
retained in the first interface of the Percoll gradient (1.03 —1.05 g/L) were pavement cells
(PVCs), while those retained in the second interface of the Percoll gradient (1.05 —-1.09 g/L) were
mitochondria-rich cells. Therefore, we could assume that these gill cells of bivalves would
correspond also to cells rich in mitochondria.

Cells rich in mitochondria are known to have a high metabolic potential due to their high
ability for energy production, thus usually exhibiting high Na*,K*-ATPase activity. Therefore,
enzyme activity analysis was the second approach used to differentiate the two pools of cells
isolated from gills of the freshwater mussel L. costata and seawater clam M. mactroides. As in
other animal species (Wong and Chan, 1999; Galvez et al. 2008) , both methodologies used in
our studies were also satisfactory and cells collected from the Fraction 11 (1.05-1.09 g/L Percoll
gradient interface) showed a markedly higher Na*,K*-ATPase activity than those collected from
the Fraction 1 (1.03-1.05 g/L Percoll gradient interface). In the freshwater mussel, the Na*,K"-
ATPase activity was 2-fold higher in Fraction Il than Fraction | while seawater clam had 6-fold.
This finding was in accord with Na*,K*-ATPase activity in gill cells isolated from Japanese eels
where a greater relative difference between Fractions was observed in the seawater animal
(Wong and Chan, 1999).

In these bivalves, the ratio of gill cells rich in mitochondria to the other cell types present
after Percoll gradient separation was very different from that observed for other animals. For
example, around 85% of gills cells in rainbow trout (Oncorhynchus mykiss) were characterized
as pavement cells and only 15% as mitochondria-rich cells after using the Percoll gradient
technique to fractionate isolated gill cells (Galvez et al. 2008). In the present study, 80.5 + 1.5%
of cells isolated from gills of the freshwater mussel L. costata were characterized as showing
high mitochondrial density and Na*,K*-ATPase activity and 48.3 + 3.26 % of gill cells isolated

from the seawater clam M. mactroides show to be the same properties.
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As previously mentioned, Unionid mussels have a high amount of cells rich in
mitochondria in their gill epithelium, but pavement cells are present in a greater proportion as in
fish (Schwartz and Dimock 2001). However, the higher percentage of cells rich in mitochondria
found in the present study could be associated with the cellular dissociation technique employed.
Although it is regarded as the best method for cell isolation in the freshwater bivalve Dreissena
polymorpha (Quinn et al. 2009), enzymatic digestion is considered to be an "aggressive” method
to perform cell isolation. Therefore, we suspect that a large proportion of the debris and dead
cells found after applying the enzymatic method in L. costata, i.e., tissue digestion with pronase,
may have been derived from cells showing low mitochondrial density and low Na*,K*-ATPase
activity. The two cell fractions were more equal in M. mactroides (Fraction I: 51.7 + 3.2%;
Fraction 11: 48.3 + 3.2%) but still not comparable with fish results (Reid et al., 2003; Galvez et
al. 2008). Probably, this is a consequence of the less aggressive mechanical method applied for
cell dissociation. Regardless, the methods employed in both bivalve species in the current study
produced an adequate abundance of viable cells (>80%) for in vitro experiments.

Following separation and fractionation, gill cells of Fraction Il from both species of
bivalves were exposed to different Cu concentrations, and analysis of cellular Cu and Na*
content were performed. Cell Cu content in freshwater mussel L. costata as well as seawater
clam M. mactroides increased linearly with the increasing concentration of Cu in the incubation
medium. Also, a significant decrease in cell Na* content was observed after exposure to the
highest concentration of Cu tested (20 pg Cu/L). As a cation, Cu would outcompete with Na*
present in the incubation medium for active sites of ion transport at the membrane cell surface.
Therefore, an increase in Cu concentration in the incubation medium could interfere with cell
metabolism and function through disturbance of essential ion regulation, especially Na* (Kiiltz,
2001; Grosell et al. 2002; Blanchard and Grosell 2006). In the present study, the rate of cell
survival was not significantly affected by exposure to any Cu concentration tested. Therefore, the
ionic (Na") disturbance observed after Cu exposure was not enough to induce cell death.
However, a possible lethal effect after exposure to higher concentrations of Cu (>20 pg Cu/L) or
for a longer period of time (>3 h) to those tested (5, 9, 20 pg Cu/L) in the present study cannot be
ruled out.

Our data indicate that cells isolated from gills of bivalves are a suitable model for in vitro

toxicological studies in both freshwater and seawater bivalves. This statement is based on two
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facts: (1) the significant and positive correlation observed between Cu content in isolated gill
cells and the Cu concentration in the incubation medium; (2) the significant and negative
correlation observed between the Na* content and the Cu content in isolated cells present in
Fraction I1. It is interesting to note that the negative correlation in the freshwater mussel L.
costata (R =-0.57) and the seawater clam M. mactroides (R =-0.59) is very similar. This finding
is likely associated with the high concentration of Na* employed in the freshwater saline solution
(similar to that in freshwater mussel hemolymph - 18 mM NacCl), when compared to that
generally found in fresh water (~1 mM). Presumably, 18 mM NaCl was sufficient to induce the
maximum cellular Na" influx in isolated gills cells of both L. costata and M. mactroides, thus
limiting the competitive effect of Cu on cellular Na* uptake and its consequent toxicity to
isolated cells. Although we did not observe any lethal toxicity of Cu to isolated gill cells, studies
at the cellular level like the one described here, allow the investigation and a better
understanding of the mechanisms involved in Cu toxicity because they simulate in vitro the

exposure of aquatic animals to contaminants (Castafio et al. 2003).

CONCLUSION

The methodologies employed for isolation and fractionation of cells from the gills of the
freshwater bivalve L. costata and the seawater clam M. mactroides were found to be effective, as
previously reported for fish (Goss et al. 2001; Galvez et al. 2002; Tse e al. 2006). Also, the
application of two different approaches (mitochondria density and Na*,K*-ATPase activity)
proved to be reliable in characterizing different sub-types of gill cells in both bivalve species
analyzed. Finally, our findings support the idea that Cu outcompetes with Na™ for sites of ion
transport on the plasma membrane, as previously observed in the gills of intact crustaceans and
fish. Taken altogether, these findings indicate that cells isolated from gills of freshwater and
seawater bivalves are a useful tool for studying the cellular mechanisms of metal uptake and

toxicity.
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FIGURE CAPTIONS

Figure 1. Fluorescent images of isolated gill cells from the freshwater mussel Lasmigona costata
after layering over a discontinuous Percoll gradient (1.03-1.05-1.09 g/mL) and separation by
centrifugation. Cells from each interface were collected, incubated with a specific mitochondrial
dye (DASPEI) and examined under a fluorescence microscope (200x magnification). A and C =
phase contrast image; B and D = fluorescent images of the same fields from A and C. Aand B =
1.03-1.05 g/L Percoll density interface (Fraction 1); C and D = 1.05-1.09 g/L Percoll density

interface (Fraction I1).

Figure 2. Fluorescent images of isolated gill cells from the seawater clam Mesodesma mactroides
after layering over a discontinuous Percoll gradient (1.03-1.05-1.09 g/mL) and separation by
centrifugation. Cells from each interface were collected, washed, incubated with a mitochondrial
dye (MitoTracker™) and examined under a fluorescence microscope (400x magnification). A and
C = phase contrast images; B and D = fluorescent images of the same fields from A and C. A and
B =1.03-1.05 g/L Percoll density interface (Fraction I); C and D = 1.05-1.09 g/L Percoll density

interface (Fraction I1).

Figure 3. Na*,K*-ATPase activity in cells of Fraction I (1.03-1.05 g/L Percoll density interface)
and Fraction 11 (1.05-1.09 g/L Percoll density interface) isolated from gills of the freshwater
mussel Lasmigona costata (A) and seawater clam Mesodesma mactroides (B). Data are
expressed as mean + standard error (n = 5). Different letters indicate significant different mean

values among treatments (p<0.05).

