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RESUMO

O aumento populacional, urbanizacdo e atividades industriais e agricolas tém
aumentado o aporte de poluentes em ecossistemas aquaticos. Para avaliar a
gualidade da agua e os efeitos dos poluentes na biota utiliza-se o biomonitoramento.
Uma espécie de peixe nativa, vivipara e de pequeno porte potencialmente utilizavel
como biomonitora e modelo ecotoxicoldgico para espécies dulciculas e estuarinas no
pais é a Jenynsia multidentata (Anablepidae, Ciprinodontiforme). Como a
reproducao € uma das funcdes biolégicas que podem ser afetadas pela poluicéo, e a
gualidade dos espermatozoides pode contribuir para o sucesso reprodutivo, testes
gue avaliem sua qualidade produzem bioindicadores sensiveis e seguros de
poluicdo aquética. Um dos parametros utilizados para medir a qualidade espermatica
€ a motilidade, sendo esta influenciada principalmente pela osmolalidade do meio.
Como n&o se encontrou estudos determinando a osmolalidade ideal para a J.
multidentata, foi testado os efeitos de diferentes osmolalidades (240-460 mOsm/kg)
da Solucédo Balanceada de Hanks (HBSS), na motilidade e outros parametros de
gualidade espermética (potencial de membrana mitocondrial e integridade de
membrana plasmatica e DNA) em J. multidentata. Além disso, foi coletado sangue
da artéria caudal e medida a osmolalidade plasmatica. A osmolalidade plasmatica
em J. multidentata foi de 326 + 3,9 mOsm/Kg. Osmolalidades entre 240 e 320
ativaram mais de 50% dos espermatozoides, sendo que as taxas de motilidade mais
constantes e duradouras foram entre 300 e 320 mOsm/Kg (isosmoticidade), por até
7 dias. As maiores taxas de integridade de membrana foram entre 280-360
mOsm/Kg, potencial de membrana mitocondrial 300-460 mOsm/Kg, e as maiores
taxas de integridade de DNA entre 260-380 mOsm/Kg no 4° dia de avaliagdo. Em 4
dias de avaliacdo, tanto a hipo (240 mOsm/Kg) ou hiperosmolalidade (=460
mOsm/Kg) apresentaram as menores taxas de motilidade, integridade de membrana
plasmatica e integridade de DNA. O potencial de membrana mitocondrial foi
reduzido somente na hipo-osmolalidade (240 mOsm/Kg) que também foi mais
prejudicial a integridade de membrana plasmatica. E provavel que o estresse
oxidativo gerado pelo choque osmético seja um dos fatores que esta reduzindo a
gualidade espermatica em meio ndo isosmaético, como relatada em mamiferos.

Tendo definido a osmolalidade adequada do meio de armazenamento, foram



avaliado os efeitos do cobre na reproducdo em machos de J. multidentata. O cobre &
um metal essencial para os seres vivos, mas em concentracdes elevadas torna-se
toxico. Uma das caracteristicas conhecidas do cobre é a sua capacidade de
provocar estresse oxidativo, e por suas caracteristicas intrinsecas, 0s
espermatozoides sdo suscetiveis a danos oxidativos. Como 0s mecanismos de
toxicidade do cobre no sistema reprodutivo em peixes nao estdao elucidados, é
possivel que o estresse oxidativo seja um desses mecanismos. Sendo assim,
avaliou-se os efeitos de concentracGes ambientalmente de cobre presentes nos
ecossistemas aquaticos de agua doce (0, 4.5, 9 e 18 pg L), de forma aguda (4 dias)
e cronica (21 dias), em parametros de qualidade espermatica (motilidade, potencial
de membrana mitocondrial e integridade de membrana plasmética e DNA) e
espermatogénese (concentracdo espermatica) em J. multidentata. O ensaio
bioguimico de lipoperoxidacdo foi utilizado como marcador de estresse oxidativo.
Verificou-se aumento significativo (0,4907 pumol TMP/mg de peso seco) (p<0,05)
deste marcador na exposicdo aguda e na maior concentracdo 18 pg L™, bem como
reducdo da motilidade (61,22%) e potencial de membrana mitocondrial (6,33%)
quando comparado ao controle. A concentracdo espermatica também foi reduzida
(47,38%), embora ndo significativamente, sendo que no grupo controle a
concentragao foi de 9,3 x 10° células por génada. Por outro lado, a concentracéo de
4.5 pg L'provocou reducdo da integridade de membrana (7,81%), mesmo sem ter
ocorrido lipoperoxidacdo. Portanto, o estresse oxidativo parece ser um dos
mecanismos de toxicidade do cobre em exposices agudas na agua doce, pelo
menos em concentragdes mais elevadas. Na exposigcdo cronica n&o foram
evidenciados aumentos de lipoperoxidagdo, mas a motilidade foi reduzida na
concentracdo de 18 pg L™ (72,35%) e a concentracdo espermatica na concentragéo
4.5 pg L' (44,67%) em relacdo ao controle (p<0,05). Provavelmente, tanto os efeitos
agudos e cronicos da menor concentragdo, como os efeitos croénicos na
concentragdo superior, foram provocados por outro mecanismo de toxicidade do
cobre que ndo o estresse oxidativo, como danos diretos em células e tecidos ou
disrupcdo endécrina. Portanto, podemos concluir que osmolalidades entre 300-320
mOsm/Kg s&@o as que mantiveram satisfatoriamente todos os parametros de
qualidade espermatica avaliados em J. multidentata por pelos menos 4 dias, e tanto
a hiper quanto em hipo-osmolalidade séo prejudiciais. A exposicao ao cobre também

afeta a qualidade dos espermatozoides e a espermatogénese, tanto aguda quanto



crobnicamente, com excecdo do DNA, que manteve sua integridade em ambas as
concentracfes e tempos experimentais. O estresse oxidativo parece ser o
mecanismo de toxicidade aguda do cobre em concentragdes elevadas. Portanto,
parametros espermaticos podem ser utilizados tanto para avaliacdo dos efeitos da
osmolalidade quanto como marcadores de exposi¢cdo ao cobre na reproducéo desta

espécie.

Palavras chave: espermatozoide, estresse oxidativo, live-bearing, diluente, metais,

poluicéo.
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1 INTRODUCAO
O aumento das atividades antropogénicas como agricultura, inddstria e o
crescimento urbano tem provocado um aporte de poluentes nos ecossistemas
aquaticos. Poluentes ambientais tais como metais, pesticidas, e outros compostos
organicos apresentam riscos graves para muitos organismos aquaticos (SCOTT E
SLOMAN, 2004). Sendo assim, a qualidade da agua nao pode ser adequadamente
avaliada simplesmente mensurando-se alteragcbes em parametros fisico-quimicos,
uma vez que alteracdes nestes parametros podem estar influenciando o conjunto de
seres vivos que vivem nestes ambientes. Neste contexto surge o biomonitoramento,
gue consiste em utilizar respostas biolégicas para avaliar as mudangas na qualidade
da 4gua e seus efeitos para a biota. O biomonitoramento, portanto, fornece
informacdes sobre a presenca de poluentes, seus efeitos na biota e oferece suporte

a politicas ambientais.

Para o biomonitoramento ambiental, utilizam-se organismos denominados
biomonitores (ou bioindicadores), os quais sdo capazes de responder ao estresse,
em decorréncia da exposicdo a agentes poluentes (ZHOUA et al., 2008). Espécies
de peixes sdo consideradas como biomonitores adequados, devido a sua
importancia econdmica e ecoldgica (JIRAUNGKOORSKUL et al., 2002). Por estarem
presentes em praticamente qualquer corpo d’agua e possuirem uma variedade de
nichos ecoldgicos entre as espécies (VAN DER OOST et al., 2003), os peixes estdo
expostos continuamente a varios poluentes que adentram 0s ecossistemas
aquaticos via descargas urbanas e industriais ou drenagem agricola (RASHED,
2001). Além disso, as mudancgas a nivel celular e bioquimico em peixes estao entre
as respostas biolégicas mais sensiveis verificadas apds a exposicdo a poluentes
aquaticos (GLUSCZAK et al, 2007; SANDRINI et al, 2013).

Uma espécie que vem sendo utilizada com sucesso como modelo bioindicador
na avaliacao dos efeitos de poluentes no ambiente aquatico é a Jenynsia multidenta,
Anablepidae, Ciprinodontiforme (Figura 1) (AMERICAN PUBLIC HEALTH
ASSOCIATION [APHA] 1998; CAZENAVE et al., 2005; BALLESTEROS et al., 2007,
2011; HUED et al., 2012, 2013;). Esta € uma espécie neotropical amplamente
distribuida na América do Sul (MALABARBA et al, 1998) e teve sua inclusdo
solicitada pelo Instituto Argentino de Padronizacdo e Certificacdo (IRAM, 2007)
como uma espécie nativa adequada para determinacdo da toxiciade letal aguda a

diferentes compostos quimicos. Além de habitar uma diversidade de ambientes, a J.
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multidentata possui uma biologia reprodutiva caracterizada pela viviparidade e
fecundacéao interna, fazendo com que esta espécie possa estar sendo afetada de
maneira diferenciada pelos poluentes lancados nos ecossistemas aquaticos. Estas
caracteristicas, associadas a sua abundancia e tamanho reduzido (facilitando sua
manutengdo em condi¢cdes experimentais) fazem com que a J. multidentata seja um
possivel biomonitor e modelo ecotoxicolégico para espécies dulciculas e estuarinas
no pais.

Figura 01- Foto de um macho da espécie Jenynsia multidentata.

Fonte:Google imagens

Sendo a reproducédo um dos fatores influenciados pelo aumento da polui¢c&o
nos ambientes de agua doce, a identificacdo de parametros responsivos e que
fornecam respostas precoces a poluicédo torna-se uma necessidade. Segundo Kime
et al. (1996) a qualidade dos espermatozoides € um dos fatores que podem
contribuir para o sucesso reprodutivo de uma espécie, e testes que possam medir
sua qualidade produzem um bioindicador sensivel e seguro para a poluicdo
aquatica. Como os programas atuais de monitoramento de sistemas aquaticos
requerem a integracdo entre analises quimicas e ensaios biolégicos que avaliem os
efeitos dos diferentes contaminantes nos organismos (COUTLAUD et al., 2011,
MACOVA et al., 2010), testes de qualidade espermatica podem ser considerados
como promissores ensaios de toxicidade para avaliacdo da qualidade ambiental
(FABBROCINI et al., 2012), e tém sido utilizados para avaliacdo dos efeito de
diferentes poluentes na reproducdo (LAHENSTEINER et al., 2004; JENKINS et al.,
2006; HARAYASHIKI et al., 2013;LOPES et al., 2014).

Por apresentarem uma diversidade de espécies (em torno de 25.000
espécies) e habitarem uma grande variedade de ambientes, os peixes apresentam
diferentes estratégias para alcancar o sucesso reprodutivo, incluindo gametas que
sdo liberados no ambiente aquatico (oviparos com fecundagcdo externa: a maioria

dos peixes teleésteos), ou espermatozoides introduzidos no trato reprodutivo
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feminino (fecundacédo interna), fertilizando ovos (ovoviviparos) ou com gestacao
interna de embrides (viviparos) (VIZZIANO et al., 2008).

Estas diferentes estratégias reprodutivas determinam, por exemplo, modos de
ativagao e inibicdo da motilidade diferentes. No fluido seminal, os espermatozoides
de peixes teledsteos sdo imoveis, e durante a reproducdo natural, a motilidade é
ativada apos liberacdo dos espermatozoides no ambiente aquatico (espécies
oviparas com fecundacé&o externa) ou no trato genital feminino (espécies viviparas e
ovoviviparas com fecundacéo interna) (STOSS, 1983; BILLARD, 1986; BILLARD e
COSSON 1990; CIRIESZKO et al., 2000). Por outro lado, em condic¢fes artificiais, €
necesséario uma solugdo de armazenamento para as células esperméticas, e um dos
principais fatores que podem afetar a qualidade espermética é a pressao osmotica
(osmolalidade), além do pH e composicdo ibnica (MORISAWA e SUZUKI, 1980;
ALAVI e COSSON, 2006; ALAVI et al., 2009).

A osmolalidade é a estimac¢&o da concentracdo molar do plasma ou de outra
solucdo, e é proporcional ao numero de particulas por kilograma de solvente,
expressa como mOsm/Kg (miliosmois). Como as membranas celulares séo
geralmente permeaveis a agua, a osmolalidade gera uma forca associda ao
movimento da agua, chamada pressdo osmotica (MOYES e SHULTE, 2010). A
pressdo osmoética do fluido extracelular é aproximadamente igual a do fluido
intracelular. Portanto, a osmolalidade do plasma sanguineo pode ser usado como
um guia para a osmolalidade intracelular, e mostra que alteragées na osmolalidade
extracelular exerce grande influénca na osmolalidade intracelular.

Nas espécies oviparas, 0s espermatozoides sao ativados quando expostos a
um meio hiperosmotico (peixes marinhos) ou hiposmético (peixes de agua doce) e
permanecem iméveis em meio isosmotico (COSSON et al., 1999; CIRIERESZKO et
al., 2000; COSSON, 2004; ALAVI e COSSON, 2006; COSSON, 2008). O tempo de
duracdo da motilidade espermética também € muito curta e variada entre estas
espécies. Em peixes de agua doce, por exemplo, pode variar de 30-40 segundos,
como em carpa Cyprinus carpio (BILLARD et al., 1995), até 486 segundos em pacu
Piaractus mesopotamicus (MARIA et al., 2005).

O contrario tem sido descrito para algumas espécies de poecilideos com

fecundacéo interna, nos quais 0s espermatozoides sao ativados em osmolalidades
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préoximas a osmolalidade plasmética (isosmotico), tornando-se iméveis em meio hipo
ou hiperosmético, além de a motilidade ser mantida por horas ou até dias
(MORISAWA e SUZUKI, 1980; HUANG et al., 2004ab; YANG et al., 2006; SUN et
al.,, 2010). No entanto, segundo Yang e Tiersch (2012), o modo de ativagao descrito
em poecilideos ndo € representativa para todos os viviparos, como em Xentoca
eiseni da familia Goodeidae (dados ndo publicados), e isso se deve ao fato de a
viviparidade ter se desenvolvido independentemente em varios grupos e apresentar
adaptacdes diferentes para resolver o problema da fertilizac&o interna.

A morfologia e fisiologia dos espermatozoides de espécies viviparas também
sdo diferentes das espécies oviparas, possuindo cabeca alongada, bainhas
mitocondriais bem desenvolvidas na peca intermediaria e atividade glicolitica
comparavel a encontrada em espematozoides de mamiferos (GARDINER, 1978;
STOSS, 1983; JAMIESON, 1991). Provavelmente, estas caracteristicas sejam uma
adaptacdo a sobrevivéncia dos espermatozoides em longo prazo no trato
reprodutivo da fémea apds a coépula, uma vez que espécies viviparas podem
armazenar 0s espermatozoides vivos por meses até a fecundacdo dos odcitos
maduros (POTTER e KRAMER, 2000).

Portanto, podemos obervar que a osmolalidade € um dos principais fatores
qgue influenciam a motilidade, tanto em espécies de fecundacdo externa quanto
interna. No entanto, como maioria dos peixes teledsteos é ovipara com fecundacéao
externa, os estudo dos efeitos da osmolalidade na ativagao e inativagdo das células
espermaticas concentra-se nestas espécies (ALAVI e COSSON, 2006; ALAVI et al.,
2009). Os poucos trabalhos com espécies de fecundacdo interna séo limitados a
poecilideos (MORISAWA e SUZUKI, 1980; HUANG et al., 2004; HUANG et al.,
2009; YANG et al., 2006; SUN et al., 2010) e em ambas as espécies limitam-se a
motilidade.