Figure 4. Copper and Na* content in isolated gill cells from Fraction Il of the freshwater mussel
Lasmigona costata (A) and the seawater clam Mesodesma mactroides (B) after exposure to
copper (5, 9 and 20 pg Cu/L). Data are expressed as mean = standard error (n=5). Different
letters indicate significant different mean values among treatments (p<0.05). Closed circle: Cu

content; open circle = Na* content.
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Il. ARTIGO CIENTIFICO

O segundo manuscrito desta tese foi submetido para a revista Aquatic Toxicology. As

normas da revista para submissdo encontra-se no ANEXO 2.
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ABSTRACT

Gill cells rich in mitochondria are involved in ion regulation in fish, crustaceans and
bivalves. Copper (Cu) toxicity to these animals is generally associated with disturbances in ionic
regulation. Therefore, cells rich in mitochondria were isolated from gills of the seawater clam
Mesodesma mactroides, incubated in isosmotic saline solution (840 mOsmol/Kg H,0), and
exposed (3 h) to environmentally realistic Cu concentrations (5, 9 and 20 pg/L). In cells exposed
to 20 ug Cu/L, there were a decrease in Na*, K* and Mg?* content and an inhibition of carbonic
anhydrase activity, without changes in cell viability, Ca®* and CI" contents, and Na*,K* ATPase
activity. Considering that changes in environmental salinity may influence Cu toxicity, isolated
cells were maintained (3 h) under isosmotic or transferred to hyposmotic conditions (730 and
670 mOsmol/Kg H,0) in either the absence or the presence of Cu. In the absence of Cu, cell
viability and Cu content were reduced in the hypoosmotic media, without changes in Na* content
and enzymes activities. In the presence of Cu, cells exposed to 20 pg Cu/L in isosmotic medium
showed increased Cu content, reduced Na* content and inhibited carbonic anhydrase activity. In
hypoosmotic media, Cu content increased in cells exposed to 5 and 9 pug Cu/L while Na* content
and Na*, K", ATPase activity were reduced in cells exposed to 20 pug Cu/L. In turn, carbonic
anhydrase activity was dependent on Cu concentration in the incubation medium, being reduced
in cells exposed to 9 and 20 pg Cu/L. These findings indicate that Cu is an ionoregulatory
toxicant to gill cells of M. mactroides and that metal toxicity increases under hypoosmotic
conditions. They also suggest that physiology rather than water chemistry is more important in
predicting Cu toxicity in environments with varying salinities, pointing out carbonic anhydrase
activity of isolated gill cells of M. mactroides as a potential biomarker of Cu exposure.

Keywords: carbonic anhydrase, copper, gill, ion regulation, Na*,K*,ATPase, seawater clam
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INTRODUCTION

Mitochondria-rich cells (MRC) are present in the gill epithelium of several groups of
aquatic animals. These cells are formally known as chloride cells or ionocytes and they are
involved in osmoregulation (active ion absorption in fresh water and ion secretion in sea water),
acid-base regulation, and ammonia excretion (Hwang and Lee, 2007; Evans, 2008; Gilmour and
Perry, 2009; Hwang, 2009). Their active participation in the ionic regulation at the gill
epithelium makes these cells well studied in both freshwater and seawater animals (Lee et al.,
1996; Chang et al., 2001; Chang et al., 2003; Galvez et al., 2006; Hiroi and McCormick, 2007).

Although MRC can differ between fish species, CI” channel and Na'/H* exchanger are
present in the apical membrane while K* channel, Na*/K*-ATPase, and Na'/K*/2CI co-
transporter are present in the basolateral membrane of epithelial gill cells in freshwater teleosts
(Hwang et al., 2011). In some invertebrates, such as marine crabs, cells with large amounts of
mitochondria have been also identified in the gill epithelium and are shown to be specialized in
cellular ion transport (Taylor and Taylor, 1992). These cells were also found in both freshwater
and seawater bivalves. In the freshwater mussels Pyganodon cataract, Utterbackia imbecillis and
Ligumia substrata, these cells were microscopically identified and were shown to provide energy
to the glochidia larvae and uptake of ions (Kays et al. 1990; Schwartz and Dimock, 2001). In the
freshwater mussel Lasmigona costata and the seawater clam Mesodesma mactroides, these cells
were isolated from the gill epithelium, fractionated and recognized as good models for in vitro
toxicological studies (Nogueira et al., 2013).

Considering the background described above, it is worth to mention that many chemicals

present in the environment can adversely affect the functioning of cells with large amounts of
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mitochondria. Among these compounds, copper (Cu) is an essential metal which affects the Na*
content in mantle cells (Lopes et al., 2011a) and gill cells rich in mitochondria (Nogueira et al.,
2013) isolated from the seawater clam M. mactroides. In fact, it has been reported that the key
mechanism of the acute Cu toxicity in aquatic animals is associated with ionoregulatory
disturbances. This effect is associated with a competition between Cu and other essential cations,
especially Na“, for binding sites at the gill cell membrane. Also, the activity of ion-transporting
proteins, such as Na*/K*-ATPase, and other enzymes involved in osmoregulation, such as
carbonic anhydrase, was shown to be affected by Cu exposure in both seawater and freshwater
animals (Bury et al., 1999; Grosell et al., 2002; Bianchini et al., 2004; Pinho et al., 2007; Boyle
et al., 2013), including bivalves (Boyle et al., 2013).

Changes in physicochemical parameters such as water salinity, pH and temperature can
influence Cu bioavailability and its consequent toxicity. Metal complexation with major anions
(e.g., CI, OH", HCO3, SO,%) present in the water will increase with increasing salinities (Wright
1995). Also, the competition between Cu and major cations (e.g., Na*, K*, Mg®* and Ca*")
present in the water for specific transport ligands in the plasma membrane will increase
(Nordberg et al., 2007) . It is important to note that animals living in intertidal zones and
estuaries, such as bivalves, are directly affected by natural variations in water salinity (Grosell et
al., 2007; Monserrat et al., 2007; Prevodnik et al., 2007). In this context, it is worth to mention
that studies on the mechanisms involved in ionic regulation and Cu effects on this function are
very scarce, especially in seawater animals (Wang, 2001; Grosell et al., 2007). In bivalves, the
complexity and adaptive functionality of the gill epithelium provide an excellent model for
studying the ion regulation processes because this organ is directly exposed to the surrounding

water at the paleal cavity (Gémez-Mendikute et al., 2005; Tse et al., 2006).
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In light of the above, we evaluated the effect of Cu on ionic regulation in cells rich in
mitochondria isolated from gills of the seawater clam Mesodesma mactroides under isosmotic
and hypoosmotic conditions. Endpoints analyzed were Cu and ion (Na*, CI', K*, Mg®* and Ca®")
contents, as well as Na"K*-ATPase and carbonic anhydrase activities after the in vitro exposure

of isolated cells to three environmentally realistic concentrations of Cu (5, 9 and 20 pg/L).

MATERIAL AND METHODS

Clam collection and acclimation

Clams (M. mactroides) were collected at Mar Grosso Beach (S&o José do Norte, RS,
Southern Brazil), immediately transferred to the laboratory, and acclimated for at least5
days in a plastic tank containing sea water (salinity: 30 ppt) continuously aerated and in the
absence of sediment. Temperature (20°C) and photoperiod (12L: 12D) were fixed. The tank was
covered with a black plastic to minimize stress. The acclimation medium was completely
renewed three-times a week, when clams were fed with the diatomacea Thalassiosira
weissflogii (2x10” cells/L). After acclimation, clams were crioanesthetized and had their gills

dissected.

Gill cell isolation and fractionation

Gill cell isolation was performed following the procedures previously described by
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Nogueira et al. (2013). Briefly, gill tissue of 2 or 3 clams was dissected, pooled, sliced in small
pieces, and incubated in a calcium-free phosphate buffer solution (PBS; composition in mM: 342
NaCl; 20 Na;HPOg; 1.7 K;HPOy; 16 KCI; 780 mOsm; pH 7.5; 20°C) and shaken (100 rpm;
Certomat-MO-II; Sartorius Stedim Biotech GmbH, Gottingen, Germany) for 30 min.
Dissociated cells were filtered (30 pm-mesh nylon filter) to remove the non-dissociated tissue
and large debris. The filtered solution containing isolated cells was transferred to plastic tubes
and centrifuged (360 xg) for 3 min (Hettich Zentrifugen, Model Mikro 22 R, Global Medical
Instrumentation, Ramsey, MN, USA).

Isolated cells were fractionated using the density gradient technique as described by
Nogueira et al. (2013). The density gradient was created by diluting a Percoll stock solution
(Sigma-Aldrich, St. Louis, MO, USA) to achieve the desired densities: 1.03 g/mL (18.6% Percoll
stock solution, 71.4% PBS, 10.0% 1.5 M NacCl), 1.05 g/mL (34.0% Percoll stock solution, 56.0%
PBS, 10.0% 1.5 M NaCl); 1.09 g/mL (64.8% Percoll stock solution, 25.2% PBS, 10.0% 1.5 M
NaCl). Each density solution was placed in a Falcon-type tube (15 mL) according to the
following sequence: 1.09 g/mL, 1.05 g/mL, and 1.03 g/mL. The pool of isolated gill cells was
then added to the tube and centrifuged (2.000 xg; 10 min). The Fraction 11 (1.05-1.09 g/mL
Percoll interface), which contain the isolated cells rich in mitochondria were collected, washed in
PBS (10 mL), and centrifuged (360 xg; 3 min). The pellet obtained was resuspended in 1 mL of
saline solution isosmotic with the clam hemolymph (composition in mM: 350 NaCl; 9 KCI; 30
MgCly; 9 CaCl,; 2 NaHCOg; pH 7.5; 20°C; 740 mOsmol/Kg H,0) (Lopes et al., 2011a,b). Cell
counting was performed under a light microscope (20x magnification) and cell viability (% of

viable cells from the total number of cells) was determined using the Trypan Blue exclusion
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assay (0.08% Trypan Blue). Only preparations showing more than 80% viable cells were used in

the experiments.

Cellular Cu content

Cells rich in mitochondria (10° cells) were incubated in 1 mL of isomotic saline solution
without Cu (control; 840 mOm/Kg H,0) or with Cu (5, 9 and 20 pg/L) for 3h, following the
procedures described by Lopes et al. (2011a,b) with modifications. Briefly, Cu was added to the
saline solution as CuCl, (Merck, St. Louis, MO, USA). After exposure, cells were centrifuged
(360 xg) for 1 min (Hettich Zentrifugen, Model Mikro 22 R, Global Medical Instrumentation,
Ramsey, MN, USA). The supernatant was discarded and the pellet was quickly washed with an
EDTA solution of osmolality similar to the clam hemolymph (composition in mM: 12 EDTA,
385 sucrose) to remove the loosely bound Cu on the cell surface. The washing and centrifugation
procedures were repeated. The pellet containing the cells rich in mitochondria was resuspended
in a fresh Cu-free saline solution. An aliquot was collected to determine cell viability using the
Trypan Blue exclusion assay (0.08% Trypan Blue). The cell sample was then dried (50°C; 24 h),
digested in 50 pL of HNOg3 suprapur (Merck, St. Louis, MO, USA), and diluted with 450 uL of
Milli-Q water. Copper concentration in the digested sample was analyzed by atomic absorption
spectrophotometry (AAS 932 Avanta Plus, GBC, Hampshire, IL, USA), as previously described
(Pinho et al., 2007; Lopes et al., 2011a,b). Cu content in cells rich in mitochondria was expressed
as umol Cu/10° cells, considering the amount of Cu measured in the cells and the respective cell
viability in each experimental condition. Four different and independent cell preparations were

tested for each experimental condition (n = 4).
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Cellular ion content

Cells rich in mitochondria (10° cells) were incubated, exposed to Cu, and prepared for
cellular ion content measurement as described above for the cell Cu content analysis. An aliquot
was collected to determine cell viability using the Trypan Blue exclusion method. The remaining
cells were sonicated (Sonozap, Ultrasonic Processor, New York, USA) and adequately diluted
for Na*, K*, Ca?*, Mg?* and CI” concentration measurement. lons concentrations were measured
by atomic absorption spectrophotometry (AAS 932 Avanta Plus, GBC, Hampshire, IL, USA),
except for CI°, which was measured using a colorimetric assay (Cloretos, Doles, Goiania, GO,
Brazil).

lon content in cells rich in mitochondria was expressed as pmol Cu/10° cells, considering
the amount of ion measured in the cells and the respective cell viability in each experimental
condition. Four different and independent cell preparations were tested for each experimental

condition (n = 4).

Cellular Na*,K*-ATPase activity

Cells rich in mitochondria (10° cells) were incubated, exposed to Cu, and prepared for
Na* K*-ATPase activity measurement as described above for the cell Cu and ion content
analyses. The pellet containing cells rich in mitochondria was homogenized in a buffer solution
(composition in mM: 150 sucrose; 5 EDTA; 50 imidazole; pH 7.5). Na*,K*-ATPase activity was

measured through the difference between the amount of inorganic phosphate (Pi) released from
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ATP in the presence of K* (medium A) and in the absence of K (medium B) and presence of
ouabain, as described by Bianchini and Castilho (1999). Cell homogenate (10 pL) was incubated
in medium A (composition in mM: 100 NaCl; 6 MgCl,; 50 imidazole; 20 KCI; 3 ATP; pH 7.5)
and medium B (composition in mM: 100 NaCl; 6 MgCl,; 50 imidazole; 3 ATP; 2 ouabain; pH
7.5). The assay was performed at room temperature (20°C) for 1 h. Pi concentration both media
(A and B) was determined using a commercial reagent kit (Fosfato; Doles, Goiénia, GO, Brazil).
Protein concentration in the cell homogenate was determined using a commercial reagent kit
based on the piragalol assay (Microprote; Doles, Goiania, GO, Brazil). The specific enzyme
activity was expressed as pmol Pi/mg protein/h. Five different and independent cell preparations

were tested for each experimental condition (n = 5).

Carbonic anhydrase activity

Cells rich in mitochondria (10° cells) were incubated, exposed to Cu, and prepared for
carbonic anhydrase activity measurement as described above for the Na*,K*-ATPase activity
analysis. Carbonic anhydrase activity was measured using the method based on the catalysis of
the hydration of the carbon dioxide present in a saturated CO, solution by the enzyme with
subsequent release of H* and consequent reduction of the pH. Measurement as performed
following the procedures described by Henry (1991). Cell homogenate was added into the
reaction solution (composition in mM: 225 mannitol; 75 sucrose; 10 Tris Base; 10 Na,HPQO,) and
an aliquot of a solution saturated with CO, was added. The pH was measured every 15 s for 1
min. The enzymatic activity was calculated based on the slope of the linear regression for the pH

change over time and the protein content in the cell homogenate. Protein concentration in the cell
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homogenate was determined using a commercial reagent kit based on the piragalol assay
(Microprote; Doles, Goiania, GO, Brazil). The specific enzyme activity was expressed as
arbitrary unit of carbonic anhydrase (slope of the linear regression)/mg protein/h. Five different

and independent cell preparations were tested for each experimental condition (n = 5).