Além de altera¢cOes da motilidade, células submetidas a diferecas de pressao
osmoética tendem a sofrer inidmeras alteracdes pelo fluxo de agua e ions, na tentativa
de manutencdo da homeostasia, e que podem teminar por provocar apoptose. De
acordo com Moyes e Shulte (2010), os animais possuem diversos sistemas
homeostéaticos de manutencao da composicao idnica e osmdética, e variagdes nestes
pardmetros podem afetar tanto a estrutura como a fungéo de macromoléculas, como
a concentracdo interna de metabdlitos e enzimas prejudicando a regulacdo

metabdlica. Mas talvez os efeitos mais drasticos sejam de alteracdo do volume
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celular. Variagcdes de volume podem deformar o citoesqueleto e a membrana,
alterando a funcdo de receptores e transportadores. Em condicdes severamente
hipotdnicas, as células podem simplesmente explodir. Sendo assim, a utilizacdo da
osmolalidade adequada do meio artificial para armazenamento dos espermatozoides
€ imprescindivel, e além da motilidade, outros parametros de qualidade espermatica
poeréo ser avaliados.

Como o funcionamento normal dos espermatozoides estd intimamente
relacionado com a fertilidade, alguns testes séo realizados para avaliar a qualidade
espermatica de machos, principalmente em estudos sobre os efeitos do processo de
criopreservacdo. No entanto estes trabalhos tém relatado variagdes individuais em
parametros avaliados, tais como: concentracdo espermatica, motilidade, composi¢cao
do plasma seminal, capacidade fertilizante e de armazenamento (RANA, 1995).
Recentemente, testes mais precisos estdo sendo incluidos, especialmente aqueles
utilizando tecnologias fluorescentes. De acordo com (CABRITA et al., 2014), danos
em membrana plasmatica, mitocéndria, DNA e RNA podem ser usados como
marcadores de qualidade espermatica mais precisos, identificando alteracdes na
motilidade dos espermatozoides, habilidade de fertilizagdo, desenvolvimento
embrionario e aptiddo da progénie, sendo que técnicas utilizando microscopia de
fluorescéncia mostram-se efetivas para avaliar estes parametros (PETRUKINA et al.
2003a, b; RATH et al. 2006; PETRUKINA e HARRISON 2013). Essas tecnologias se
baseiam na propriedade marcadora de moléculas que emitem fluorescéncia nos
seus estados excitados, criados por absorcdo de luz, e sua vantagem esta na
capacidade de identificar a localizag&o topogréfica do sinal fluorescente em células
individuais (PETRUKINA e HARRISON, 2013).

A microscopia de fluorescéncia ja foi amplamente utilizada para avaliar as
propriedades funcionais dos espermatozoides de mamiferos como, por exemplo,
defeitos na cromatina, integridade de membrana, integridade do acrossoma,
fosforilagdo de proteinas, danos oxidativos e funcionalidade mitocondrial
(HARRISON E VICKERS 1990; CHENG et al. 1996; PETRUNKINA et al. 2003a, b;
RATH et al. 2006). Por outro lado, em peixes, a avaliacdo de parametros de
gualidade espermética por microscopia de fluorescéncia comecou a ser utilizadas

recentemente em processos de criopreservacdo (VARELA JUNIOR et al., 2012), e
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mais recentemente ainda com outras finalidades, como por exemplo, para avaliar
parAmetros espermaticos em machos de zebrafish transgénico que super
expressavam o horménio do crescimento (GH) (FIGUEIREDO et al.,, 2013), em
zebrafish expostos ao glifosato, um herbicida sistémico e ndo seletivo utilizado
mundialmente na agricultura (LOPES et al.,, 2014.), e efeitos do Roundup, um
herbicida a base de glifosato, em Poecilia vivipara (HARAYASCHIKI et al., 2013).
Portanto, tanto os testes classicos como os que se utilizam da microscopia de
fluorescéncia sao potencialmente utilizavis para a avaliacdo dos efeitos da
osmolalidade nas células espermaticas, bem como os efeitos de poluentes que
afetem a reprodu¢céo em machos.

Entre os testes classicos mais utilizados podemos destacar a motilidade e a
concentracdo espermatica. A motilidade determina a porcentagem de células com
movimentacdo progressiva, medindo indiretamente a atividade metabdlica das
células espermaéticas e permite a chegada dos espermatozoides até o oocito. Sendo
assim, a motilidade é um dos principais parametros a serem considerados na analise
da qualidade seminal de peixes, embora espermatozoides inférteis tenham
apresentado algum tipo de motilidade, (BILLARD et al, 1995). Ela € amplamente
utilizada na avaliacdo da manutencao da integridade desta célula nos processos de
criopreservacao (e.g. WATSON, 2000; HUANG et al., 2009; VARELA JUNIOR et al.,
2012) e também na avaliacdo dos efeitos de poluentes aquaticos na reproducdo
(LAHENSTEINER et al., 2004; HARAYASHIKI et al., 2013).

A concentracdo espermatica é outra medida quantitativa importante na
pesquisa e rotina de avaliagcdo do sémen de peixes, tanto de fecundagéo interna
quanto externa (FOGLI DA SILVEIRA et al., 1987). Ela fornece informagdes sobre o
processo da espermatogénese, uma vez que fatores que perturbem a
espermatogénese influenciam diretamente a producdo e/ou qualidade espermatica
(EIDI et al., 2010). Pode ser expressa como a quantidade de espermatozoides por
ml de sémen ou total, podendo ser determinada por contagem em céamaras
volumétricas, mediante diluicdo do sémen em uma solu¢do que imobilize e conserve
as células, como as utilizando formol (FELIZARDO et al., 2010).

Por outro lado, entre os testes mais recentes utilizando epifluorescéncia,
podemos citar a integridade da membrana plasmatica, potencial de membrana
mitocondrial e integridade do DNA. A membrana plasmatica € a estrutura que
envolve completamente o espermatozoide (PESCH e BERGMANN, 2006),
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possuindo importante funcdo na manutencdo da homeostase celular, e atuando
como barreira entre os meios interno e externo (AMMAN e PICKET, 1987). Em
condicbes de estresse, as membranas podem sofrer rearranjos formando pontos
vulneraveis induzindo a excessiva permeabilidade ou rompimento, além de ocorrer a
transicdo dos lipideos, a qual altera o estado funcional da membrana (HOLT, 2000).
Desta forma a integridade da membrana plasmatica é de fundamental importancia
para funcdo espermatica, pois somente uma célula intacta é capaz de sofrer
determinados mecanismos fisioldgicos no trato reprodutivo da fémea, necessarias a
fertilizagdo do od6cito (WATERHOUSE et al, 2004; WABERSKI et al., 2008;
VALLORANI et al.,2010). Para avaliar a integridade da membrana plasmatica (ou
viabilidade), pode-se utilizar fluorocromos que diferenciem entre tipos celulares
intactos ou danificados, como diacetato decarboxifluoresceina (CFDA) e iodeto de
propidio (IP). O CFDA em membranas intactas sofre um processo de hidrolise
transformando-se em carboxifluoresceina, a qual consegue penetrar a membrana e
se acumula nos compartimentos celulares, emitindo fluorescéncia verde. Em células
com membranas danificadas ndo ocorre a hidrélise do CFDA, portanto, nao
acumulam carboxifluoresceina. Por outro lado, o IP que n&o passa por membranas
intactas, consegue penetrar nas células danificadas e se liga ao nucleo das células,
passando a emitir fluorescéncia vermelha (HARRISON e VICKERS, 1990).

Outro parametro importante de qualidade espermética € a funcionalidade
mitocondrial. A mitocondria tem sido alvo de estudos mais intensos nas ultimas duas
décadas por ser essencial para a fisiologia espermética, sendo responsavel pela
producdo da maior parte da energia que possibilita o0 movimento celular, a partir da
geracdo de ATP, e potencial transmembrana esta relacionado com a capacidade da
mitocdndria para produzir ATP via fosforilagcdo oxidativa (PETRUKIA e HARRISON,
2013). A mitocondria também é a responsavel pela maior parte da producéo
endogena de ROS e regula a apoptose celular (COPELAND, 2002). Altos niveis de
ROS perturbam a integridade da membrana iniciando a cascata apoptoética
(ARGAWAL e PRABAKARAM, 2005). Além disso, durante a espermatogénese, 0
namero de mitocondrias € reduzido e, portanto, alteracbes no potencial de
membrana mitocondrial ou mutagdes no mtDNA podem interferir nas caracteristicas

espermaticas e na fertilidade masculina (CAMARA e GUERRA, 2008). As mudancas
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no potencial de membrana mitocondrial podem ser acompanhadas usando
fluorocromos como a Rhodamina (Rh 123), onde células com potencial mitocondrial
alto apresentam fluorescéncia verde intenso, enquanto células com potencial
reduzido ndo apresentam fluorescéncia (GILLAN et al., 2005; ROBLES e
MARTINEZ-PASTOR, 2013).

A avaliacdo da integridade do DNA também estd sendo cada vez mais
utiizado em pesquisas sobre a funcdo reprodutiva. A manutencdo da cromatina
espermatica (compacta e estavel) € extremamente importante, pois permite que o
DNA paterno transportado se fusione com o materno proporcionando a fertilizacéo e
desenvolvimento do embrido (FRASER e STRZEZEK, 2007). H& varias técnicas que
podem determinar a fragmentacdo do DNA, entre elas, o laranja de acridina
(TSAKMAKIDIS et al.,, 2010). O laranja de acridina € um corante metacromatico
utiizado na microscopia de epifluerescéncia ou citometria de fluxo, e emite
fluorescéncia de coloracdo vermelho-alaranjado em espermatozoides com DNA
desnaturado e verde em DNA integro, fornecendo desta forma uma medida do
status de condensacédo da cromatina (FRASER e STRZEZEK 2007; BOE-HANSEN
et al., 2008; PETRUKINA e HARRISON, 2013).

Entre os principais poluentes dos ecossistemas aquaticos que podem estar
causando impactos negativos nas células espermaticas de peixes estdo os metais.
Os metais sdo uma parte essencial da nossa economia, pois devido as suas
propriedades exclusivas como condutividade, maleabilidade, brilho e reciclagem,
fornecem matérias-primas fundamentais para a infraestrutura e fabricacdo de
produtos. Sendo assim, sua demanda devera continuar crescendo nos paises em
desenvolvimento, devido a rdpida industrializagdo, e nos paises desenvolvidos pela
exigéncia do uso de metais nas tecnologias modernas (VAN DER VOET et al.,
2013). No entanto, a producdo e utilizacdo de metais estdo associadas com
potenciais impactos ambientais por se tratarem de poluentes conservativos, nao
biodegradaveis e que atravessam um ciclo hidrologico global, tendo a agua como
principal caminho (TAM e WONG, 1995). A contaminacdo aquatica por metais é um
dos principais problemas em muitas cidades com rapido crescimento, uma vez que a
manutencdo da qualidade da agua e saneamento ndo acompanharam o crescimento
populacional e urbanizacdo, especialmente em paises em desenvolvimento
(SUNDARAY et al., 2006; KARBASSI et al., 2007; AKOTO et al., 2008;. AHMAD et
al., 2010).
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Os metais poluentes mais comuns enumerados pela Agéncia de Protecao
Ambiental (EPA) séo: As (arsénio), Cd (cadmio), Cr (cromo), Cu (cobre), Hg
(mercurio), Ni (niquel), Pb (chumbo), e Zn (zinco) (ATHAR E VOHORA, 2001), e
suas principais fontes antropogénicas de contaminacdo sdo: mineracao, eliminacéo
de efluentes ndo tratados ou parcialmente tratados contendo metais toxicos,
guelatos metalicos de diferentes indUstrias e 0 uso indiscriminado de fertilizantes e
pesticidas contendo metais em areas agricolas (HATJE et al., 1998 , AMMANN et
al., 2002;. NOURI et al., 2006, 2008). Nos ecossistemas brasileiros, a contaminagao

ocorre em diferentes regides, como exemplificado na Tabela 1.

Tabela 1 . Alguns exemplos de contaminacdo por metais em ecossistemas brasileiros.

Local Metais Fonte Autor
Baixo Jacui — RS Fe, Cu, Co, Cr, Ni Processamento de Teixeira et al., 1997
carvao e aco

Rio dos Sinos—= RS  Cu, An, Cr, Cd, Pb Efluentes industriais Hatje et al., 1998

Conselheiro Lafaiet Mn, Fe, Cd, Cu, Ni e Mineragdo Jord&o et al., 1999

- MG Cr

llha de Santa Vitéira Cu, Pb,Zn, Mne Hg. Efluentes domésticos Jesus et al., 2004.

-ES e industriais

Cacapava — SP Pb, Cu, Cd, Zn Area industrial Costa et al., 2008

Baia de Guanabara- Cue Zn Atividade Naval Fonseca et al., 2009

RJ

Rio Piracicaba- SP Zn, Cr, Ni, Cu, Pb Plantagdo de cana- Mortatti e Probst,
de-aclcar e esgoto. 2010.

Fonte: Proprio autor

Alguns desses metais como o Cu, Fe (ferro), Mn (manganés), Ni e Zn séo
essenciais como micronutrientes para muitos processos vitais em animais e plantas,
enquanto outros como Cd, Cr, Pb e Co (cobalto) ndo tém atividades fisiologicas
conhecidas (KAR et al.,, 2008; SUTHAR E SINGH, 2008;. AKTAR et al, 2010).
Embora muitos sejam essenciais, todos sdo toxicos em concentracfes elevadas
(GHOSH E SINGH, 2005), sendo que a toxicidade de cada metal é variavel,
dependendo das suas caracteristicas, concentracdo, forma quimica e
biodisponibilidade (REZENDE e LACERDA, 1986; CHAPMAN et al., 1996).

O Cu é um metal considerado nutriente essencial para uma série de funcdes

fisiologicas e reagdes bioquimicas nos seres vivos. Ele é encontrado em todos os
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organismos no seu estado oxidado Cu®* e reduzido Cu*, e a transicdo entre estes
diferentes estados de oxidacdo permite sua participacdo em diversas atividades
cataliticas proprias da transferéncia de elétrons (UAUY et al., 1998). Ele atua como
cofator de metaloenzimas e suas respectivas funcdes: producdo de energia
(citocromo c oxidase), protecdo de celular contra radicais livres (superoxido
dismutase), neurotransmissores (dopamina hidroxilase e monoxigenase a-amidante
de peptidil glicina), sintese de colageno (lisil oxidase) e producdo de melanina
(tirosinase) (LALL, 2002; BREWER, 2009). O Cu também desempenha papel
importante na regulacdo da expressdo génica. Varios estudos demonstram a
existéncia de fatores de transcricdo regulados pelo cobre (elementos que
respondem a metais — MRE) (UAUY et al.,1998).

Além de ser um elemento essencial aos organismos, o0 Cu metélico € maleavel,
ddctil e um bom condutor térmico e elétrico, e devido a essa versatilidade, tem varios
aplicacdes comerciais. Também € utilizado como algicida, fungicida e molusquicida,
0 que o torna um dos metais mais téxicos para estes organismos. Por sua acao
algicida, a aplicacdo de sulfato de cobre (CuSO,) em represas no Brasil para o
controle da floracdo de algas é frequente, e isso pode refletir numa possivel
contaminacdo da comunidade aquética nesses ambientes (SOLOMON, 2009).

Por serem receptores finais de efluentes industriais e urbanos, escoamento da
agua da chuva e deposicao atmosférica (NRIAGU 1979, DAVIS et al., 2000),
ecossistemas aquaticos sdo suscetiveis a poluicdo causada pelo Cu, e podem
fornecer os primeiros sinais de alerta para os efeitos do excesso de poluicdo
ambiental (KIME et al., 1996). A combustdo de combustiveis fésseis e utilizacao de
produtos anti-incrustantes, como tintas e conservantes de madeiras, também
contribuem para o aumento dos niveis de Cu nos ecossistemas aquaticos
(GROSELL, 2012).Segundo Alberta Environmental Protection (1996) concentragdes
de Cu em rios variam de 0.6 a 400 pg.L™", com uma média de 10 pg.L™.