Cu effect under hypoosmotic condition

Based on the observed effects of Cu on the endpoints analyzed in the experiments with
the isosmotic saline solution (840 mOsmol/Kg H,0), additional experiments were performed
under hypoosmotic conditions. Following cell isolation and fractionation, cells rich in
mitochondria (10° cells) were kept under control condition (no Cu addition to the incubation
medium) or exposed to Cu (5, 9 and 20 pg Cu/L) for 3 h, as described above for experiments
under isosmotic condition. Experiments were then performed using two hypoosmotic saline
solutions: 730 mOsmol/Kg H,O (composition in mM: 318 NaCl; 8 KCI; 9.5 MgCl,; 30
NaHCOg; 1.35 CaCly; pH 7.6) and 670 mOsmol/Kg H,O (composition in mM: 285 NaCl; 7.25
KCI; 8.5 MgCl,; 26.6 NaHCOg3; 1.17 CaCly; pH: 7.6). The isosmotic solution (840 mOsm/Kg
H,0) kcorrespond 25 ppt salinity which is acceptable considering the variation of salinity in the
coastal region. The hypoosmotic solutions 730 and 670 mOsm/Kg H0 correspond 22.5 and 20
ppt, respectively, and they are within the tolerance of the animal (15 to 35 ppt; Seelinger et al.,
1998). Cell homogenates were prepared and endpoints analyzed as described above for
experiments with the isosmotic saline solution. Based on results obtained under isosmotic

conditions, endpoints analyzed were cell viability, cellular Cu and Na* content and Na*,K*-
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ATPase and carbonic anhydrase activity. The number of replicates analyzed and data expression

were as described above for experiments with the isosmotic saline solution.

Data presentation and statistical analyses

Data were expressed as mean = standard error, where each measurement represents a
pool of cells present in Fraction Il and isolated from the gill epithelium of 2 or 3 clams. For each
treatment, the general mean value and standard error were calculated based on the mean value
obtained for the pools of cells within the same treatment. For cellular Cu content (n = 4), ion
content (n = 4), Na",K*-ATPase (n = 5) and carbonic anhydrase activity (n = 5), comparisons
among treatments were performed through one-way analysis of variance (ANOVA) followed by
the Fisher LSD test. For experiments performed under isosmotic and hypoosmaotic conditions,
comparisons among treatments were performed through two-way ANOVA followed by the
Fisher LSD test. In all cases, ANOVA assumptions (data normality and homogeneity of
variances) were previously verified. Data were mathematically transformed (square root
transformation) when ANOVA assumptions were not verified. The significance level adopted
was 95% (o = 0.05). Statistical analyses were performed using the software Statistica 7.0 (Stat

Soft, USA).

RESULTS

Cu exposure under control osmotic condition
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Viability of cells rich in mitochondria isolated from gills of the seawater clam M.
mactroides kept under control osmotic condition (840 mOsmol/Kg H,0) without Cu addition in
the incubation medium (81.3 £ 2.7%) was not significantly different from that observed under
the same osmotic condition but in the presence of 5 ug Cu/L (82.8 + 2.5%), 9 ug Cu/L (78.8 £
3.2%), or 20 pg Cu/L (78.8 = 1.7%) for 3 h. Cellular Cu content increased with increasing Cu
concentration in the incubation medium, being significantly higher in cells exposed to 20 pg
Cu/L (Fig 1). However, a significant decrease in cellular Na* (Fig. 2A), K* and Mg?* content
(Fig. 2B) was observed in cells exposed to 20 pg Cu/L without changes in the cellular CI (Fig.
2A) and Ca** content (Fig. 2B). A significant decrease in cellular K* content was also observed
in cells exposed to 5 pg Cu/L (Fig. 2B). Regarding the activity of enzymes involved in ionic
regulation, Na*,K*-ATPase activity was not affected by Cu exposure (Fig. 3A). However,
carbonic anhydrase activity was significantly reduced in cells exposed to 9 and 20 pg Cu/L (Fig.

3B).

Cu exposure under hypoosmotic condition

The viability of cells rich in mitochondria isolated from gills of the seawater clam M.
mactroides immediately after dissociation was 82.4 + 1.0% and significantly reduced after 3 h of
incubation in hypoosmotic saline solutions (730 and 670 mOsmol/Kg H,0) in the absence of Cu
addition to the incubation medium. No significant effect of Cu on cell viability was observed in
any of the osmotic conditions tested (Table 1).

When control cells were compared, a significant reduction in cellular Cu content was

observed in cells maintained in the hypoosmotic saline solution at 670 mOsmol/Kg H,0. Also,
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significant increases in cellular Cu content were observed in cells exposed to 9 pug Cu/L in the
hypoosmotic saline solution at 730 mOsmol/Kg H,O and to 5 or 9 pg Cu/L in the hypoosmotic
saline solution at 670 mOsmol/Kg H,0 (Fig. 4A). On the other hand, cellular Na* content was
significantly reduced in cells exposed to 20 pg Cu/L at 640 mOsmol/Kg H,O as observed in the
isosmotic saline solution. When control cells were compared, no significant difference in cellular
Na’ content was observed among the osmotic conditions tested (Fig. 4B).

The activity of enzymes involved in ionic regulation (Na*,K*-ATPase and carbonic
anhydrase) did not change with the osmotic condition tested in control cells. Also, no Cu effect
was observed in Na*,K*-ATPase activity of cells incubated in the isosmotic saline solution or the
hypoosmotic saline solution at 730 mOsmol/Kg H,O. However, a significant inhibition of the
Na’ K*-ATPase activity was observed in cells exposed to 20 pg Cu/L in hypoosmotic saline
solution at 670 mOsmol/Kg H,0 (Fig. 5A). Also, a significant inhibition of carbonic anhydrase
activity was observed in cells exposed to 9 and 20 pg Cu/L in all osmotic conditions tested (Fig.

5B).

DISCUSSION

Cu effects under isosmotic condition

The separation of cell types have been consider useful and adequate for biochemical and
cytological analyses, such as functional characterization of cell membrane transporters related to
Na* uptake (Goss et al., 2001; Galvez et al., 2002; Reid et al., 2003; Nogueira et al., 2013).

Therefore, the paucity of in vitro toxicological studies using cells isolated from bivalves led us to
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obtain gill cells rich in mitochondria, exposed them to environmentally realistic Cu
concentrations, and analyse a suite of parameters involved in ionic regulation.

Under isosmotic condition (840 mOsm/Kg H,0), exposure to 20 pug Cu/L resulted in
significant Cu accumulation in cells rich in mitochondria isolated from gills of the seawater clam
M. mactroides but any evident lethal toxicity was observed. These findings are in agreement with
a previous report from our laboratory (Nogueira et al., 2013). An increased cellular Cu content
was also reported in cells isolated from the mantle of M. mactroides exposed in vitro to Cu.
However, this Cu accumulation resulted in reduced cell viability, likely associated with the much
higher (8-fold) concentrations of Cu tested than those used in the present study (Lopes et al.,
2011a). In fact, results from our laboratory (data not published) suggest that isolated gills cells
(total pool of cells) of M. mactroides accumulate Cu in concentrations of Cu ranging from 7 to
360 pg Cu/L without causing lethal toxicity. As previously suggested for whole bivalves
(Salénki et al., 2003), these findings clearly suggest that cells isolated from gills and mantle of
seawater bivalves are useful tools to monitor the water contamination with Cu, as well as
adequate models to understand the mechanism involved in Cu toxicity in aquatic invertebrates. It
is worth to mention that Cu has being characterized as a ionoregulatory toxicant in both
freshwater and seawater fish and invertebrates (Bury et al., 1999; Grosell et al., 2002; Bianchini
et al., 2004; Pinho et al., 2007; Boyle et al., 2013), including bivalves (Lopes et al., 2011a; Boyle
et al., 2013; Nogueira et al., 2013).

In the present study, isolated gill cells rich in mitochondria had reduced Na*, K* and
Mg®* content after the 3-h period of exposure to Cu (20 pg/L) when compared to that of cells
maintained under control condition (no Cu addition in the water). This effect was not paralleled

by significant changes in cellular Ca®* and CI contents. It is likely related to an extracellular
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competition between Cu and Na™ for the transporting sites available at the cell plasma
membrane. Therefore, an extracellular Cu competition to entry into the cell the Na*/H" exchange
is expected, thus affecting the Na” entry (Grossel et al. 2002; Nordberg, 2007). The other
possible explanation for the Cu-induced decreased in cellular Na* content would be the influence
of Cu on activity of enzymes involved in ionic regulation, such as Na*,K*-ATPase and carbonic
anhydrase (Grosell et al., 2002; Bianchini et al., 2004; Pinho et al., 2007; Lopes et al., 20113;
Boyle et al., 2013).Regarding K" disturbance, the exact mechanism involved in Cu-induced in
cellular K* regulation is still not clear (Tellis et al., 2012; Lopes et al., 2011a). Although, no
clear and significant change was observed in cellular CI" content, the observed reduction in
cellular Na* content after exposure to 20pg Cu/L could help to explain the decreased cellular K*
content at this condition. This statement is based on the fact that a Na”" gradient is necessary for
the K™ transport through the Na*,K*,2CI" co-transporter (Hiroi and McCormick, 2007). In turn,
the reduced cellular content of Mg** would be associated with its participation in the Na*,K*-
ATPase activity. It is reported that exposure to Cu induces a replacement of Mg?*, the enzyme
co-factor, with Cu thus leading Mg?* available for extrusion from the cell (Handy et al. 2002).
However, the in vitro methodology used for assessment of Na*,K*-ATPase not allow us to
evaluate this replacement effect once we evaluated the "optimal operation” of this enzyme by
supplying high amounts of Mg?®*. Further studies focused on the Cu influence on cellular Mg?*
regulation are needed for a better understanding of the observed effects.

In the present study, no significant Cu effect on Na*,K*-ATPase activity of isolated gill
cells was observed. This enzyme requires the presence of Na*, K* and Mg** to be active. The
presence of Ca*" facilitates the ATP hydrolysis, thus releasing the energy required for ion (Na*

and K*) transport against the concentration gradient (Marshall and Grosell, 2005). Despite the
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observed reduction in cellular Na* content and the higher amount of Cu accumulated in the cell
observed after exposure to 20 pg Cu/L, these effects were not enough to significantly affect the
enzyme activity in the present study. In fact, expression of Na*,K*-ATPase in gills of the
seawater clam M. mactroides was shown to increase after exposure to a sublethal concentration
of Cu (300 pg Cu/L) for 96 h (Boyle et al., 2013). Authors suggested that this response would be
a compensatory mechanism to ameliorate a possible Cu-induced inhibition of the gill enzyme
activity. It was also reported that Na*,K*-ATPase activity in mitochondria-rich cells PNA-
isolated from gill tissue of the freshwater fish Oncorhynchus mykiss was also not affected by
exposure to 63.45 pg Cu/L for 1 and 30 min (Goss et al., 2011).

As observed for other metals (Vitale et al., 1999; Skaggs and Henry, 2002; Lionetto et al.,
2006; Soyut et al., 2008; Goss et al., 2011), carbonic anhydrase activity of cells rich in
mitochondria isolated from gills of the seawater clam M. mactroides was significantly inhibited
after exposure (3 h) to Cu (20 pug Cu/L). Carbonic anhydrase is a key enzyme in the adaptation of
marine organisms to changes in environmental conditions. Responsible for acid-base balance and
ammonia excretion, it is reported to be inhibited in both fish (Zimmer et al., 2012) and
invertebrates (Vitale et al., 1999; Skaggs and Henry, 2002) exposed in vivo to low concentrations
of heavy metals, including Cu. In turn, carbonic anhydrase activity in mitochondria-rich cells
PNA- isolated from gills of the freshwater fish O. mykiss did not change after in vitro exposure
to 63.5 pug Cu/L for 1and 30 min (Goss et al., 2011). Inhibition of carbonic anhydrase activity
induced by Cu occurs through a non-competitive manner, i.e., binding imidazole side and
blocking proton transfer from the zinc-bound to buffer molecules located outside of the active
site region (Tu et al., 1981; Lionetto et al., 2000). It is important to note the time-dependence as

an important aspect to analyse the carbonic anhydrase inhibition. This statement is based on the
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fact that Cu concentrations used in the present study is ~3-fold lower than that used to expose the
mitochondria-rich cells PNA- isolated from gills of the freshwater fish O. Mykiss (Goss et al.,
2011). However, the longer (3-fold) period of exposure to Cu adopted in the present study was

adequate to reveal a Cu-induced enzyme inhibition.

Cu effects under hypoosmotic condition

Under control condition (no Cu addition in the water), viability of cells rich in
mitochondria isolated from gills of the seawater clam M. mactroides was significantly reduced
after incubation in hypoosmotic media (730 and 670 mOsmol/Kg H,0) for 3h. During cell
counting, it was observed a cell swelling after maintenance at 670 mOsm/Kg H,O medium. Itis
known that cells exposed to environments osmotic variation causes changes in cellular volume
(Neufeld and Wright, 1996; Lang et al., 1998; Leguen and Prunet, 1998; Neufeld and Wright,
1998). In hypoosmotic medium, the cells swell due to an influx of water, following a cellular
volume regulation occurs by release constituents of the cytoplasmic pool of organic molecules
into the extracellular medium and cytoplasmic inorganic ions which can induce the enzymes
related to ion transport (Neufeld and Wright, 1996; Henry et al., 2003). Despite this
phenomenon, no significant change was observed in cellular Na* content and also in the enzymes
(Na",K*-ATPase and carbonic anhydrase) activity among the different control osmotic
conditions tested (840, 730 and 670 mOsmol/Kg H,0).

Previously data reported for mitochondria-rich cells isolated from gills of the killifish
Fundulus heteroclitus and the seawater-acclimated medaka Oryzias dancena (Marshall et al.,

1999; Katoh et al., 2002; Kang et al., 2013). In turn, another study showed an increased enzyme

63



activity after incubating cells isolated from the sea bream under hypoosmotic condition (Kelly
and Woo, 1999). In invertebrates, carbonic anhydrase activity was also shown to increase in the
gill tissue of the bivalves Rangia cuneata, Ligumia subtrata and Corbicula fluminea (Henry and
Saintsing, 1984) and the crab Neohelice granulata (Genovese et al., 2005) acclimated to
hypoosmotic condition. However, it is important to stress that the animals tested in these studies
were fully acclimated to a hypoosmotic medium, differently from the approach adopted in the
present study where cells were abruptly exposed to the hypoosmotic medium. In the former case,
the experimental approach would have allowed to the animals the time enough for adjusting the
level of enzyme activity required for homeostasis maintenance (Kang et al., 2013). Therefore,
the reduced viability and the lack of change in carbonic anhydrase activity observed in isolated
cells of M. mactroides in the present study could be related to the experimental approach
adopted. Further studies on fully acclimated clams to hypoosmotic condition would help to
clarify this point.

Let us know consider the response of the endpoints analyzed when cells rich in
mitochondria isolated from gills of the seawater clam M. mactroides were exposed to Cu under
different osmotic conditions. The Cu content in isolated cells exposed to Cu under both the
hypoosmotic conditions showed a similar pattern to that observed in cells maintained in
isosmotic medium (840 mOsmol/Kg H,0), except for cells exposed to 20 pug Cu/L. An increased
Cu accumulation after decreasing the osmolality of the incubation medium would be reasonable
considering a possible reduction in competition between Cu and major cations, especially Na®,
for binding sites on the cell membrane with a consequent protection against Cu toxicity (Grosell
and Wood, 2002; Lauren and McDonald, 1985; Lauren and McDonald, 1986). However, an

increased Cu content was only observed in cells exposed to 5 and 9 pg Cu/L in the hypoosmotic
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media. These findings support the idea that physiology rather than Cu speciation and competition
is determining the relative sensitivity to Cu in animals often subjected to changes in
environmental salinity (Grossel et al., 2007). In fact, the physiological significance of regulating
the Cu content in cells rich in mitochondria isolated from gills of the seawater clam M.
mactroides is supported by the observed decrease in Cu content of control cells incubated in the
more dilute media (670 mOsmol/Kg H,0O) without Cu addition, as well as those exposed to 20
Hg Cu/L in both hypoosmotic media (730 and 670 mOsmol/Kg H,0).