Em muitos paises, inclusive no Brasil, a regulamentacdo da emissao do Cu esta
baseada na concentracdo total do metal presente em efluentes e/ou no ambiente
(FEPAM, 1995; CONAMA, 2005), e o Conselho Nacional de Meio Ambiente
(CONAMA) estabeleceu o valor de 9 pg Cu.L™? para agua doce do tipo 1 e 2 -
consumo, recreacdao, irrigacao, protecdo das comunidades aquaticas e aquicultura
(CONAMA, 2005).
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No ambiente, o cobre pode ser encontrado em quatro diferentes estados de
oxidacdo: cobre elementar (Cu®, fon cuproso (Cu'*), fon cuprico (Cu®") e ion
trivalente (Cu®*). O cobre elementar é pouco solivel em &gua, enquanto o fon
cuproso € altamente instavel, sendo rapidamente dissociado em cobre metalico ou
fon cuprico. Cu®* é o estagio de oxidagdo mais prevalente do cobre em agua doce, e
também com maior potencial toxico aos organismos aquaticos, por ser mais soluvel
e reativo. Porém, fatores como dureza, alcalinidade, pH, oxigénio dissolvido (OD),
matéria organica dissolvida (MOD) e temperatura da agua afetam a sua toxicidade
(GROSELL, 2012). No entanto, em agua doce, com baixa alcalinidade, livre de
substancias organicas e pH baixo, o potencial téxico do Cu é alto.

Niveis seguros de contaminantes para peixes sao geralmente dificeis de serem
estabelecidos, principalmente devido a variagdo na sensibilidade apresentada por
cada espécie (DWYER et al., 2005). Na agua doce, valores de 96 h LC50 para o Cu
pode ocilar entre 2.7 pg L, para o salmonideo Arctic grayling, dureza 41 mg L™
(BUHL e HAMILTON, 1990) e 1000 pg L para Lepomis macrochirus, concentragéo
de oxigénio dissolvido em torno de 8,0 mg L™?, pH 7.0, alcalinidade 28 mg L e
dureza 40,2 mg L™ (TOMPSON et al., 1980). J4 para a espécie vivipara Poecilia
reticulata, a 96 h LC50 foi de 37,9 pg L™ em pH 6.5, oxigénio dissolvido 6,3 mg L™,
dureza 15,6 mg L™* (SHUHAIMI-OTHMAN et al., 2010). Mecanismos de regulacéo da
homeostasia i6nica espécie-especificos, bem como adaptacdes as condicdes
ambientais locais podem estar relacionados as diferencas de sensibilidade
encontrada em organismos aquaticos (DUARTE et al., 2009). Além das diferencas
de sensibilidade entre as espécies, os efeitos toxicos do cobre variam dependendo
do estagio de desenvolvimento, idade, tamanho, atividade, ciclo reprodutivo e status
nutricional dos animais (PELGROM, 1994). Apesar de as estimativas de toxicidade
do Cu variarem entre espécies, estagios de vida e qualidade da agua, valores entre
2 e 14 ug.L™ s&o tipicos em peixes de 4gua doce (BRIX et al., 2001).

Sistemas homeostaticos sofisticados fazem o balangco entre deficiéncia e
excesso de Cu nos organismos, ocorrendo toxicidade quando esses sistemas,
dentro de um determinado compartimento, sdo sobrecarregados e/ou quando os
mecanismos dereparo celular s&o destruidos (GROSSEL, 2012). Os efeitos

adversos do excesso de Cu séo variados. Em peixes de agua doce, os mais
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evidentes s&o na iono-osmorregulacdo (e.g. BLANCHARD AND GROSELL, 2005,
2006; GROSELL et al., 2007). Nas exposi¢cdes agudas o Cu tem como principal alvo
as branquias, interferindo nos processos respiratorios pelo aumento da distancia de
difusdo, e iono-osmorregulatoérios, por inibicdo de processos chave na manutencao
da homeostase ibnica e osmotica, tais como a Na‘'/K* ATPase (MALLAT, 1985;
WOOD, 2001; GROSELL et al., 2007). Em peixes de agua doce, a Na'/K" ATPase é
responsavel pela captacéo ativa de Na*, bem como gera um gradiente que favorece
o transporte de CI'. Desta forma, a inibicdo desta enzima gera um desequilibrio
ionico, caracterizado por uma reduzida concentracdo de Na" nos fluidos corporais
(GROSELL et al., 2002, 2004a). A anidrase carb6nica é outra enzima que pode ter
sua atividade reduzida em funcéo da presenca de cobre (GROSELL et al., 2002),
diminuindo o transporte de Na+ branquial através do trocador Na*/H* ou da bomba
de prétons (H*-ATPase). Além disso, o cobre também pode alterar a permeabilidade
da membrana plasmatica, alterando o fluxo osmoético e ibnico do organismo
(VIARENGO et al., 1996). A potente toxicidade do Cu na ionorregulacéo é a principal
causa de mortalidade em peixes de agua doce (GROSELL et al., 2002).

Além das alteragdes iono-osmorregulatérias, o cobre pode provocar alteracdes
do metabolismo energético (LIU et al., 2010; CHEN et al.,, 2013), alteracdes
histol6gicas em tecidos e 6rgaos (FERNANDES e MAZON; LIU et al. 2010; CHEN et
al. 2012), cito toxicidade (MAZON et al., 2002; FEI et al., 2013), disrupcao endécrina
(SCHANTZ e WIDHOLM, 2001; HANDY 2003), efeitos no sistema de defesa
antioxidante, danos oxidativos e alteracdo da expresséo génica de proteinas (CRAIG
et al., 2007; SAMPAIO et al.,, 2010; KONG et al.,, 2013; MACHADO et al.,
2013),aumento de niveis de cortisol, glicose, lactato plasmético e reducédo da tiroxina
livre (T4) (TELES et al., 2005), danos do DNA em eritrocitos (MACHADO et al.,
2013), efeitos na capacidade olfatéria (BALDWIN et al., 2003; MCINTYRE et al.
2008), e apoptose celular (MONTEIRO et al., 2009; LUZIO et al., 2013). Em peixes o
Cu também provoca alteracbes reprodutivas, como por exemplo, reducdo do
tamanho gonadal e da fertilidade (JAMES et al., 2003, 2008), inibicdo da producao
de enzimas espermaticas essenciais para a manutencdo da capacidade fertilizante
(SAROSIEK et al.,, 2009) ou reducdo da secrecdo de estrogénios e androgénios
(EBRAHIMI e TAHERIANFARD, 2011). Além disso, é considerado um fator de risco
para a espermatogénese (MARZEC-WROBLEWSKA e LAKOTA, 2012). Portanto,

concentracfes de Cu acima das necessidades fisiolégicas acabam por tornarem-se
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toxicas aos organismos aquaticos tanto de agua doce como de agua salgada
(EBRAHIMPOUR et al., 2010; PINHO e BIANCHINI, 2010; TELLIS et al., 2012).

Aléem de afetar os ecossistemas, a contaminacdo de peixes por metais pode
tornar-se um problema de saude publica pela ingestdo desses animais
contaminados. Um exemplo mundialmente conhecido de toxicidade de humanos
através da alimentacdo de peixes contaminados por metais € o desastre de
Minamata no Japdao, no qual dezenas de pessoas foram levadas a morte devido ao
envenenamento por mercurio, causado pelo consumo de peixes contaminados por
metilmercario (DIAS, 2004).

Muitos dos efeitos atribuidos ao Cu sdo devido a sua capacidade de produzir
grandes quantidade de espécies reativas de oxigénio (EROSs), provocando danos
oxidativos has membranas ou macromoléculas (GAETKE e CHOW, 2003). Devido a
mesma capacidade de mudanca de estado de oxidagcdo que da ao Cu a sua
versatilidade em atuar como catalizador de varios processos biolégicos importantes,
0 Cu, assim como o Fe, podem participar de reacdes que resultam em altas
producdes de oxiradicais, ou EROs (BUTTKE E SANDSTROM, 1994), numa reacao
denominada Fenton. Estas sdo moléculas altamente reativas e podem provocar
danos celulares em varios niveis, interagindo com proteinas, lipidios, DNA e RNA
(LUSHCHAK, 2011; AITKEN et al.,, 2012; CABRITA et al., 2014), bem como
diminuindo a producéo de ATP e provocando danos em mitocondrias e lisossomos
(WHO, 1998). O desequilibrio entre a producéo de EROs e as defesas antioxidantes
inicia uma cascata de oxireducdo (estresse oxidativo) levando a perda da
integridade delular. Portanto, a quantificagdo dos danos oxidativos provocados pelo
excesso de EROs e os niveis de defesas contra danos oxidativos s&o
potencialmente utilizaveis como marcadores de contaminagdo aquatica por Cu.

Como citado anteriormente, um dos processos fisiologicos em peixes que pode
ser afetado pelo Cu é a reproducdo. Em um estudo anterior, comparando os efeitos
do Cu na reproducdo em duas espécies de peixes ornamentais, uma ovipara
(Carassius auratus) e uma vivipara (Xiphophorus helleri), James et al. (2008)
relataram uma reducao do peso gonadal e indice gonadosomatico em X. Helleri e C.
Auratus, com aumentos de concentracdes sub-letais (0, 40, 80, 120 e 160 pg L™) de

CuSO4. Em X. helleri o peso gonadal foi significantemente reduzido (p<0,01) em
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peixes expostos a 40 e 80 pg L™ Cu, e em exposicdes a 120 e 160 ug L™ Cu ndo
houve desenvolvimento gonadal. O desempenho reprodutivo também foi diminuido
significativamente com doses crescentes de Cu. Em X. helleri, os peixes controle
lancaram 147 alevinos em dois cruzamentos, diminuindo significativamente (p<0,01)
para 88 e 72 em peixes expostos a 40 e 80 pg L™, respectivamente. J4 os peixes
expostos a concentracdes mais elevadas (120 e 160 pg L™) ndo amadureceram
sexualmente, nem se reproduziram. O comprimento médio e peso corporal dos
alevinos também foram diminuidos nos animais expostos ao Cu. No C. auratus o Cu
reduziu a fecundidade e diminuiu o peso e diametro dos ovos. Foi verificado também
0 acumulo de cobre nos ovos de C. auratus e alevinos de X. helleri, no entanto ndo
foi verificado acumulo significativo de Cu nas gbnadas de ambas as espécies
(p<0,05). De acordo com 0 mesmo autor, a espécie vivipara voi mais severamente
afetada pelo Cu que a ovipara.

Os peixes vém sendo expostos a muitos xenobidticos poluentes encontrados nos
ecossistemas aquaticos, como o Cu, e que podem, dentre outros efeitos, interromper
a funcdo enddcrina reprodutiva, atuando ao nivel de varios 6rgaos, tais como o
hipotalamo, gbnadas e figado. Perturbacdes em qualquer destes o6rgdos podem
resultar em alteracfes na taxa de desenvolvimento gonadal ou viabilidade dos
gametas, bem como fallhas na gametogénese (KIME e NASH, 1999). Em espécies
aquaticas, a exposicdo a metais de transicdo também pode provocar o aumento de
EROs. Em mamiferos, muitos dos efeitos do Cu no sistema reprodutivo sdo
consistentes com danos celulares causados pela capacidade do Cu em aumentar
EROs (IAKOVIDIS et al.,, 2011). A producdo de EROs em niveis adequados tem
funcgdes fisioldgicas importantes como diferenciacdo celular (SOHAL et al., 1986) e
capacitacdo espermética (DE LAMIRANDE et al., 1997), no entanto, EROs em
concentragcbes superiores aos limites fisiol6gios resultam em extresse oxidativo
(EO), que é considerado um fator relevante na fisiopatologia espermatica (AITKEN e
KRAUSZ, 2001; BENNET e AITKEN, 2005). Porém, os mecanismos pelos quais o
Cu influencia negativamente a reproducdo em peixes ndo sao bem conhecidos
(GROSELL, 2012), e trabalhos relatando danos oxidativos provocados pela
exposicdo ao Cu em peixes sdo raros, e quando existentes, concentram-se nos
mesmos estudos utilizando as mesmas espécies (GROSELL, 2012), especialmente

guando relacionados a reproducao.
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Como as células espermaticas sado especialmente vulneraveis aos danos
provocados pelo EO, é possivel que um dos mecanismos de toxicidade ao Cu na
reproducdo em peixes seja o aumento do EO afetando a funcionalidade
espermatica. A estrutura Unica dos espermatozoides os torna vulneraveis ao EO:
possuem baixo volume citoplasmatico, que €é uma fonte rica em enzimas
antioxidantes (AITKEN et al., 1992; AITKEN e KRAUSZ, 2001), e suas membranas
plasmaticas sdo constituidas principalmente por lipidios na forma de acidos graxos
poliinsaturados, sendo estes especialmente vulneraveis aos ataques de EROs
(WATHES et al., 2007). Portando, danos oxidativos em lipideos nas gbnadas e/ou
células esperméticas pode ser um bom marcador de EO na reprodugdo.

Para se quantificar os danos peroxidativos em lipidios provocados por EROs, um
dos métodos amplamente utilizado € o ensaio de substancias reativas ao acido
tiobarbiturico (TBARS), de acordo com Oakes e Van der Kraak (2003). O Método se
baseia na reacdo do malondialdeido (MDA), gerado pelos danos lipidicos, com o
acido tiobarbitarico (TBA), em altas condicdes de acidez e temperatura. Essa reacao
produz um cromégeno que pode ser medido por espectrofluorometria. Producdes
elevadas de EROs também estdo ligadas a possiveis danos ao DNA espermatico,
produzindo fragmentacdo (DURU et al, 2000). Porém, se desconhece estudos
avaliando o efeito ou possiveis mecanismos de toxicidade do Cu em parametros de
gualidade espermatica em peixes.

A hipotese do presente estudo é que a exposi¢cdo aguda e crbnica ao Cu em
agua doce afeta parametros espermaticos (motilidade, integridade de membrana
plasmatica, potencial de membrana mitocondrial e integridade de DNA) e
espermatogénese (concentracdo espermatica) em J. multidentata, sendo que o EO
pode ser um dos mecanismos de toxicidade do Cu na reproducéo. No entanto, para
avaliar os efeitos do Cu nas células espermaticas, € necessario determinar
previamente a melhor osmolalidade do meio de armazenamento para a manutencao
da integridade destas células.

Portanto, a presente Tese fornecera dados sobre o0 modo de ativacéo e os efeitos
fisiologicos de diferentes osmolalidades nos parametros de qualidade espermatica
da espécie em estudo, bem como permitird a definicdo da osmolalidade adequada

do meio de armazenamento das células espermaticas, tanto para avaliagdes dos
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efeitos do Cu e outros poluentes, como sua utilizagdo em protocolos de
criopreservacdo e inseminacao artificial. Além disso, fornecer4 dados sobre os
efeitos bioquimicos e fisiolégicos de concentracBes ambientalmente relevantes de
Cu na quantidade e qualidade dos espermatozoides de uma espécie de peixe
vivipara, nativa e que vem se destacando como possivel biomonitora e modelo
ecotoxicolégico para espécies dulciculas e estuarinas no Brasil, identificando

possiveis ferramentas no biomonitoramento da poluicdo aquatica por Cu.

2 OBJETIVO

O presente trabalho teve como objetivo central avaliar os efeitos fisiolégicos da
osmolalidade e os efeitos fisioldgicos e bioguimicos da exposi¢cdo aguda e cronica
ao cobre, em parametros de qualidade espermética e espermatogénese em machos

adultos da espécie vivipara Jenynsia multidentata aclimatados a agua doce.

2.10bjetivos especificos

a) Determinar a osmolalidade plasmética do sangue;

b) Determinar o0 modo de ativacdo das células esperméticas em J.
multidentata;

c) Avaliar os efeitos da variacdo de osmolalidade na qualidade
espermatica;

d) Determinar a osmolalidade adquada do meio diluente para
armazenamento dos espermatozoides;

e) Determinar a concentracdo espermaética;

f) Avaliar a dose/resposta de diferentes concentracdes de Cu (4.5,9 e
18 pg L™, de forma aguda e cronica, na espermatogénese e
parametros de qualidade espermatica em machos de J.
multidentata aclimatados em agua doce;

g) Avaliar alteragdes morfométricas como comprimento, peso corporal
e peso das gbnadas provocadas pela exposi¢céo ao Cu.

h) Avaliar alteracdes na lipoperoxidacdo em gbnadas como indicador

de estresse oxidativo.
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ABSTRACT

Sperm quality tests on fish are classically used for evaluating cryopreservation procedures,
and they are also promising to assess aquatic toxicity and biomarkers of xenobiotic effects on
reproduction. Osmotic shock from storage medium is one of the factors affecting sperm
quality during evaluation. Thus, the objective of this study was to evaluate the effects of
different osmolalities (240 to 460 mOsm/kg) for at least 4 days on the sperm quality
parameters of viviparous fish Jenynsia multidentata. The plasma osmolality of J. multidentata
is 326 £ 3.9 mOsm/kg. More than 50% of spermatozoa were activated of osmolalities
between 240 and 320 mOsm/Kg, however the most constant and long-lasting rates were
between 300 and 320 mOsm/kg (isosmotic), for up to 7 days. On the 4" day of evaluation,
higher membrane integrity rates were observed between 280 and 360 mOsm/kg, higher
mitochondrial membrane potential was observed between 300 and 460 mOsm/kg, and higher
DNA integrity rates were observed between 260 and 380 mOsm/kg. Moreover, osmolalities
<240 mOsm/kg (hypo-osmolality) and >460 mOsm/kg (hyperosmolality) resulted in the
lowest motility, plasm membrane integrity and DNA integrity levels. The mitochondrial
membrane potential was lower only in the hypo-osmolality (<240 mOsm/kg), was more
harmful also to the integrity of the plasma membrane. Therefore, we conclude that for sperm
quality preservation in J. multidentata, an osmolality of 300-320 mOsm/Kg of the most
suitable diluents is necessary. Furthermore, we conclude that the storage of sperm in a
hyposmotic or hypermosmotic solution affects not only motility but also other sperm quality

parameters.

Keywords: biomarker, cryopreservation, thinner, sperm, Live-bearing, viviparous.

1. INTRODUCTION

Sperm analysis has aroused interest in the ecotoxicology field. Current programs for
water system monitoring require the integration of chemical and biological assays to assess
the effects of different contaminants in organisms [1,2], and sperm quality tests are promising
toxicity tests for environmental quality assessment [3] and have been successfully used as

biomarkers of different xenobiotics effects on reproduction [4-7].

Fish sperm are immobile in seminal fluid, and during natural reproduction, motility is
activated after sperm are release into the aquatic environment (oviparous species) or the
female genital tract (viviparous and ovoviviparous species) [8-10]. Moreover, under artificial

conditions, a storage solution for sperm cells is necessary. Both in natural conditions and in
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artificial medium, there are several factors that interfere with motility: osmolality (osmotic
pressure), ionic composition, pH and temperature are all cruscil [11, 12]. Understanding the
effects of these factors in different species not only provides knowledge of species-specific
differences in motility [12-14] but also provides information for the development of new
sperm cell storage methodologies [15,16]. However, because most teleost fish are oviparous
and have external fertilization, development of suitable diluents or techniques for activating

immobilized sperm cells has focused on oviparous species [11,12,17].

Viviparity is an unusual feature in teleost fish, and the sperm of viviparous species
become mobile when suspended in a solution that is isosmotic to the seminal plasma but ar
immobilized in a hypo- or hyperosmotic solution [11,18-20], which is the opposite of what
occurs in oviparous species. The morphophysiology of sperm in viviparous species is also
different, and these sperm have an elongated head, well-developed mitochondrial sheaths and
a glycolytic activity that is comparable to that of mammalian spermatozoa [8,21,22].
Viviparity has developed independently in several groups [23] and has been a variety of
adaptations to address the problem of internal fertilization [24,25]; therefore, the described
motility activation and variations in osmolality tolerance to media are not representative of all
viviparous fish. Thus, there is a need to develop protocols for new markers of sperm quality in
native viviparous fish species not yet studied, such as the neotropical species Jenynsia

multidentata (Anablepidade, Ciprinodontiforme).

J. multidentata is a widely distributed species in South America [26], and its
population is decline in many environments in Argentina [27]. This species has been
successfully used as a biomarker of xenobiotic effects in the aquatic environment [28-34], and
its inclusion was requested by the Argentine Institute of Standardization and Certification as
an appropriate native species to determine the acute lethal toxicity of different chemical
compounds [35]. Because of its abundance and ease of maintenance in experimental
conditions, J. mulitidentata is a possible biomonitor and ecotoxicological model estuarine
species in Brazil, and its sperm cells can be used as a reproductive toxicity biomarker.
However, there are no studies on the effects of osmolality on the sperm quality of this species.
Thus, the objective of this study was to evaluate the effects of different dilutent osmolalities

(240 to 460 mOsm/kg) on the sperm quality parameters of J. multidentata.
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2. MATERIALS AND METHODS
2.1. Collection and fish acclimation

Adult J. multidentata males (n=30) with an average (mean £ SD) body length 2.42 +
0.18 cm and body weight 0.29 + 0.08 g were collected using dip nets in a river near Cassino
Beach (32° 13'47.3 "S and 52 ° 12'25.8" W) located in Rio Grande, RS, Southern Brazil.
Fishes were transferred to the aquatic animals vivarium at the Institute of Biological Sciences
at the Federal University of Rio Grande (FURG) and acclimated for 15 days under constant
environmental conditions: drinking water (salinity 0) that was properly dechlorinated, pH 7.0,
with constant aeration, at a temperature of 26 °C, and a photoperiod of 12 light: 12 dark. The
fish were fed daily with commercial feed for omnivores fishes (Alcon Basic, Camboriu, SC,
Brazil) ad libitum. The Ethics Committee on Animal Use at the Federal University of Rio
Grande approved this study (CEUA-FURG,; reference # Pq028 / 2013).

2.2. Collection of sperm

After the acclimation period described in the previous section (2.1), the fish were
anesthetized with benzocaine 0.1 g L™ by immersion in buffered solution at pH 7.0 and
immediately euthanized. Gonads were dissected by abdominal incision and placed in 1.5 ml
eppendorf tubes. Because spermatozoa are contained in cysts, they were released using gentle
disruption of gonadal tissue repeatedly with the aid of fine surgical forceps tips and
homogenized with a 10 pL micropipette tip in Hanks Balanced Salt Solution (HBSS). The
dilution was 1/100 (wt/vol) for each of the osmolalities tested [19], and a total of 9 replicates
were analyzed for each osmolality as described below in Section (2.3). For convenience, the
abbreviated osmolalities are each cited in the text; for example, 460 mOsm/kg is HBSS 460.
All parameters were measured for 4 days. The suspensions containing sperm were kept
refrigerated at 5 °C over the entire period and were homogenised with a 10 pL micropipette
tip for each evaluation. Blood samples were collected using an insulin syringe with fixed
needle from the caudal artery. A pool of blood samples obtainded from 30 fish was used for
analysis due to small volume of each fish [36]. After centrifuged at 10.000 rmp for 10 min, 5
replicates were obtained for the pooled sample of blood. The osmotic pressure of the plasma

was measured whith vapor osmometer (Wescor mod VAPRO -Vapor Pressure Osmometer).

2.3. The storage of sperm in HBSS with different osmotic pressures
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The HBSS 500 stock solution was prepared by adjusting a 600 ml volume of the
HBSS solution standard (0.137 M NaCl, 5.4 mM KCI, 0.25 mM Na;HPQ,, 0.44 mM
KH,PO,4, 1.3 mM CaCl,, 1.0 mM MgS0O,4, 4.2 mM NaHCO3 and 5.55 mM glucose, pH 7.2) to
1 L to produce HBSS 300 [37,38]. Other test solutions with final osmolalities of 240, 260,
280, 300, 320, 340, 360, 380, 400 and 460 mOsm/kg were made by adding double-distilled
water to the stock solution. The osmolalities were measured with a vapor pressure osmometer
(Wescor mod VAPRO - Vapor Pressure Osmometer) and the pH was measured with a pH

meter (HANNA pH mod 21). All solutions were refrigerate at 5° C and used within 48 hours.

2.4. Motility

Motility was evaluated in fresh semen 20 to 30 s after dilution in HBSS at different
osmolalities every 24 h for 4 days. Motility was estimated by visually observing a 5ul
suspension on a glass slide under a cover slip using a phase contrast microscope (Olympus
BX 51; America, Sao Paulo, SP, Brazil) at X 200 magnification. The results are expressed as
the percentage (0 to 100%) of cells in a linear and progressive movement. Sperm that only

vibrated were not considered mobile [39].

2.5. Plasma membrane integrity

Membrane integrity was evaluated in fresh semen 10 min after dilution in HBSS at
different osmolalities every 24 h for 4 days. To evaluate the integrity of the plasma
membrane, two fluorochromes were used to discriminate between intact and damaged cells:
carboxyfluorescein diacetate (CFDA) and propidium iodide (PI). Cells with intact membrane
showed green fluorescence, while injured membranes emitted red fluorescence [40]. The
percentage (0 to 100%) of cells with intact membranes was determined by the proportion of

cells emitting green fluorescence out of a total of 200 cells.

2.6. Mitochondrial membrane potential

The mitochondrial membrane potential was assessed 10 min after dilution in HBSS at
different osmolalities every 24 h for 4 days. Rhodamine 123 (Rh-123 Sigma, Brazil) was used
to measure the changes in mitochondrial membrane potential [41]. Sperm emitting intense
green fluorescence (indicating Rh accumulation) from their middle portion were considered to

have a high mitochondrial membrane potential, whereas sperm emitting low fluorescence
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(matting) had a low mitochondrial membrane potential. The percentage (0 to 100%) of active
mitochondria was measured by the proportion of cells emitting green fluorescence out of a
total of 200 cells.

2.7. DNA Integrity

DNA integrity was assessed 10 min after dilution in HBSS at different osmolarities
every 24 h for 4 days. We used a previously described method according to Varela Junior et al
[40]. This method consists of using the metachromatic fluorescent dye acridine orange (AO),
which binds DNA strands and emits green fluorescence when bound to double-stranded
(intact DNA) and red fluorescence when bound to single-stranded DNA (condensed
chromatin). The percentage (0 to 100%) of intact DNA was determided by calculating the

percentage of cells emitting green or red fluorescence out of a total of 200 cells.

2.8. Statistical analysis

All statistical analyzes were performed at Statistix software 9.0 [42]. The normality of
the data was analyzed with the Shapiro-Wilk test. Because the data were presented as non-
parametric, they were analyzed with Kruskal-Wallis ANOVA followed by Duncan test. Data

were expressed as mean + standard error (SEM) with a significance level of 95% (p <0.05).

3. RESULTS
3.1. Plasma osmolality and motility

Plasma osmolality was 326.2 + 3.9 mOsm/Kg for the J. multidentata species. The
motility rates of the fresh semen (time 0) was greater than 90% at osmolalities of 280 to 320
mOsm/kg; however, they did not differ between the osmolalities of 240 to 340 mOs/kg (p
<0,05). At osmolalities above 380 mOsm/kg no motility was observed at time 0. However,
after 24 h, a decrease in motility was observed at osmolalities <280 mOsm/kg, and an increase
in motility was observed at osmolalities >340 mOsm/kg. At 24 h, the motility rate was greater
than 90% in HBSS 300 and 320, where motility rates remained at approximately 80% during
the 48 h. At the third and fourth days, HBSS 320 presented motility rates greater than 80%;
however, at 4 days of storage, motility rates in HBSS 320 did not differ from those in HBSS
300 to 340 and 380, whereas HBSS 240 and HBSS 460 had lower motility rates (Table 1). In
addition, HBSS 300 and 320 maintained motility rates up to 7 days of storage (data not

shown).
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3.2. Plasma membrane integrity

In fresh semen (time 0), membrane integrity was higher in HBSS 460, which differed
from osmolalities below 340 mOsm/kg (p<0,05), in which rates were lower. However, in a 4
days, plasma membrane integrity rates decreased in osmolalities <260 mOsm/kg and >400
mOsm/kg compared to osmolalities from 280 to 380 mOsm/kg, which did not differ from
each other (Table 2).

3.3. Mitochondrial Membrane Potential

In fresh semen,significant differences in mitochondrial membrane potential were not
observed between the tested osmolalities (~100%). However, after one to three days, the
mitochondrial membrane potential showed a greater reduction in hypo-osmolality than
hyperosmolality, and on the fourth day, HBSS 240 differed from higher osmolalities up to
360 mOsm/kg, with the exception of HBSS 400 (p <0,05) (Table 3).

3.4. DNA Integrity

At the third day, both hypo-osmolality (HBSS 240) and hyperosmolality (HBSS 460)
induced greater reductions in DNA integrity rates, and on the fourth day, there were differ
from osmolalities between 320 and 380 mOsm/kg (p <0.05) (Table 4).

4. DISCUSSION

For viviparous fish, most studies on the motility of spermatozoa and storage methods
are focused on the Poeciliidae family [11,18,20,39,43], and there is little information on other
species, such as the Anablepidae family. Anablepidae and Poeciliidae are closely correlated
and have the same type of reproduction, although their internal fertilization and viviparity
emerged independently during evolution [44,45]. Therefore, generalizations about sperm cell
motility activation or adaptation modes to osmotic shock may not be accurate. One of the
reproductive differences between these families is that mature Poeciliidae sperm are grouped
and released into the oviduct within structures called spermatozeugmatas or spermatophores
[46,47,48]; in contrast, in Anableps anableps and Jenynsia lineata, mature cysts containing

sperm are broken, and free spermatozoa are released in the efferent ducts [46]. However, both



32

use a copulatory organ called gonopodium for sperm introduction into the the female genital

pore, minimizing the loss of sperm into the environment.

In this study, blood osmolality in J. multidentata was 326 + 3.9 mOsm/kg, similar to
the plasma osmolality values in poecilid, including Xiphophorus helleri at 320 mOsm/kg [18],
Poecilia reticulata at 305 mOsm/kg [39,43], Poecilia latipinna at 326 mOsm/kg and
Xiphophorus couchianus at 324 mOsm/kg [43]. The knowledge of species-specific internal
osmolality can be used for the manufacture of a sperm diluent that mimics the natural
conditions of sperm in the male reproductive tract, increasing the efficiency of sperm integrity

preservation in sperm cells ex situ.

In J. multidentata, sperm were activated immediately when placed in HBSS 240 to
360, and higher osmolalities kept the cells immobilized. However, the highest percentage of
mobile spermatozoa was at HBSS 280 to 320, close to the isosmoticity point. After 24 h of
storage, a decrease in motility appeared in osmolalities <280 mOsm/kg, and an increase was
observed in osmolalities >320 mOsm/kg; after 4 days, the rates were higher in HBSS 320
(85.6+2.7%) (p<0.05). This activation mode is different from oviparous species, in which
sperm are activated when exposed to a hyperosmotic (marine fish) or hiposmotic medium
(freshwater fish), and remaining immobilized in an isosmotic medium [49,10,50,12,51].
However, similar to the poeciliid X. helleri, motility increased when osmolality increased and
was significantly higher (67.0 + 8.0%) between 320 and 380 mOsm/Kg in sperm stored at 4 °
C for 15 min [18]. With longer storage time, sperm in HBSS 320 had the highest and most
enduring motility rates, and the percentage of mobile cells did not differ between osmolalities
of 230 and 440 mOsm/kg after more than 10 dayz. However, motility was lower in
osmolalities below 320 mOsm/kg than in higher osmolalities [18]. X. colchianus also showed
increased motility with increased HBSS osmolality, and the highest rates occurred in HBSS
270 (71.0 + 3.0%) with fresh semen and were lower in osmolalities up to 390 mOsm/kg [36].
In P. reticulata, motility rates were higher in HBSS 330 (60.0 £ 10.0%), and lower in HBSS
360 and 400; however, spermatozoa kept in HBSS 300 had the most consistent motility rates
throughout the experiment (12 h) except at time 0 h [39]. In addition, HBSS 300 was used as
a diluent medium for Poecilia vivipara sperm to assess the effects of glyphosate, a non-
selective systemic herbicide used worldwide and in agriculture [6], and for sperm

cryopreservation in the viviparous species P. reticulata and P. latipinna [39,43].
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Thus, in both J. multidentata and Poeciliidae, osmolalities near 320 mOsm/kg have the
largest and most enduring effects on motility rates, and both hyposmotic (<260 mOsm/kg)

and hyperosmotic (> 400 mOsm/kg) media are harmful to sperm motility.