Regarding the Cu effect on cell ion regulation, exposure of isolated cells to 20 pug Cu/L in
the isosmotic medium (840 mOsmol/Kg H,0) and the more dilute medium (670 mOsmol/Kg
H,0) significantly reduced the cellular Na* content. At this point, it is important to note that both
Na’,K*-ATPase and carbonic anhydrase activities are related to Na* uptake. However, the
Na’ K*-ATPase activity is considered the major determinant of cytoplasm Na* concentration,
exchanging intracellular Na* for extracellular K™ at a 3:2 ratio (Marshall and Bryson, 1998;
Handy et al., 2002; Marshall, 2002). In the present study, both enzymes were inhibited by Cu
exposure.

A significant decrease in Na*,K*-ATPase activity was observed after exposure of cells
rich in mitochondria isolated from gills of M. mactroides to Cu. This effect was observed in cells
exposed to 20 pg Cu/L in the more dilute saline solution (670 mOsmol/Kg H,0). This finding is
in agreement with previous studies in seawater fish, where Na*,K*-ATPase inhibition is directly
related to Cu exposure under hypoosmotic conditions (Grosell and Wood, 2002; Blanchard and
Grosell, 2006). However, this is not clear in hyperosmotic conditions, since lethal toxicity is

observed and related to Na* regulation in seawater fish, but without significant change in

65



Na*,K*-ATPase activity (Grosell et al., 2003, 2004; Blanchard and Grosell, 2006; Zimmer et al.,
2012).

As for Na',K*-ATPase, a significant inhibition of carbonic anhydrase activity was also
observed in isolated cells exposed to Cu. However, this enzyme showed to be more sensitive to
Cu exposure than the Na*,K*-ATPase. This statement is based on the fact that a significant
inhibition of the carbonic anhydrase activity was observed in isolated cells exposed to 9 and 20
pg Cu/L in all osmotic conditions tested. As discussed above, this finding also support the idea
that physiology, rather than water chemistry alone, may be more important in predicting Cu
toxicity in environments with varying salinities (Grossel et al., 2002; Grossel et al., 2007;
Zimmer et al., 2012). Taken altogether, these findings clearly suggest that an environmentally
realistic Cu concentration (9 pug Cu/L) has the potential to inhibit the carbonic anhydrase activity
in gill cells, especially when Cu exposure is combined with a reduction in environmental salinity.

Finally, it is clear from the present results the influence of the activities of enzymes
associated with ionic regulation (Na*,K*,ATPase and carbonic anhydrase) on Cu accumulation in
gill cells rich in mitochondria. This statement is based on the fact that the observed reduction in
Cu content was paralleled by a decrease in Na* content and inhibition of the activity of both
enzymes when isolated cells were incubated in the more dilute medium (640 mOsmol/Kg H,0)
and exposed to the higher Cu concentration tested (20 pg Cu/L). This finding strongly suggests
that Cu is driven by the cytoplasm electronegativity generated mainly by Na*,K*-ATPase
activity and the direct action of the carbonic anhydrase activity to drive Na* and/or Cu into the
cell. Further studies on the influence of the activity of these enzymes on Cu accumulation in

isolated cells of aquatic animals should help to confirm this hypothesis.
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In summary, findings reported in the present study show that Cu is accumulated in cells
rich in mitochondria isolated from gills of the seawater clam M. mactroides after in vitro
exposure to environmentally realistic concentrations of Cu. Although no lethal toxicity of Cu
was observed, metal exposure induced ionic (especially Na*) disturbance paralleled by a marked
inhibition of the carbonic anhydrase activity under both isosmotic and hypoosmaotic conditions.
As suggested for other marine osmoconforming animals (Lioneto et al., 2012), the acute Cu
toxicity to cells rich in mitochondria isolated from gills of the seawater clam M. mactroides
could be associated with the inhibition of the carbonic anhydrase activity. This statement is
based on the fact that this effect was observed after exposure to environmentally realistic copper
concentrations in a concentration-dependent manner. As previously suggested by Lionetto et al.
(2005; 2006), the wide use of bivalves to monitor and assess the quality of aquatic environments
together with the findings reported in the present study strongly support the idea of developing
an in vitro bioassay based on the carbonic anhydrase activity to determine the toxicity of

environmental water samples contaminated with metals, including Cu.
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Table 1. Viability of the cells rich in mitochondria isolated from gills of the seawater clam
Mesodesma mactroides kept under control condition (no Cu addition in the water) or exposed (3

h) to different Cu concentrations (5, 9 and 20 pg Cu/L) under different osmotic conditions (840,

730 and 670 mOsmol/Kg H,0). Data are expressed as mean + standard error (n = 4).

Osmotic condition Treatment

(mOsmol/Kg H,O)  Control-Oh  Control-3h  5pugCu/L  9ugCu/L 20 ug Cu/L
840 82.4+1.0*° 81.2+27° 788+32% 783+18 787+17°
730 824+1.0*° 750+1.0" 741+09° 740+19° 749+10°
670 824+1.0*° 71.0+34" 71.0+36" 729+32° 731+22"
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FIGURE CAPTIONS

Figure 1. Copper content in cells rich in mitochondria isolated from gills of the seawater clam
Mesodesma mactroides kept under control condition (no Cu addition in the water) and exposed
(3 h) to different copper concentrations (5, 9 and 20 pug Cu/L). Data are expressed as mean +
standard error (n = 4). Different letters indicate significantly different mean values among

treatments (p<0.05).

Figure 2. Cellular Na*, CI" (A) and Ca?*, K* and Mg®* (B) content in cells rich in mitochondria
isolated from gills of the seawater clam Mesodesma mactroides kept under control condition (no
Cu addition in the water) and exposed (3 h) to different Cu concentrations (5, 9 and 20 pg Cu/L).
Data are expressed as mean + standard error (n=4). Different letters indicate significantly

different mean values among treatments (p<0.05).

Figure 3. Na’,K*-ATPase (A) and carbonic anhydrase (B) activity in cells rich in mitochondria
isolated from gills of the seawater Mesodesma mactroides kept under control condition (no Cu
addition in the water) and exposed (3 h) to different Cu concentrations (5, 9 and 20 pug Cu/L).
Data are expressed as mean + standard error (n=5). Different letters indicate significantly

different mean values among treatments (p<0.05).

Figure 4. Cellular Cu (A) and Na* (B) content in cells rich in mitochondria isolated from gills of
the seawater clam Mesodesma mactroides kept under control condition (no Cu addition in the

water) and exposed (3 h) to different Cu concentrations (5, 9 and 20 g Cu/L) under different

80



osmotic conditions (670, 730 and 840 mOsmol/Kg H,0). Data are expressed as mean + standard
error (n = 5). Different capital letters indicate significant different mean values among osmotic
conditions within the same treatment (control or Cu exposure). Different small case letters
indicate significant different mean values among treatments (control or Cu exposure) within the

same osmotic condition (p<0.05).

Figure 5. Na’,K*-ATPase (A) and carbonic anhydrase (B) activity in cells rich in mitochondria
isolated from gills of the seawater clam Mesodesma mactroides kept under control condition (no
Cu addition in the water) and exposed to different Cu concentrations (5, 9 and 20 pug Cu/L) under
different osmotic conditions (670, 730 and 840 mOsmol/Kg H,0). Data are expressed as mean *
standard error (n = 5). Different capital letters indicate significant different mean values among
osmotic conditions within the same treatment (control or Cu exposure). Different small case
letters indicate significant different mean values among treatments (control or Cu exposure)

within the same osmotic condition (p<0.05).
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Figure 5
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CONCLUSOES GERAIS

As técnicas empregadas para dissociacdo do tecido branquial do mexilhdo de &gua doce
Lasmigona costata e do marisco de agua salgada Mesodesma mactroides se mostraram eficazes
para obtencdo de células isoladas e viaveis para futuros estudos in vitro. Os procedimentos
empregados para fracionamento das células obtidas permitiram a separacdo das celulas
branquiais em duas fragdes distintas. Além disso, a aplicacdo de duas abordagens (marcacao
mitocondrial e andlise enzimatica) para identificacdo da presenca de células ricas em
mitocéndrias nas fracbes celulares obtidas para as duas espécies de bivalves também se mostrou
adequada. Por sua vez, as células ricas em mitocondrias isoladas das branquias das duas espécies
de bivalves mostraram ser uma potencial ferramenta para o estudo dos mecanismos celulares
envolvidos na acumulacéo e toxicidade do cobre (Cu) em bivalves de dgua doce e marinhos. De
fato, os resultados obtidos apds a exposicdo das células ricas em mitocondria isoladas do
mexilhdo de agua doce L. costata e do marisco marinho M. mactroides ao Cu indicam uma
importante competicdo entre o Na* e Cu por sitios de ligacdo na membrana plasmatica. Além
disso, eles demonstram que o Cu é um toxico ionorregulatorio para ambas as espécies de
bivalves, e que a toxicidade celular do metal aumenta em ambientes hiposméticos. Por fim, o
presente estudo fornece evidéncias claras de que ndo s6 a quimica da agua, mas também a
fisiologia do organismo em estudo € importante para a previsdao da toxicidade do Cu em
ambientes aquaticos. Neste contexto, os resultados apresentados indicam a atividade da anidrase
carbbnica de células branquiais ricas em mitocdndria do marisco de dgua salgada M. mactroides

como um potencial biomarcador da exposi¢do ao Cu em ambientes aquéticos.
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« Identify all elements found in the figure in the figure caption; and use boxes, circles, etc.,
as coordinate points in graphs.

o Identify previously published material by giving the original source in the form of a
reference citation at the end of the figure caption.

Figure Placement and Size

e When preparing your figures, size figures to fit in the column width.

e For most journals the figures should be 39 mm, 84 mm, 129 mm, or 174 mm wide and
not higher than 234 mm.

o For books and book-sized journals, the figures should be 80 mm or 122 mm wide and not
higher than 198 mm.
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ANEXO 2
Normas para o autor da revista AQUATIC TOXICOLOGY
Types of paper

1. Original Research Papers (Regular Papers)
2. Review Atrticles

3. Short Communications

4. Letters to the Editor

Original Research Papers should report the results of original research. The material should not
have been previously published elsewhere, except in a preliminary form.

Review Articles can be divided into three types:

* Regular reviews covering subjects falling within the scope of the journal which are of active
current interest. These should generally not exceed 12 printed pages (approx. 6000 words).

* Mini-reviews. These will be short reviews or overviews (not exceeding 2-3 printed pages,
approx. 1000-1500 words) on topics of above-average emerging interest.

» Commentaries. This label will be given to mini-reviews which clearly contain the personal
opinions of the author concerned. All types of review articles will be solicited by the Reviews
Editor, Prof. M.N. Moore, Plymouth Marine Laboratory, Prospect Place, The Hoe, Plymouth,
PL1 3DH, UK. E-mail: mnm@pml.ac.uk.

Short Communications will be restricted to papers describing short, complete studies. They
should not exceed 3 printed pages, including figures and tables (approx. 1500 words), and should
be written in a continuous style, without subdivisions of introduction, materials and methods,
results, discussion and acknowledgements; they should always begin with a summary. A short
communication, although brief, should be a complete and final publication, and figures and
tables from the communication should not occur in a later paper.

Letters to the Editor should either offer comment on a paper published in the journal, or
comment on any general matter providing that this is relevant to the scope of the journal. In the
case of letters commenting on published papers, the author(s) of the latter will be given the
opportunity to react to the letter and the two items will subsequently be published together in the
journal.

Article structure

Subdivision - numbered sections

Divide your article into clearly defined and numbered sections. Subsections should be numbered
1.1 (then1.1.1,1.1.2, ...), 1.2, etc. (the abstract is not included in section numbering). Use this
numbering also for internal cross-referencing: do not just refer to 'the text'. Any subsection may
be given a brief heading. Each heading should appear on its own separate line.
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Introduction
State the objectives of the work and provide an adequate background, avoiding a detailed
literature survey or a summary of the results.

Material and methods
Provide sufficient detail to allow the work to be reproduced. Methods already published should
be indicated by a reference: only relevant modifications should be described.

Theory/calculation

A Theory section should extend, not repeat, the background to the article already dealt with in
the Introduction and lay the foundation for further work. In contrast, a Calculation section
represents a practical development from a theoretical basis.

Results
Results should be clear and concise.

Discussion

This should explore the significance of the results of the work, not repeat them. A combined
Results and Discussion section is often appropriate. Avoid extensive citations and discussion of
published literature.

Conclusions
The main conclusions of the study may be presented in a short Conclusions section, which may
stand alone or form a subsection of a Discussion or Results and Discussion section.

Appendices

If there is more than one appendix, they should be identified as A, B, etc. Formulae and
equations in appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; ina
subsequent appendix, Eg. (B.1) and so on. Similarly for tables and figures: Table A.1; Fig. A.1,
etc.

Essential title page information

« Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid
abbreviations and formulae where possible.

 Author names and affiliations. Where the family name may be ambiguous (e.g., a double
name), please indicate this clearly. Present the authors' affiliation addresses (where the actual
work was done) below the names. Indicate all affiliations with a lower-case superscript letter
immediately after the author's name and in front of the appropriate address. Provide the full
postal address of each affiliation, including the country name and, if available, the e-mail address
of each author.

« Corresponding author. Clearly indicate who will handle correspondence at all stages of
refereeing and publication, also post-publication. Ensure that phone numbers (with country
and area code) are provided in addition to the e-mail address and the complete postal
address. Contact details must be kept up to date by the corresponding author.

* Present/permanent address. If an author has moved since the work described in the article
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was done, or was visiting at the time, a 'Present address' (or '‘Permanent address’) may be
indicated as a footnote to that author's name. The address at which the author actually did the
work must be retained as the main, affiliation address. Superscript Arabic numerals are used for
such footnotes.

Abstract

A concise and factual abstract is required of no more than 400 words. The abstract should state
briefly the purpose of the research, the principal results and major conclusions. An abstract is
often presented separate from the article, so it must be able to stand alone. For this reason,
References should be avoided, but if essential, they must be cited in full, without reference to the
reference list. Also, non-standard or uncommon abbreviations should be avoided, but if essential
they must be defined at their first mention in the abstract itself.

Keywords

Immediately after the abstract, provide a maximum of 6 keywords, using American spelling and
avoiding general and plural terms and multiple concepts (avoid, for example, ‘and’, 'of'). Be
sparing with abbreviations: only abbreviations firmly established in the field may be eligible.
These keywords will be used for indexing purposes.

Abbreviations

Define abbreviations that are not standard in this field in a footnote to be placed on the first page
of the article. Such abbreviations that are unavoidable in the abstract must be defined at their first
mention there, as well as in the footnote. Ensure consistency of abbreviations throughout the
article.

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the references and
do not, therefore, include them on the title page, as a footnote to the title or otherwise. List here
those individuals who provided help during the research (e.g., providing language help, writing
assistance or proof reading the article, etc.).

Math formulae

Present simple formulae in the line of normal text where possible and use the solidus (/) instead
of a horizontal line for small fractional terms, e.g., X/Y. In principle, variables are to be
presented in italics. Powers of e are often more conveniently denoted by exp. Number
consecutively any equations that have to be displayed separately from the text (if referred to
explicitly in the text).

Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the article, using
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superscript Arabic numbers. Many wordprocessors build footnotes into the text, and this feature
may be used. Should this not be the case, indicate the position of footnotes in the text and present
the footnotes themselves separately at the end of the article. Do not include footnotes in the
Reference list.

Table footnotes

Indicate each footnote in a table with a superscript lowercase letter.

Artwork

Electronic artwork

General points

* Make sure you use uniform lettering and sizing of your original artwork.