In most teleost fish, sperm are immobile in seminal fluid, wherein the osmolality, ionic
concentration and pH play key roles in the activation and maintenance of motility [52,12].
Studies in oviparous species show a large species-specific variability in the importance of
each of these parameters for motility [12,43]. However, in fish species with internal
reproduction, osmolality is one of the main factors controlling motility, and isosmotic
activation has been show different species. Unlike oviparous species, but similar to mammals,
sperm from species with internal fertilization do not undergo extreme changes in osmolality
because they do not come into contact with the external environment. The internal osmolality
in teleost fish, like in mammals, is kept almost constant (osmoregulators). Therefore, specific
differences in sperm cells maintenance protocols for most teleost fish egg layers do not likely
apply to viviparous fish, and the internal fertilization seems to be the determining factor for

activation and motility maintenance.

This factor may also explain the reduction of motility in both hypomotic and
hyperosmotic media. Cells have homeostatic mechanisms to maintain the internal medium
osmolality and cell volume. According to the osmotic theory, changes in osmolality of water
would result in the movement of water between the cytoplasm and the external environment
by osmotic pressure until balance was reached [53]. However, the osmotic tolerance of
spermatozoa varies among species [54]. Equine spermatozoa, for example, are able to regulate
their volume when exposed to osmolalities between 75 and 900 mOsm/kg, however, the
restoration of normal sperm function is only possible up to 450 mOsm/kg. Sperm quality
parameters such as viability, mitochondrial membrane potential and motility are affected
when sperm are exposed to both hypo- and the hyperosmolality [55].

To determine the effects of different osmolalities of J. multidentata structures, sperm
were evaluated for cell membrane integrity, mitochondrial membrane potential and DN A
integrity. In fresh semen, hyposmolality was more harmful to the plasma membrane integrity
than hyperosmolality; however, mitochondrial membrane potential and DNA integrity did not
differ significantly between the osmolalities. Cells have a tendency to gain water and increase

in volume when exposed to a hyposmotic medium, and it is possible that the homeostatic
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mechanisms of osmolality control and regulation of cell volume are not able to prevent the
damage caused by hyposmotic shock to the plasma membrane because the membrane is the
structure that defines the cell and through which ions and water move until equilibrium is
reestablished. However, because mitochondria and DNA are in internal compartments they
were not affected. During evaluations, changes were observed in cell morphology and
movement patterns, particularly in hyposmotic conditions. Cells exposed to osmolalities
lower than 300 mOsm/kg presented a head with increased volume, folded flagella, and
increased vibratory movements during all experimental times. In osmolalities above 400
mOsm/kg, head swelling was also observed, but less intensely. Previous studies have reported
damage in oviparous fish sperm caused by hyposmolality, wherein the membranes were
seriously affected, as observed in this study in J. multidentata. Trout sperm incubated in fresh
water showed drastic cellular changes such as swelling and disruption of the plasma and
mitochondrial membrane [56]. In carp, sperm heads also underwent considerable swelling
when exposed to freshwater, increasing three times in diameter, and the flagella showed a
drastic winding [57]. Furthermore, the structure and permeability of the plasma membrane

also changed when placed in fresh water, due to reorganization of the lipid bilayer [58,59].

However, during the evaluation period, the membrane integrity was significantly
reduced in osmolalities below 260 mOsm/kg and in osmolalities above 400 mOsm/kg, and
after 4 days, the highest membrane integrity rates were observed between HBSS 280 and 380.
The mitochondrial membrane potential was also more affected by hiposmolality. At four
days, osmolalitie of 240 mOsm/kg produced the lowest mitochondrial potential rates (35.7 +
5.8%), and osmolalities of 360, 280 and 460 mOsm/kg showed the best rates; however this
did not differ significatly from HBSS 300 or 320. DNA integrity only showed differences
between the osmolalities on the 3rd day. On the 4th day, osmolalities of 240 and 460
mOsm/kg had the lowest DNA integrity rates, differing from the osmolalities between 320
and 380 mOsm/kg, which not showed difference. Therefore, prolonged storage reduce
motility in osmolalities below 260 mOsm/kg followed by a decrease in plasma membrane
integrity and a reduction in mitochondrial membrane potential and DNA integrity. Only
exposure to osmolalities higher than 400 mOsm/kg had no effect on mitochondrial function.
Some studies have reported that incubation of mammalian sperm in anisosmotic medium
results in increased reactive oxygen species (ROS) and lipid peroxidation [60,61], indicating
that osmotic stress causes oxidative stress (OS) in sperm cells. OS is caused by imbalance

between ROS production and antioxidant defenses. Excessive ROS cause cellular damage at
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various levels, including oxidation of proteins and lipids, cleavage of DNA and RNA
molecules [62-64], tiggering damage to critical organelles like mitochondria and lysosomes
and ATP depletion [65]. Therefore, because viviparous sperm are considered more similar to
mammalian sperm than oviparous fish sperm[8,39], the reduction in the parameters observed

in J. multidentata in prolonged storage may be due to increased ROS.

Although hyposmolality caused further damage to sperm J. multidentata,
hyperosmolality caused reduced motility, in addition to damage to the plasma membrane and
DNA fragmentation. Hyperosmotic solutions that suppress fish sperm motility have been used
to save energy stocks, maximizing reproductive success artificial fertilization techniques
[12,17,66,67], especially if they are previously stored before insemination [67]. In viviparous
fish, the use of a hyperosmotic medium (HBSS 500) pre-freezing was established by Yang et
al. [20] in X. helleri. Motility after thawing was reactivated by reducing osmolality to
approximate isosmoticity (320 mOsm/kg), and after thawing, motility rates (~ 55%) did not
differ from samples initially stored at 300 mOsm/kg. Based on these results, HBSS 500 was
subsequently used for assessment of artificial fertilization rates in X. helleri [68], X.
Couchianus [69], X. variatus [38] and X. maculatus [37]. However, according to the results
obtained in this study, hyperosmolality for prolonged periods, affect sperm quality parameters
of J. multidentata that were connected to the tolerance capacity of the cell, fertilization
capacity, embryonic development and progeny success. HBSS 460 not only caused reduced
motility (which proved to be reversible by reduction of osmolality in other species) but also
caused apparent irreversible damages to structures essential for sperm fertilization. Similar to
J. multidentata, mammalian spermatozoa are more susceptible to damage caused by
hyosmotic shock [61,70].However, in dog sperm, which have a seminal osmolality of
approximately 300 mOsm/Kg [72], osmolalities above 500 mOsm/Kg were sufficient to
reduce the motility and integrity of the sperm plasma membrane [71]. Osmolality changes
seem more harmful than exposure to a non-isosmotic medium. In horses, sperm are more
sensitive to exchanges between hypo- and hyperosmotic media than to simple exposure to
anisosmitic medium, and osmolality changes are more damaging to mitochondria than to the
plasma membrane [70]. In humans, cells incubated in hyperosmotic medium that were
transferred to low osmolalities were reported to swell [73]. Therefore, the sperm of viviparous

species previously stored in HBSS 500, that subsequently had their osmolality reduced for
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motility activation, probably suffered damage to cellular structures that reduce sperm quality,

despite the maintenance of satisfactory motility rates.

5. CONCLUSION

The plasma osmolality of Jenynsia multidentata is 326.2 £ 3.9 mOsm/Kg. Activation
of sperm occurred around the isosmoticity, and osmolalities greater than 380 mOsm/Kg,
sperm remanined inmotile. Osmolalities of 300 and 320 had the most enduring and constant
motility rates and preserved the integrity of the sperm cells, with an osmolality suitable for J.
multidentata sperm cell storage. Storage in both hypo- and hypertonic solution cause damage

sperm quality.
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Motility (%) of sperm Jenynsia multidentata exposed to different osmolalities (240, 260, 280, 300,
320, 340, 360, 380, 400, 460 mOsm/kg) for 4 days: mean = SEM. Different lowercase letters indicate
statistical differences within the same experimental time (p<0.05).

Osmolality Motility (%)

(mOsm/Kg) 0 days 1 day 2 days 3 days 4 days
240 55.0+14.2 (abc) 48.3+10.8(abc) 38.3+14.4 (abc) 55+1.7 (c) 0,0 (e)
260 78.3+9.6 (ab) 61.7+58(abc) 36.6+109(abc)  26.7 +10.9 (bc) 18.3 + 7.9 (bcde)
280 97.6+0.7 (a) 58.3+10.8 (ah) 28.3+11.6 (bc) 26.1+11.4 (bc) 18.3 9.2 (cde)
300 93.3+3.3(a) 91.7+0.8 (a) 83.3+1.6 (ah) 74.4 +3.0 (ab) 68.7 + 3.5 (ah)
320 96.7+1.7 (a) 90.0+1.4 (a) 86.7+14.2 (a) 88.3+6.6 (a) 85.6 +2.7 (a)
340 16.7 £ 4.4 (abc) 69.4 +7.3 (ab) 78.7+5.2 (ab) 60.0 + 2.9 (abc) 55.0 + 1.9 (abcd)
360 10.0 + 5.0 (bc) 37.7+15.1(abc) 58.7+14.8 (abc)  40.0 £ 10.4 (bc) 20.0 +5.7 (bcde)
380 0,0 (c) 25.0 + 6.6 (bc) 43.3+10.1(abc)  63.3+4.4 (abc) 60.0 + 13.9 (abc)
400 0,0 (c) 60.0+10.4 (abc) 41.7+£15.3 (abc)  38.3+13.1 (abc) 7.5+ 0.9 (bcde)
460 0,0 (c) 6.7+3.3(c) 16.7 £8.3 (c) 10.0+£5.0 (c) 6.7 £ 3.3 (de)
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Table 2

Plasma membrane integrity (%) of sperm Jenynsia multidentata exposed to different osmolalities
(240, 260, 280, 300, 320, 340, 360, 380, 400, 460 mOsm / kg) for 4 days: mean + SEM. Different
lowercase letters indicate statistical differences within the same experimental time. (P <0.05).

Osmolalility Plasma membrane integrity (%)

(mOsnVKg) 0 day 1 day 2 days 3 days 4 days
240 80.3+1.3(c) 82.3+4.1(b) 49.0 + 11.4 (b) 47.3+9.8(c) 24.3+5.5(d)
260 89.0+1.5(c) 83.6+1.6 (ah) 66.0 + 3.9 (b) 56.0 + 4.6 (c) 59.0 + 1.2 (bcd)
280 88.0+1.9(c) 89.3+19(ab) 80.3+5.8(ab) 75.6 + 2.5 (abc) 64.0 + 5.7 (abcd)
300 90.6 + 1.6 (bc) 923+16(ab) 86.0+1.7 (ab) 78.0 + 0.6 (abc) 77.5+ 4.7 (abc)
320 86.0 + 3.8 (bc) 90.0 + 0.3 (ab) 90.6 +1.9 (a) 82.3+ 3.3 (ab) 85.0+ 1.1 (ab)
340 90.6 + 2.2 (hc) 93.6 + 0.6 (a) 93.6+ 0.6 (a) 86.3+1.0 (a) 73.2+5.0 (abc)
360 92.6 + 0.9 (abc) 89.0+2.7 (ab)  74.3+7.6(ab) 84.7+1.8 (a) 87.6+2.3(a)
380 97.0+ 0.6 (ab) 93.0+1.0(ab)  89.0+1.9(ab) 69.0 + 7.8 (abc) 58.0 + 8.6 (abcd)
400 93.6 + 0.2 (abc) 90.6+1.6(ab) 77.3+5.1(ab) 60.0 + 3.8 (c) 54.0 + 5.6 (bcd)
460 99.0+ 0.5 (a) 923+12(ab) 77.0+4.8(ab) 60.3+ 5.7 (bc) 53.0+ 6.0 (cd)
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Mitochondrial membrane potential (%) in Jenynsia multidentata sperm exposed to different
osmolalities (240, 260, 280, 300, 320, 340, 360, 380, 400, 460 mOsm/kg) for 4 days: mean + SEM.
different lowercase letters indicate statistical differences within the same experimental time. (P <0.05).

Osmolality Mitocondrial membrane potential (%)

(mOsm/Kg) 0 day 1 day 2 days 3 days 4 days
240 100.0 + 0.0 85.7 +5.1 (ab) 67.0+7.8(c) 57.6 + 8.5 (b) 35.7+5.8 (c)
260 100.0 + 0.0 82.0+6.1 (b) 78.0 + 7.1 (abc) 65.0+5.5 (b) 58.7 £ 6.0 (abc)
280 100.0 +0.0 79.0+4.5 (b) 82.3+8.1 (abc) 58.6 +9.1 (b) 51.7 £8.1 (bc)
300 93.0+35 97.7+1.2 (ab) 76.3+4.4(c) 66.0+ 1.7 (b) 65.9 + 5.0 (abc)
320 98.3+0.8 97.3+0.7 (ab) 77.7+5.9 (bc) 75.0 +5.3 (ab) 67.1+ 4.5 (abc)
340 100.0 + 0.0 99.3+0.3(a) 77.0 + 9.8 (abc) 70.7 + 7.8 (ab) 69.5 + 9.7 (abc)
360 100.0 + 0.0 99.0 + 0.5 (ab) 99.6 +0.2 (a) 96.0+0.3 (a) 85.3+0.8 (a)
380 100.0 + 0.0 99.6 + 0.2 (a) 97.3+1.3 (ab) 90.0 + 1.7 (ab) 81.7 £ 6.0 (ab)
400 100.0 + 0.0 99.0 + 0.3 (ah) 95.3 + 2.3 (abc) 89.0 + 3.0 (ab) 75.9 + 3.3 (abc)
460 713174 87.0 £ 6.5 (ab) 96.6 + 0.9 (abc) 84.6 + 1.8 (ab) 83.3+0.8 (a)
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Table 4

Sperm DNA integrity (%) in Jenynsia multidentata exposed to different osmolalities (240, 260, 280,
300, 320, 340, 360, 380, 400, 460 mOsm/kg) for 4 days: mean £ SEM. Different lowercase letters
indicate statistical differences within the same experimental time. (P <0.05).

Osmolality Sperm DNA integrity (%)

(mOsm/Kg) 0 day 1 day 2 days 3 days 4 days
240 98.7+0.7 99.0+ 0.3 (ah) 100.0£0.0 95.0 + 0.3 (bc) 92.0+ 0.6 (c)
260 97.0+15 100.0 + 0.0 (a) 98.0+ 1.0 95.7+1.2(abc)  95.3 + 1.4 (abc)
280 99.7+0.2 99.0+ 0.5 (ab) 98.3+04 97.0 + 0.8 (abc) 95.7 + 1.2 (abc)
300 100.0+0.0 98.3+0.8 (ah) 98.3+0.6 97.3+ 0.6 (abc) 98.5 + 0.6 (abc)
320 99.0+0.3 99.3+0.3 (ah) 100.0+0.0 100.0 £ 0.0 (a) 99.5+ 0.2 (ab)
340 92.7+4.7 99.7 + 0.2 (ab) 95.7+20 96.0 + 1.5 (abc) 100.0 £ 0.0 (1)
360 97.7+1.2 99.7 + 0.2 (ab) 98.0+0.7 99.0 + 0.3 (ab) 98.7 £ 0.7 (ab)
380 96.0+15 97.0+1.0 (b) 99.7+0.2 99.3+0.3 (ah) 100.0 £ 0.0 (1)
400 98.3+0.6 99.7 + 0.2 (ab) 98.7+04 98.7 + 0.7 (ab) 94.6 + 0.2 (bc)
460 99.0+0.5 99.0+ 0.3 (ah) 99.0+0.5 90.0+ 0.6 (c) 88.5+2.7 (c)
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Abstract

Increasing contamination of freshwater ecosystems with copper (Cu) is a potential
threat to animal reproduction. Therefore, there is a need for a better understanding of the
mechanisms involved in Cu toxicity in aquatic organisms. The aim of the present study was to
evaluate sperm quality and oxidative damage in the gonads of adult males of the viviparous
guppy Jenynsia multidentata acclimated to freshwater and acutely (4 days) or chronically (21
days) exposed to environmentally relevant Cu concentrations [dissolved: control (0.08), 2.2,
5.5 and 9.3 ug L™ Cu]. Fish acutely exposed to 9.3 pg L™ Cu showed a significant increase on
Cu accumulation in gonads tissue associated with a marked trend of reduction in the number
of spermatozoa (47.4%), and a significant reduction in mitochondrial membrane potential
(6.3%) and sperm motility (61.2%) when compared to those kept under control conditions (no
Cu addition in the water). These effects were likely due to an oxidative stress condition, as
evidenced by a significant increase in lipid peroxidation observed in fish acutely exposed to
9.3 pug L™ Cu. In turn, fish acutely exposed to 2.2 ug L™ Cu showed a reduction (7.8%) in
membrane integrity with no significant change in lipid peroxidation in these fish or in those
fish chronically exposed to any of the Cu concentrations tested. However, fish chronically
exposed to 2.2 pug L™ Cu showed a marked trend of reduction (44.7%) in the total number of
spermatozoa while sperm of fish exposed to 9.3 pg L™ Cu have reduced motility (72.4%)
when compared to fish kept under control conditions. DNA integrity did not change in sperm
of fish acutely or chronically exposed to any of the Cu concentration tested. These findings
indicate that acute exposure to environmentally relevant concentrations of waterborne Cu
affects negatively the sperm production and quality in males of the viviparous guppy J.
multidentata. They also suggest that an oxidative stress condition is involved in the observed

effects. However, most of the effects observed in guppies acutely exposed to Cu were no
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longer more seen after the chronic exposure to environmentally relevant concentrations of Cu.
In this case, only sperm motility was negatively affected by the chronic exposure to the
highest concentration of Cu tested (9.3 pg L™ Cu). This finding suggests that sperm motility is
not only affected by an oxidative stress condition induced by Cu, but also by other Cu effects
on the sperm physiology, such as a possible effect of this metal on the cellular energy

metabolism.

Keywords: copper acute and chronic toxicity, freshwater fish, mitochondrial functionality,

oxidative stress, reproduction, sperm quality.

1. Introduction

Copper (Cu) is an essential transition metal for all aerobic organisms. It is part of
several metalloenzymes, such as cytochrome ¢ oxidase and Cu-Zn superoxide dismutase,
which are involved in mitochondrial electron transport and free radicals detoxification,
respectively (Uauy et al., 1998; Turnlund, 1999). However, Cu is an essential metal for
aquatic organisms only at low concentrations. Elevated levels of this metal in the environment
eventually become toxic to both freshwater and seawater organisms (Ebrahimpour et al.,

2010; Pinho and Bianchini, 2010; Tellis et al., 2012).

As aquatic ecosystems are final receivers for most pollutants, aquatic organisms can
provide early warning signs of the effects of excessive environmental pollution (Kime et al.,
1996). To assess the harmful effects of different chemical compounds, fish species are

considered suitable biomonitors because of their economical and ecological importance
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(Jiraungkoorskul et al., 2002). In addition, changes at the cellular and biochemical levels in
fish are among the most sensitive biological responses observed after exposure to water

pollutants (Glusczak et al., 2007; Sandrini et al., 2009).

The viviparous guppy Jenynsia multidentata (Anablepidae, Ciprinodontiforme) is a
fish species that has been successfully used as a bioindicator model to assess the effects the
xenobiotics in the aquatic environment (APHA, 1998; Cazenave et al., 2005; Ballesteros et
al., 2007, 2011; Hued et al., 2012, 2013). This neo-tropical fish species is widely distributed
in South America (Malabarba et al., 1998). It has been indicated by the Argentinean Institute
of Standardization and Certification (IRAM, 2007) as an appropriate native species to
determine the acute lethal toxicity to different chemical compounds. In addition to inhabit a
variety of environments, J. multidentata has a reproductive biology characterized by internal
fertilization and viviparity. Therefore, it may be differently affected by xenobiotics released in
aquatic ecosystems. These features, combined with its abundance, small size, and easy
maintenance under experimental conditions, make the guppy J. multidentata as a potential
biomonitor and biological model for ecotoxicological studies in estuarine and freshwater

environments.

Reproduction is an important biological function that may be affected in fish following
Cu exposure (James et al., 2003, 2008; Sarosiek et al., 2009). However, the mechanisms by
which this metal adversely affects fish reproduction are not well known (Grosell, 2012). In
mammals, many of Cu effects on the reproductive system are consistent with cell damage
caused by increase in reactive oxygen species (ROS) concentration (lakovidis et al., 2011). At
suitable levels, ROS production has important physiological functions, such as cell
differentiation (Sohal et al., 1986) and sperm capacitating (De Lamirande et al., 1997).

However, ROS levels above the required physiological requirements result in oxidative stress,
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which is considered as a relevant factor in sperm pathophysiology (Aitken and Krausz, 2001;

Bennetts and Aitken, 2005).

In aquatic species, exposure to transition metals such as Cu can also induce to an
increase in ROS production. These molecules are highly reactive and can cause cellular
damage in various levels by interacting with proteins, lipids, DNA and RNA (Lushchak,
2011; Aitken et al., 2012; Cabrita et al., 2014), as well as reducing ATP production and
damaging mitochondria and lysosomes (Who, 1998). Nevertheless, studies reporting
oxidative damage induced by fish exposure to Cu are rare. Furthermore, studies available are
generally concentrated in few studies and always using the same species (Grosell, 2012). As
sperm cells are particularly vulnerable to oxidative damage due to their high content of
polyunsaturated fatty acids (Aitken and Krausz, 2001; Eidi et al., 2010), increased ROS

production could be a potential mechanism involved in Cu toxicity to fish reproduction.

In light of the background above, the objective of the present study was to evaluate the
effects of the acute (4 days) and chronic (21 days) exposure on sperm functionality in the
viviparous guppy J. multidentata acclimated to freshwater and exposed to sublethal and
environmentally relevant Cu concentrations. In turn, lipid peroxidation (LPO) was used as a

measure of the potential oxidative damage induced by waterborne Cu exposure.

2. Material and methods

2.1. Fish collection and acclimation
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Adult males of the viviparous guppy J. multidentata (n = 200) were collected in a
creek running into the Cassino Beach (32°13'47.3"S and 52°12'25.8"W,; Rio Grande, RS,
southern Brazil) using dip nets. Fish were immediately transferred to the laboratory and
acclimated in dechlorinated tap water during 15 days under constant aeration, temperature (22
°C) and photoperiod (12 light:12 dark). Fish were fed daily with commercial feed for
omnivore fishes (Alcon Basic, Camburiu, SC, Brazil). The present study was approved by the
Ethics in Animal Use Committee of the Federal University of Rio Grande (CEUA-FURG;

reference # Pq028/2013).

2.2. Copper exposure

For practical reasons, experimental procedures described below were performed twice
using 80 male fish in the first trial and 120 male fish in the second trial. In the first trial,
acclimated fish were randomly divided into 4 experimental groups in triplicate. In the second
one, fifteen fish were randomly sampled per treatment for each experimental period (acute
exposure: n = 60; chronic exposure: n = 60). The experiment was performed in 5-L acrylic
tanks, never exceeding the density of 1.0 g L™ fish per tank. Water used in the experiment
was the same employed for fish acclimation. Nominal Cu concentrations tested were: 0
(control: no Cu addition to the water), 4.5, 9 and 18 pg L™ Cu. They were selected
considering the current Brazilian Water Quality Criterion for Cu (9 pg L™ Cu) aiming the
protection of fresh water ecosystems (CONAMA, 2005). It is worth to note that similar Cu
concentrations were already tested in previous experiments from our laboratory to evaluate
the effects of Cu on the physiology of freshwater fish (Zimmer et al., 2012) and invertebrates

(Machado et al., 2013; Jorge et al., 2013; Giacomin et al., 2013).
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Nominal Cu concentrations were prepared from a CuSO, (Vetec Quimica Fina, Sdo
Paulo, SP, Brazil) stock solution (1 mg L™). Experimental media were prepared 24 h
previously their use and kept under constant aeration for complete dissolution and
stabilization of Cu with the dechlorinated tap water. All material employed was previously
acidified with 1% HNO3; and then thoroughly rinsed with distilled water. Every day,
experimental media were completely renewed with a new solution prepared as described

above. Fish were fed ad libitum two hours before the experimental medium renewal.

Fish were sampled at two different exposure times: 4 days (acute exposure) and 21
days (chronic exposure). They were anesthetized with benzocaine (0.1 g L™) prepared in
buffered solution (pH 7.0), weighed (wet body weight), measured (total body length),
euthanized, and had their gonads dissected and weighed. Gonads of fish from the first trial (n
= 80) were used for the analysis of sperm functionality (sperm concentration, motility,
membrane integrity, mitochondrial membrane potential, and DNA integrity). While, from the

second trial (n = 120) were used for the analysis of Cu accumulation and lipid peroxidation.

2.3. Cu accumulation analysis

Gonads was dried (60 °C for 48 h), weighed, digested in 50 pL of 65% HNO;
(Suprapur®, Merk, Haar, Germany) for 48 h and than diluted up to 500 puL with Milli-g
water. Copper content in digested samples was measured by graphite furnace atomic
absorption spectroscopy (EAA ANALYST 700, PerkinElmer) and was expressed as pg Cu

per g dry weight of gonads tissue.
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2.4. Sperm functionality analysis

Gonads used for sperm functionality analysis were placed (1/9:weight/volume) in 1.5-
mL Eppendorf type tubes containing Hanks balanced-salt solution (HBSS: 137 mM NaCl, 5.4
mM KCI, 0.25 mM Na,HPO,, 0.44 mM KH,PO,4, 1.3 mM CaCl,, 1.0 mM MgSO,4 4.2 mM
NaHCOs3, and 5.55 mM glucose; pH 7.2; osmolality: 300 mOsmol kg H,O). Proper osmolality
(300 mOsmol kg H,0) for J. multidentata sperm was defined in a previous work (unpublished
data). Spermatozoa of this fish species are found in cysts, being then released into the HBSS
by gently disrupting the gonadal tissue using a fine-tipped surgical forceps. Sample was
homogenized using a 10-puL micropipette tip. The obtained suspension was employed for the

sperm functionality analysis, as described below.

Sperm motility was determined using 5 pL of gonadal suspension placed on a glass
slide under a cover slip. It was visually determined under a phase contrast microscope
(Olympus BX 51, America, Sdo Paulo, SP, Brazil) at a 200x magnification. Results were
expressed in percentage of cells displaying a linear and progressive movement. Sperm that
only vibrated were considered as not mobile (Sun et al., 2010). Sperm motility in control fish
was considered as 100%. The number of spermatozoa per testis was counted in formalin
saline (101-fold dilution) using a hemocytometer (Huang et al., 2009). Counting was

performed in duplicate.

Plasma membrane integrity was evaluated using two different fluorochromes to
discriminate between intact and damaged cells: carboxyfluorescein diacetate (CFDA) and
propidium iodide (PI). Cells showing intact membrane emitted green fluorescence while those
having damaged membranes emitted red fluorescence (Varela Junior et al., 2012). Analysis

was performed using 5 uL. of sperm suspension added to 5 pLL of HBSS containing 1.7 mM
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formaldehyde, 20 uM CFDA, and 7.3 uM PI. After 10 min of incubation at 20°C, 5 uL of the
mixture were placed on glass slides under cover slip and analyzed using an epifluorescence
microscope (Olympus BX 51, America, S&o Paulo, SP, Brazil) at a 400x magnification. The
percentage of cells with intact membranes was determined considering the proportion of cells

emitting green fluorescence out of a total of 200 cells analyzed.

Mitochondrial membrane potential was measured using Rhodamine 123 (Rh-123,
Sigma, Sdo Paulo, SP, Brazil), as previously described (Gillan et al., 2005; Robles and
Martinez-Pastor, 2013). An aliquot (5 pL) of sperm suspension was added to 5 uL HBSS
containing 20 pL Rh-123 (13 puM). After 10 min of incubation at 20°C, 5 uL of the mixture
was placed on glass slides under cover slip and changes in transmembrane potential was
evaluated using the epifluorescence microscope (Olympus BX 51, America, Sdo Paulo, SP,
Brazil) at a 400x magnification. Sperm cells emitting intense green fluorescence in their
middle portion, which indicates Rh-123 accumulation, were considered as having a high
mitochondrial membrane potential. On the other hand, sperm emitting low fluorescence
(matting) were considered as showing low mitochondrial membrane potential. Percentage of
active mitochondria was calculated considering the proportion of cells emitting green

fluorescence out of a total of 200 cells analyzed.

DNA integrity of sperm cells was evaluated using the sperm chromatin structure assay
(SCSA) described by Evenson et al. (1980), with minor modifications. Briefly, this method
consists in using a metachromatic fluorescent dye, the acridine orange, which intercalates
with the DNA strands. When bound to double-stranded (intact DNA), acridine orange emits a
green fluorescence, while a red fluorescence is emitted when acridine orange is interspersed
with single-stranded (committed chromatin). A sample 5 pL of sperm suspension was added

to 5 uL TNE solution (final concentration: 10 mM Tris-HCI; 1.215 mM NaCl, 1 mM EDTA,
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pH 7.2). After 30 s, 10 pL of 1x Triton solution were added. After additional 30 s, 1.5 pL
acridine orange (2 mg mL™ prepared in deionized water) were added to the reaction mixture.
After 10 min of incubation at 20°C, 5 uL of this mixture was placed in a glass slide under a
cover slip by using a razor blade. The number of cells with intact DNA was evaluated using
the epifluorescence microscope (Olympus BX 51, America, S&o Paulo, SP, Brazil) at a 400x
magnification. Percentage of intact DNA was calculated considering the proportion of cells

emitting green fluorescence out of a total of 200 cells analyzed.

2.5. Lipid peroxidation analysis

Pools of three fish were made for each experimental condition (n = 5 pools per
treatment) to get enough biological material for lipid peroxidation (LPO) analysis. Gonad

samples were stored at -80°C until analysis.

Oxidation damage to lipids induced by ROS was measured using the thiobarbituric
acid reactive substances (TBARS) assay, as described by Oakes and Van der Kraak (2003).
This assay is based on the reaction of the malondialdenyde (MDA) generated by oxidative
damage to lipids with the thiobarbituric acid (TBA) in conditions of high temperature and
acidity. This reaction produces a chromogen, which was measured using a spectrofluorometer
(excitation: 515 nm; emission 553 nm) (Victor, PerkinElmer, Waltham, MA, USA). LPO was
expressed as nmol MDA mg dry weight™, using TMP (1,1,3,3-tetramethoxypropane) as

standard.

2.6. Water chemistry analyses
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Every 2 days, the experimental media were sampled for pH (pHmeter; Digimed,
DMPH-2, S&o Paulo, SP, Brazil), dissolved oxygen concentration (Oxymeter; Digimed, S&o
Paulo, SP, Brazil), total alkalinity (APHA, 1998), hardness (Mg?* and Ca**) (Basset et al.,
1981) and dissolved copper concentration by graphite furnace atomic absorption spectroscopy
(EAA ANALYST 700, PerkinElmer). For dissolved copper determination (ug L™ Cu),
filtered samples (0.45 um) were collected and acidified (1% HNO3; SupraPur®, Merck, Haar,

Germany) before and 24 h after fish introduction in the exposure media.

2.7. Data presentation and statistical analysis

Data were expressed as mean + standard error. Data normality was analyzed using the
Shapiro-Wilk test. Parametric data were analyzed through analysis of variance (ANOVA)
followed by the Tukey test. Non-parametric data were analyzed using the Kruskal-Wallis
ANOVA, followed by the Duncan test. Spearman correlation was used to determine the level
of association between the sperm quality parameters analyzed. Significance level adopted was
95% (p <0.05). All statistical analyses were performed using the software Statistix 9.0, 2008

version (Tallahassee, FL, USA).