» Embed the used fonts if the application provides that option.

» Aim to use the following fonts in your illustrations: Arial, Courier, Times New Roman,
Symbol, or use fonts that look similar.

* Number the illustrations according to their sequence in the text.

» Use a logical naming convention for your artwork files.

* Provide captions to illustrations separately.

* Size the illustrations close to the desired dimensions of the printed version.

* Submit each illustration as a separate file.

A detailed guide on electronic artwork is available on our website:
http://www.elsevier.com/artworkinstructions

You are urged to visit this site; some excerpts from the detailed information are given here.
Formats

If your electronic artwork is created in a Microsoft Office application (Word, PowerPoint, Excel)
then please supply ‘as is' in the native document format.

Regardless of the application used other than Microsoft Office, when your electronic artwork is
finalized, please 'Save as' or convert the images to one of the following formats (note the
resolution requirements for line drawings, halftones, and line/halftone combinations given
below):

EPS (or PDF): Vector drawings, embed all used fonts.

TIFF (or JPEG): Color or grayscale photographs (halftones), keep to a minimum of 300 dpi.
TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a minimum of
1000 dpi.

TIFF (or JPEG): Combinations bitmapped line/half-tone (color or grayscale), keep to a minimum
of 500 dpi.

Please do not:

* Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these typically
have a low number of pixels and limited set of colors;

* Supply files that are too low in resolution;

* Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF),
or MS Office files) and with the correct resolution. If, together with your accepted article, you
submit usable color figures then Elsevier will ensure, at no additional charge, that these figures
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will appear in color on the Web (e.g., ScienceDirect and other sites) regardless of whether or not
these illustrations are reproduced in color in the printed version. For color reproduction in
print, you will receive information regarding the costs from Elsevier after receipt of your
accepted article. Please indicate your preference for color: in print or on the Web only. For
further information on the preparation of electronic artwork, please see
http://www.elsevier.com/artworkinstructions.

Please note: Because of technical complications which can arise by converting color figures to
‘gray scale' (for the printed version should you not opt for color in print) please submit in
addition usable black and white versions of all the color illustrations.

Figure captions

Ensure that each illustration has a caption. Supply captions separately, not attached to the figure.
A caption should comprise a brief title (not on the figure itself) and a description of the
illustration. Keep text in the illustrations themselves to a minimum but explain all symbols and
abbreviations used.

Tables

Number tables consecutively in accordance with their appearance in the text. Place footnotes to
tables below the table body and indicate them with superscript lowercase letters. Avoid vertical
rules. Be sparing in the use of tables and ensure that the data presented in tables do not duplicate
results described elsewhere in the article.

References

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and vice
versa). Any references cited in the abstract must be given in full. Unpublished results and
personal communications are not recommended in the reference list, but may be mentioned in
the text. If these references are included in the reference list they should follow the standard
reference style of the journal and should include a substitution of the publication date with either
'Unpublished results' or 'Personal communication'. Citation of a reference as 'in press' implies
that the item has been accepted for publication.

Web references

As a minimum, the full URL should be given and the date when the reference was last accessed.
Any further information, if known (DOI, author names, dates, reference to a source publication,
etc.), should also be given. Web references can be listed separately (e.g., after the reference list)
under a different heading if desired, or can be included in the reference list.

References in a special issue
Please ensure that the words 'this issue' are added to any references in the list (and any citations
in the text) to other articles in the same Special Issue.

Reference style
Text: All citations in the text should refer to:
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1. Single author: the author's name (without initials, unless there is ambiguity) and the year of
publication;

2. Two authors: both authors' names and the year of publication;

3. Three or more authors: first author's name followed by ‘et al." and the year of publication.
Citations may be made directly (or parenthetically). Groups of references should be listed first
alphabetically, then chronologically.

Examples: 'as demonstrated (Allan, 2000a, 2000b, 1999; Allan and Jones, 1999). Kramer et al.
(2010) have recently shown ...."

List: References should be arranged first alphabetically and then further sorted chronologically if
necessary. More than one reference from the same author(s) in the same year must be identified
by the letters 'a’, 'b’, 'c', etc., placed after the year of publication.

Examples:

Reference to a journal publication:

Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2010. The art of writing a scientific article. J.
Sci. Commun. 163, 51-59.

Reference to a book:

Strunk Jr., W., White, E.B., 2000. The Elements of Style, fourth ed. Longman, New York.
Reference to a chapter in an edited book:

Mettam, G.R., Adams, L.B., 2009. How to prepare an electronic version of your article, in:
Jones, B.S., Smith , R.Z. (Eds.), Introduction to the Electronic Age. E-Publishing Inc., New
York, pp. 281-304.

Journal abbreviations source

Journal names should be abbreviated according to:

List of title word abbreviations: http://www.issn.org/2-22661-LTWA-online.php; NLM Catalog
(Journals referenced in the NCBI Databases): http://www.ncbi.nlm.nih.gov/nImcatalog/journals;
CAS (Chemical Abstracts Service): via http://www.cas.org/content/references/corejournals.

Video data

Elsevier accepts video material and animation sequences to support and enhance your scientific
research. Authors who have video or animation files that they wish to submit with their article
are strongly encouraged to include links to these within the body of the article. This can be done
in the same way as a figure or table by referring to the video or animation content and noting in
the body text where it should be placed. All submitted files should be properly labeled so that
they directly relate to the video file's content. In order to ensure that your video or animation
material is directly usable, please provide the files in one of our recommended file formats with a
preferred maximum size of 50 MB. Video and animation files supplied will be published online
in the electronic version of your article in Elsevier Web products, including ScienceDirect:
http://www.sciencedirect.com. Please supply 'stills’ with your files: you can choose any frame
from the video or animation or make a separate image. These will be used instead of standard
icons and will personalize the link to your video data. For more detailed instructions please visit
our video instruction pages at http://www.elsevier.com/artworkinstructions. Note: since video
and animation cannot be embedded in the print version of the journal, please provide text for
both the electronic and the print version for the portions of the article that refer to this content.
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AudioSlides

The journal encourages authors to create an AudioSlides presentation with their published
article. AudioSlides are brief, webinar-style presentations that are shown next to the online
article on ScienceDirect. This gives authors the opportunity to summarize their research in their
own words and to help readers understand what the paper is about. More information and
examples are available at http://www.elsevier.com/audioslides. Authors of this journal will
automatically receive an invitation e-mail to create an AudioSlides presentation after acceptance
of their paper.

Supplementary data

Elsevier accepts electronic supplementary material to support and enhance your scientific
research. Supplementary files offer the author additional possibilities to publish supporting
applications, high-resolution images, background datasets, sound clips and more. Supplementary
files supplied will be published online alongside the electronic version of your article in Elsevier
Web products, including ScienceDirect: http://www.sciencedirect.com. In order to ensure that
your submitted material is directly usable, please provide the data in one of our recommended
file formats. Authors should submit the material in electronic format together with the article and
supply a concise and descriptive caption for each file. For more detailed instructions please visit
our artwork instruction pages at http://www.elsevier.com/artworkinstructions.

Submission checklist

The following list will be useful during the final checking of an article prior to sending it to the
journal for review. Please consult this Guide for Authors for further details of any item.
Ensure that the following items are present:

One author has been designated as the corresponding author with contact details:

 E-mail address

* Full postal address

* Phone numbers

All necessary files have been uploaded, and contain:

» Keywords

* All figure captions

+ All tables (including title, description, footnotes)

Further considerations

» Manuscript has been 'spell-checked' and 'grammar-checked'

* References are in the correct format for this journal

» All references mentioned in the Reference list are cited in the text, and vice versa

* Permission has been obtained for use of copyrighted material from other sources (including the
Web)

* Color figures are clearly marked as being intended for color reproduction on the Web (free of
charge) and in print, or to be reproduced in color on the Web (free of charge) and in black-and-
white in print

« If only color on the Web is required, black-and-white versions of the figures are also supplied
for printing purposes
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