3. Results

3.1. Water chemistry analyses
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The results for water chemistry parameters were within the range of expected for soft
hard water (USEPA, 1994): pH = 6.9 + 0.2, dissolved oxygen = 6.8 + 0.4 mg L™, temperature
= 23.2 + 0.8°C, total alkalinity = 20 mg L™ CaCOs, hardness (Mg®* and Ca**) = 50 mg L™
CaCOs. The mean measured dissolved copper concentration in the experimental media for the
control and nominal concentrations of 4.5, 9 and 18 pg L™ Cu were 0.08, 2.2, 5.5 and 9.3 pg
L™ Cu, respectively. About 50% of the nominal Cu was dissolved in all treatments. Due to the
loss of dissolved Cu by adsorption processes during exposure media preparation and because
dissolved Cu concentration normally include the most toxic forms of this metal, all results are

express in terms of the dissolved Cu concentration in the exposure media.

3.2. Cu accumulation, survival, biometric analyses

Gonads Cu accumulation was significantly higher when fish were acutely exposed to
9.3 pg L™ Cu, nevertheless, chronic exposure at the same Cu concentration exposition did not
result in significant Cu accumulation (Fig. 1). No accumulation was also observed in the
others experimental conditions, as copper concentration (CTR, 2.2 and 5.5 pg L™ Cu) and
exposure time (4 and 21 days). No fish mortality was observed during the first and second
trial performed for 4 and 21 days. Fish wet weight, fish body length, and gonad wet weight
did not differ among treatments for the same exposure time. However, a significant difference
in gonad wet weight was observed between exposure times for the same treatment. Gonads of
fish kept under control condition (no Cu addition in the water) or exposed to 2.2 and 5.5 ug L~
! Cu for 21 days were larger than those of fish exposed to the same treatments for 4 days.
However, gonads of fish exposed to 9.3 ug L™ Cu for 4 and 21 days showed similar mean

values of wet weight (Table 1). Wet body weight and total body length of fish used in the
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second trial were similar among treatments (control and Cu concentrations). A similar result

was observed for fish exposed for 4 or 21 days (Table 3).

3.3. Sperm quality analyses

Fish exposed to 5.5 ug L™ Cu for 4 days showed a higher number of spermatozoa than
those exposed to 9.3 pg L™ Cu for the same period of time. However, fish exposed to these
treatments with Cu showed a similar number of spermatozoa than those kept under control
condition. Fish exposed to 2.2 pg L™ Cu for 21 days showed a significant lower number of
spermatozoa than those exposed to 5.5 ug L™ Cu for the same period of time. Again, fish
exposed to these treatments with Cu showed a similar number of spermatozoa than those kept

under control condition (Fig. 2).

Sperm motility rate was significantly lower in fish exposed to the highest
concentration of Cu tested (9.3 pg L™ Cu) for 4 days (61.2% reduction) or 21 days (72.4%
reduction) than in those kept under control condition (CTR) for the respective time of

exposure (Fig. 3).

Plasma membrane integrity was significantly lower in spermatozoa of fish acutely
exposed to 2.2 than in spermatozoa of those kept under control condition or exposed to 5.5 pg
L™ Cu for the same time of exposure (4 days). Sperm of fish exposed to 9.3 ug L™ Cu showed
similar plasma membrane integrity to those of fish exposed to the other treatments. After 21
days of exposure, no significant difference was observed in plasma membrane integrity of

spermatozoa of fish from all treatments tested (Table 2).
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Sperm of fish exposed to 9.3 pug L™ Cu showed a significant lower mitochondrial
membrane potential than sperm of those kept under control condition or exposed to 2.2 pg L™
Cu for 4 days. However, no significant difference was observed among treatments after 21
days of experiment. Also, no significant difference in sperm DNA integrity was observed

among treatments within each exposure time (Table 2).

Spearman correlation analysis showed a significant and positive association between
sperm motility and mitochondrial membrane potential (r = 0.44). Sperm motility was also
positively correlated with the total number of sperm cells (r = 0.58). Total body length and
wet body weight were strongly correlated for fish acutely (r = 0.88) or chronically (r = 0.79)
exposed to Cu. Also, gonads wet weight was positively correlated to the wet body weight and
total body length for fish acutely (r = 0.46 and r = 0.50, respectively) or chronically (r = 0.65

and r = 0.70) exposed to Cu.

3.4. Lipid peroxidation (LPO) analyses

Sperm of fish acutely exposed (4 days) to Cu showed a significant and Cu
concentration-dependent increase in lipid peroxidation level (Fig.4). In fact, LPO level in fish
exposed to 9.3 ug L™ Cu was significantly higher than that found for fish kept under control
condition (no Cu addition in the water) or exposed to 2.2 and 55 pg L™ Cu. In fish
chronically exposed (21 days) to Cu, no significant change in the LPO level was observed

among treatments (Fig. 4).

4. Discussion
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Chemical pollution in aquatic ecosystems is often unnoticed because no lethality or
short-term visible changes are observed. In fact, aquatic toxicity is dependent on the type of
the xenobiotic present in the water and its bioavailability. Dissolved Cu concentrations tested
in the present study (2.2, 5.5 and 9.3 pg L™ Cu) can be considered as sublethal to the
viviparous guppy Jenynsia multidentata acclimated to freshwater. This statement is based on
the fact that no fish mortality was observed during the two trials performed in the present
study for 4 and 21 days. Furthermore, there was no change in gonad weight among the
experimental treatments for each exposure time. As opposed, a reduction in growth and
gonadal development dependent on the concentration and time of exposure to Cu was
reported for the viviparous fish Xiphophorus helleri (James et al., 2003, 2008). However, it is
important to stress that Cu concentrations tested with X. helleri were markedly higher (40, 80
and 120 pug L™ Cu) than those employed in the present study (2.2, 5.5 and 9.3 pg L™ Cu).
Also, Cu effects in X. helleri were only observed after at least 100 days of exposure to the
metal, i.e., a much longer time of exposure than those tested in the present study (4 and 21
days). Therefore, the differential responses observed between these two studies could be
associated with the different Cu concentrations, exposure times, and even the different fish

species tested.

Despite the absence of lethal toxicity and/or effects of Cu at the organic (gonadal)
level discussed above, significant negative effects of exposure to environmentally relevant
concentrations of Cu were observed in parameters associated with sperm quality and
oxidative stress. Taken all together, these findings suggest that subtle responses can be seen at
lower biological levels (sub-cellular and/molecular) when freshwater fish are exposed to
environmentally relevant concentrations of waterborne Cu. The observed effects could be

related to Cu accumulation in fish gonads and its effect on the spermatogenesis of the guppy
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J. multidentata, as further discussed. Cu accumulation in gonads increase significantly over
the acute duration of experiment in fish exposed to 9.3 ug L™ Cu, however no significant
difference in accumulation was observed in the others exposed concentration neither over the
chronic exposition time. This pattern of accumulation could be due to an activation of
detoxification mechanisms as metallothioneins (Monserrat et al., 2007) or a gradual metal
uptake resulting in metal deposition in non-critical tissues at lower metal concentrations and
long-term exposures, such as those reported here (Borgmann et al., 1993). Such mechanisms
are crucial in the whole-organism homeostasis, since Cu can react with biomolecules inducing
physiological disruptions (Phillips, 1980; Heath, 1995; Langston and Bebianno, 1998; Handy,

2003; Grosell et al., 2007).

In fact, spermatogenesis disruptors, such as Cu, can influence directly the sperm
production and/or quality in vertebrates (Handy, 2003; Chattopadhyay et al., 2005; Eidi et al.,
2010; Chattopadhyay and Biswas, 2013). Regarding sperm quality parameters, it is worth
noting that spermatozoa concentration is one of the most important quantitative parameters of
fish semen employed in the evaluation of routine search for external or internal fertilization
(Foglida Silveira et al., 1987). In the present study, spermatozoa concentration was highly
variable. Although spermatogenesis was not significantly affected by the acute exposure to
waterborne Cu, a marked trend of a lower total number of spermatozoa was observed in
sperm of guppies acutely exposed to 9.3 pg L™ Cu. In addition, a marked reduction (61.2%)
in sperm motility was observed when guppies were acutely exposed to this Cu concentration.
Furthermore, the decreased sperm motility was paralleled by a reduced mitochondrial

membrane potential (r = 0.44).

In spermatozoa, mitochondria are described as the primary source of ATP (Graham
and Mocé, 2005). Also, it is well known that ATP is produced through the oxidative

phosphorylation process, which requires the existence of a transmembrane potential, i.e., an
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electrochemical gradient across the inner mitochondrial membrane. A reduced transmembrane
potential directly compromises the normal cellular metabolism (Graham and Mocé, 2005),
thus influencing sperm motility and vitality (Aitken et al., 2012; Cabrita et al., 2014). In
human sperm, the progressive decrease in motility has been related to adverse effects on
mitochondrial respiration through an uncoupling between the electron transport chain and
ATP synthesis caused by ROS (Ferramosca et al., 2013). Therefore, it is probable that fish
exposure to Cu and consequently accumulation in gonads could be undergoing to an oxidative
stress condition which is negatively affecting the plasma membrane integrity and the
mitochondrial membrane potential. This effect would lead to a reduced ATP production and a
consequent decrease in sperm motility, as observed in guppies acutely or chronically exposed
to 9.3 pg L™ Cu. The significant and Cu concentration-dependent increase in LPO level
observed in guppies acutely exposed to this Cu concentration is in complete agreement with

this idea.

In general, cell membranes are protected against damage induced by ROS through
several enzymatic mechanisms and production of antioxidant molecules (Celino et al., 2011).
Copper-zinc superoxide dismutase (Cu/Zn SOD) is reported as the first enzyme involved in
the removal of the testicles oxiradicals (Bauche et al., 1994). However, sperm membranes are
especially vulnerable to the oxidative attack induced by ROS because of their high content in
polyunsaturated fatty acids (Wathes et al., 2007). For example, Celino et al. (2012) reported
that ROS directly inhibited spermatogenesis in the freshwater fish Anguilla japonica. Also,
they showed that a reduced SOD activity led spermatogonia to be more susceptible to
oxidative attack induced by ROS, leading to cell apoptosis. Furthermore, freshwater fish
exposed to Cu were shown to have reduced SOD activity (Vutukuru et al., 2006). Therefore, a

possible increase in ROS production and/or a reduction in the total oxyradical scavenge
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capacity in the gonads of males guppies J. multidentata acutely exposed to 9.3 ug L™ Cu may
have led the gonadal tissue to an oxidative damage condition. The significant increase in Cu
accumulation in gonads associated with a negative effects on plasma membrane integrity,
consequent reduction in mitochondrial transmembrane potential and sperm motility, as well as
the trend of a reduced spermatogenesis observed in fish acutely exposed to 9.3 pg L™ Cu are
in complete agreement with the idea of a ROS-mediated effect of gonads Cu accumulation on

sperm production and/or quality in the viviparous guppy J. mutidentata.

It is important to note that loss of spermatozoa membrane integrity is possibly
associated with sub-fertility and/or infertility in humans (Gillian et al., 2005; Ambrogi et al.,
2006). Therefore, our findings would suggest that fish exposure to environmentally relevant
Cu concentrations, as tested in the present study, could reduce the performance of
reproduction in freshwater fish without significant effects on DNA integrity. However, sperm
of guppies exposed to the same Cu concentrations but for a longer period of time (21 days),
did not show any significant change in the Cu accumulation, total number of spermatozoa,
plasma membrane integrity, mitochondrial membrane potential, and DNA integrity. Also, a
paralleled lack of significant change in LPO level was observed in sperm of guppies exposed
for 21 days to any of the Cu concentrations tested. Therefore, the negative effects observed
after a short-term exposure (4 days) to waterborne Cu are not seen after a longer period of
exposure (21 days) to the metal. These findings suggest that the likely increased Cu
accumulation and consequently ROS generation occurring after a short-term exposure to Cu
would induce mechanisms to scavenge Cu and ROS, since ROS can react with biomolecules
causing damages to DNA, proteins and lipids (Grosell, 2012). Furthermore, Cu is shown to
stimulate gene expression and increase the levels of metallothioneins in target organs of
freshwater fish (Wu et al., 2007; Minghetti et al., 2008). These proteins are known as having

an essential role in regulating the levels of essential and non-essential metals in target organs.
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Therefore, our findings from measurements performed in male guppies chronically
exposed to environmentally relevant Cu concentrations, as discussed above, suggest that
mechanisms involved in the maintenance of Cu homeostasis and the oxidative status in J.
multidentata can minimize the deleterious effects induced by the oxidative stress following
fish exposure to waterborne Cu. This response could be related to a reduced Cu uptake and/or
an increased Cu excretion, as well as a reduced ROS generation and/or an increased
antioxidant capacity. However, it is important to note that a marked significant reduction in
sperm motility was still observed in guppies exposed to 9.3 pg L™ Cu for 21 days respect to
those kept under control condition (no Cu addition in the water) or those exposed to 2.2 or 5.5
ug L™ Cu. This finding clearly suggests that fish sperm motility is not only affected by the
oxidative stress, as observed after the acute exposure to environmentally relevant
concentrations of Cu, but also to other effects of this metal on sperm cell biochemistry and/or
physiology. In this case, future studies should address the possible effects of acute and
chronic exposure to environmentally relevant Cu concentrations on the energy metabolism of
sperm cells in the freshwater guppy J. multidentata. This would help to better elucidate the
biochemical basis involved in the reduced sperm motility observed in fish acutely and

chronically exposed to environmentally relevant Cu concentrations.
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Table 1. Wet body weight (mg), total body length (cm), and testis wet weight (mg) of guppies
Jenynsia multidentata kept under control condition (CTR: no copper addition to the water) or
exposed to different copper concentrations (dissolved: 2.2, 5.5 and 9.3 pg L™ Cu) for 4 days
(acute exposure) or 21 days (chronic exposure) in the first trial. Values are expressed as mean
+ SEM (n = 10). No significant difference in total body length, wet body weight and testis wet

weight was observed among treatments for the same exposure period (P>0.05).

Treatment Exposure Total body Wet body Testis wet
period (days) length (cm) weight (mg) weight (mg)

CTR 4 230+007 271.25+3125  4.50+1.22
22ug Lt Ccu 4 243+0.12  303.75+59.61  3.62+0.65
55ug L™ Cu 4 232+0.06 286672327 4.67+1.14
9.3ug L™ Cu 4 247+0.07  309.00+3456  4.30%0.70
CTR 21 242+0.08  356.67+26.79  9.44+1.30
2.2ug L Cu 21 228+009  308.10+32.09 7.20+1.36
55ug L™ Cu 21 237+0.10  334.67+40.17 9.11+155

9.3ug L Cu 21 2.22 £0.07 291.56 + 2.64 4,73 +1.05
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Table 2. Plasma membrane integrity (%), mitochondrial membrane potential (%) and DNA

integrity (%) in sperm of the guppy Jenynsia multidentata kept under control condition (CTR:

no copper addition to the water) or exposed to different copper concentrations (dissolved: 2.2,

5.5 and 9.3 ug L™ Cu) for 4 days (acute exposure) or 21 days (chronic exposure). Values are

expressed as mean £ SEM (n = 10). Different letters indicate significant difference among

treatments for the same exposure period (P<0.05).

Treatment Exposure Membrane integrity ~ Membrane potential  DNA integrity
period (days) (%) (%) (%)

CTR 4 97.2+ 1.1 (a) 995+03(a)  99.8+0.21 ()
2.2 ug Lt Cu 4 89.6 + 1.6 (b) 99.2+0.6(a)  99.6+0.29 (3)
55pug L™ Cu 4 98.1+ 0.6 (a) 97.3+1.4 (ab) 99.5+0.30 (a)
9.3 ug L Cu 4 94.0 + 2.1 (ab) 927+1.6(b)  98.4+0.83(a)
CTR 21 81.8+4.1 (a) 574+47()  99.9+0.11 (a)
22pg L Cu 21 89.0 + 1.8 (a) 575+27()  99.4+0.19 (a)
55pug L™ Cu 21 81.3+4.8 (a) 66.5+6.1(a)  99.7+0.20 (a)
9.3ug L Cu 21 90.5+ 1.9 (a) 67.1+4.8()  98.4+0.81(a)
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Table 3. Wet body weight (mg) and total body length (cm) of guppies Jenynsia multidentata
kept under control condition (CTR: no copper addition to the water) or exposed to different
copper concentrations (dissolved: 2.2, 5.5 and 9.3 pg L™ Cu) for 4 days (acute exposure) or 21
days (chronic exposure) in the second trial. Values are expressed as mean + SEM (n = 15). No
significant difference in total body length and wet body weight was observed among

treatments for the same exposure period (P>0.05).

Treatment Exposure period  Total body length ~ Wet body weight

(days) (cm) (mg)
CTR 4 2.53+0.09 355.13 + 41.40
2.2 ug L Cu 4 2.38+0.09 309.07 +24.10
55pug L™ Cu 4 2.34 +0.07 251.07 +21.76
9.3 ug L Cu 4 2.40 +0.06 277.67 +18.00
CTR 21 2.48 +0.07 328.93 + 26.92
2.2ug L™ Cu 21 2.28 +0.08 298.27 + 23.17
5.5ug L™ Cu 21 2.33+0.07 323.40 +26.11

9.3ug L™ Cu 21 2.39 +0.07 321.27 £21.88




85

Figure Captions

Figure 1. Cu accumulation in gonads of male guppy Jenynsia multidentata kept under control
condition (CTR: no copper addition in the water) or exposed to different waterborne copper
concentrations (dissolved: 2.2, 5.5 and 9.3 pug L™ Cu) for 4 days (acute exposure) or 21 days
(chronic exposure) in freshwater. Values are expressed as mean + SEM (n = 10). Different
lowercase letters represent significant different mean values among treatments for the same
experimental period (p <0.05). Data were mathematically transformed (square root) to meet

the ANOVA assumption (data normality and homogeneity of variances).

Figure 2. Total number of spermatozoa in the guppy Jenynsia multidentata kept under control
condition (CTR: no copper addition in the water) or exposed to different waterborne copper
concentrations (dissolved: 2.2, 5.5 and 9.3 pug L™ Cu) for 4 days (acute exposure) or 21 days
(chronic exposure) in freshwater. Values are expressed as mean + SEM (n = 10). Absolute
values were divided by 1000 for a better viewing. Different lowercase letters represent

significant difference among treatments within the same experimental period (p <0.05).

Figure 3. Sperm motility rate (%) in the guppy Jenynsia multidentata kept under control
condition (CTR: no copper addition in the water) or exposed to different waterborne copper
concentrations (dissolved: 2.2, 5.5 and 9.3 pug L™ Cu) for 4 days (acute exposure) or 21 days
(chronic exposure) in freshwater. Values are expressed as mean £ SEM (n = 10). Different
lowercase letters represent significant difference among treatments within the same

experimental period (p <0.05).
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Figure 4. Lipid peroxidation (LPO) in pools of gonads of male guppies Jenynsia multidentata
kept under control condition (CTR: no copper addition in the water) or exposed to different
waterborne copper concentrations (dissolved: 2.2, 5.5 and 9.3 ug L™ Cu) for 4 days (acute
exposure) or 21 days (chronic exposure) in freshwater. Values are expressed as mean + SEM
(n = 5 pools per treatment; 3 fish per pool). Different lowercase letters represent significant
different mean values among treatments for the same experimental period (p <0.05). Data
were mathematically transformed (square root) to meet the ANOVA assumption (data

normality and homogeneity of variances).
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5 DISCUSSAO GERAL

A osmolalidade plasmatica serve como um guia da osmolalidade interna, e
pode ser usada para fazer um diluente que mimetize as condi¢cdes a que as células
estdo submetidas dentro dos organismos. Neste trabalho foi verificado que a
osmolalidade plasmatica da J. multidentata & de 326 + 3,9 mOsm/Kg, muito proxima
a encontrada em outros poecilideos, nos quais a osmolalidade plasmatica fica em
torno de 310 mOsm/Kg (HUANG et al.,, 2004a; HUANG et al., 2009a; SUN et al.,
2010; HUANG et al., 2009b).

Foi avaliada também a influencia da osmolalidade na ativacdo da motilidade
dos espermatozoides, bem como os efeitos de diferentes osmolalidades nos
mesmos parametros de qualidade espermética que iriam ser utilizados nas
avaliagdes a esposicao ao Cu. Em espécies de poecilideos, tem sido utilizado como
diluente a Solucdo Balanceada de Hanks (HBSS), portanto, utilizamos o mesmo
diluente para J. multidentata. A partir dos dados obtidos, foi verificado que
osmolalidades entre 240 e 320 mOsm/kg ativaram mais de 50% dos
espermatozoides, porém, as taxas de motilidade mais constantes e duradouras
foram em HBSS 300 e HBSS 320 (isosmoticidade), durando até 7 dias. Em
osmolalidades a 380 mOsm/kg os espermatozoides permaneceram imoveis. Esse
modo de ativacdo e de imobilizacdo também sdo semelhantes ao encontrado em
poecilideos (HUANG et al., 2004 a,b; SUN et al., 2010). Portanto, em espécies de
peixes com reproducdo interna, a osmolalidade € um dos principais fatores que
controlam a motilidade, independente da espécie. Como a osmolalidade interna dos
organismos permanece praticamente constante, 0os espermatozoides de espécies
com fecundacgédo interna ndo sdo submetidos a grandes variagdes de presséao
osmotica, diferente das espécies ovipara que liberam seus espermatozoides no
ambiente aquatico, extremamente variavel quando a concentracdo de solutos.
Portanto, diferencas espécies especificas em protocolos de manutencédo de células
espermatica relatadas para maioria dos peixes teledsteos oviparos parece nao se
aplicar as espécies de peixes viviparas, e a fecundagcdo interna é o fator

determinante do modo de ativacdo e manutencao da motilidade.



90

Além de afetar a motilidade, pressdes osmoticas inferiores a 260 mOsm/Kg
provocam danos em membrana plasmatica, mitocondria e DNA, e osmolalidades
superiores a 400 mOsm/Kg s6 néo afetaram o potencial de membrana mitocondrial.
Sendo assim, foi determinado que a osmolalidade mais adequada para a
manutencdao satisfatéria de todos os parametros analisados por pelo menos 4 dias
foi de 300 e 320 mOsm/Kg, uma vez que, ou obtiveram resultados mais constantes e
duradouros, como na motilidade, ou néo diferiram dos melhores resultados

encontrados nos outros parametros avaliados.

Os danos mais evidentes da diferenca de osmolalidade foram na membrana
plasmatica e motilidade e em hipo-osmolalidade. Os danos observados no semén
fresco provavelmente foram devidos a aumentos de volume. Como as células
tendem a ganhar agua e aumentar seu volume quando expostas a um meio
hiposmoético, € possivel qgue os mecanismos homeostaticos de regulacdo osmdética e
de volume celular ndo tenham conseguido impedir os danos provocados pelo
choque hipo-osmotico a membrana plasmaética, uma vez que a membrana é a
estrutura que delimita a célula e por onde passam ions e agua até que o equilibrio
se restabeleca. Porém, como as mitocondrias e DNA estdo em compartimentos mais

internos, podem néo ter sido comprometidos.

Por outro lado, em exposicdo prolongada, tanto os efeitos da hipo quando da
hiperosmolalidade podem ter sido provocados pelo aumento espécies reativas de
oxigénio (EROs), causando estresse oxidativo (EO). Espermatozoides de mamiferos
armazenados em meio nao isosmotico resultou em aumento de EROs (MCCARTHY
et al, 2009; BURNAUGH et al, 2010), indicando que o estresse osmdético pode
provocar EO em espermatozoides de mamiferos. Como os espermatozoides de
viviparos sao tidos como mais semelhantes a espermatozoides de mamiferos do
gue espécies oviparas (STOSS, 1983; SUN et al, 2010), o EO pode estar
provocando alteracBes em parametros de qualidade espermatica em peixes devido

ao choque osmdtico.

Além do choque osmoético, o cobre (Cu) também é um potente desencadeador
de EO nas células esperméticas de mamiferos. Segundo Aitken et al (2012), o
aumento da producdo de EROs e, consequentemente, a geracdo de EO, provoca

danos nas células, como peroxidacdo de lipideos, danos oxidativos ao DNA,
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formacédo de aductos de proteinas, bem como danos mitocondriais, que iniciam uma

cascata apoptotica reduzindo a motilidade e vitalidade das células espermaéticas.

Mesmo com varios trabalhos comprovando que o EO provocado pelo excesso
de EROs é um potente agente na fisiopatologia esperméatica em mamiferos (AITKEN
e KRAUSZ, 2001; WATHES et al., 2007; EIDI et al., 2010; AITKEN et al., 2012), que
0 Cu induz aumentos EROs, alteracbes em mecanismos antioxidantes e danos
oxidativos em varios orgaos de peixes (VIEIRA et al., 2009; EYCKMANS et al. 2011,
MACHADO et al., 2013) e o Cu, em peixes, demonstrar afetar o desenvolvimento
gonadal, capacidade fertilizante e acumular em ovos e larvas (JAMES et al.,
2003,2008), trabalhos associando o EO provocado pelo Cu a danos em células
espermaticas e espermatogénese, se existentes, sao raros, € 0s mecanismos de
toxicidade do Cu na reproducdo de peixes permanecem nao esclarecidos
(GROSELL, 2012).

Os dados do presente estudo confirmam a hipétese de que o Cu, mesmo em
concentracbes encontradas naturalmento nos ecossistemas aquaticos, esta
causando alteracGes na espermatogénese e na qualidade espermética em Jenynsia
multidentata, tanto em exposi¢cées agudas quanto crénicas. Também permite afirmar
gue em exposicdes agudas, um dos mecanismos de toxicidade do Cu pode ter sido
0 aumento de EROs causando EO, o qual foi evidenciado pelo marcador de dano
oxidativo em membrana, a lipoperoxidacdo (LPO). O aumento da LPO na
concentracdo de 18 ug L™ esta associado a reducdo da motilidade, potencial de
membrana mitocondrial e redugdo no niamero de espermatozoides. Ainda que a
integridade de membrana plasmaética na concetracéo de 18 pg L™ ndo tenha diferido
significativamente do grupo controle, ela também néo diferiu da concentracéo de 4,5
ug L™ a qual provocou reducdo significativa da integridade de membrana na
exposicdo aguda. Portanto, a membrana também pode ter sido afetada pela

lipoperoxidacéao.

Apesar de produgdes de ROS endogenas ocorrerem naturalmente durante o
processo de respiracdo celular em espermatozoides de peixes e mamiferos (GAZO
et al.,, 2013), e niveis baixos de ROS serem essenciais para a funcionalidade

espermatica, como fertilizacdo, hiperativacdo e motilidade (AGARWAL et al., 2009),
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niveis elevados de ROS provocados pela exposicdo ao Cu esta excedendo a
capacidade atioxidante dos espermatozoides de J. multidentata em exposi¢céo aguda
e provocando danos oxidativos, os quais estdo afetando a qualidade espermatica e
interferindo na espermatogénese. ions metalicos como o Cu s&do conhecidos por
catalizar uma reacdo conhecida como reacdo de Fenton, a qual produz radical
hidroxila (OH.) a partir do peréxido de hidrogénio (H,O;). O OH. reage rapidamente
com biomoléculas desencadeando a peroxidacédo de lipideos (LPO). A LPO afeta a
fluidez das membranas plasmaticas dos espermatozoides, provocando reducédo da
motilidade (JONES et al.,, 1979) e da capacidade fertilizante (AGARWAL et al.,
2009).

Por outro lado, a redugcdo da integridade de membrana plasmatica em
concentracdes baixas, onde néo se verificou aumento da LPO, pode ser devido a
efeitos diretos do Cu sobre as células, reduzindo sua viabilidade. Porém, mesmo
sem causar diminuicdo nos outros parametros avaliados como motilidade,
integridade de DNA e potencial de membrana mitocondrial, 0 dano na membrana
plasmatica na concentracdo de 4.5 pg Cu.L™ pode vir a afetar o sucesso de
fertilizacdo. Em mamiferos, a perda da integridade das membranas espermaticas
possivelmente esta associada a subfertilidade e/ou infertilidade de machos (GILLIAN
et al., 2005; AMBROGI et al., 2006).

Niveis elevados de ROS também provocam danos oxidativos em membranas
mitocondriais, como observado neste trabalho na exposi¢cdo aguda. As mitocondrias
sdo a principal fonte de ATP para os espermatozoides (GRAHAM e MOCE, 2005),
produzido via fosforilagdo oxidativa. Para que esse processo aconteca, € necessario
um gradiente eletroquimico ao longo da membrana mitocondrial interna (potencial
transmembrana), portanto, a reducdo do potencial transmembrana compromete
diretamente o metabolismo celular normal (GRAHAM e MOCE, 2005), podendo
influenciar na motilidade (CABRITA et al., 2014). Em espermatozoides de humanos,
a queda progressiva da motilidade tem sido relacionada a efeitos negativos na
respiracdo mitocondrial por desacoplamento entre a cadeia transportadora de
elétrons e a sintese de ATP, provocado pelo aumento de EO (FERRAMOSCA et al.,
2013). Como a mitocdndria € a organela mais importante no processo de apoptose
celular, danos na membrana mitocondrial pode desencadear o processo apoptético,

por liberacdo da citocromo c, ativando a cascata enzimatica das caspases
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(AGARWAL e PRABAKARAN, 2005), que uma vez ativada, por sistemas de
retroalimentacdo positiva, garantem que a célula inevitavelmente vai sofrer

apoptose.

Por outro lado, na exposicéo cronica, nao foi verificado reducéo do potencial
mitocondrial em nenhuma das concentra¢cdes, poréem a motilidade foi reduzida. O
ATP é produzido no espermatozoide através de duas vias metabdlicas - glicélise e
fosforilagdo oxidativa (FOX) — a primeira ocorrendo na cabeca e peca principal do
flagelo e a ultima nas mitocdndrias presentes na peca intermediaria (PLESSIS et al.,
2015). Apesar da respiracdo mitocondrial ser considerada o processo metabdlico
mais eficienta para a producdo de ATP, estudos demontram que a difusdo do ATP
da mitocondria até a parte distal do flagelo n&o é suficiente para mater o batimento
flagelar e que, portanto, a glicélise parece ser essencial (HUNG et al.,, 2008;
PLESSIS et al., 2015). Portanto, uma das possiveis explicacdes € que, apesar de o
potencial mitocondrial ndo apresentar reducdo, a exposicdo cronica ao Cu pode
estar afetando a via glicolitica de producéo de energia, reduzindo a motilidade em J.
multidentata. Porém, mais estudos sobre os efeito do Cu na via glicolitica de
fornecimento de energia para o batimento flagelar se fazem necessérios para

confirmagéo desta hipdtese.

A concentracdo espermatica em J. multidentata foi de 9,3.10° células por
gbnada, sedo este outro parametro afetado negativamente na exposi¢cdo aguda e na
maior concentragcdo. Celino et al (2012) verificou que o EROs inibiu a
espermatogénese no peixe de agua doce Anguilla japonica, e que a reducdo da
cobre zinco superoxido dismutase (SOD) deixou as espermatogbnias mais
suscetiveis aos ataques de EROs, conduzindo a morte celular. Sistemas
antioxidantes enzimaticos e nao enzimaticos controlam os danos provocados pelo
excesso de EROs (KEFER et al., 2009). Os antioxidantes enzimaticos responsaveis
pela detoxificacdo de ROS no esperma de peixe sdo: catalase, SOD, glutationa
redutase e peroxidase (LAHNSTEINER e MANSOUR, 2010; MANSOUR et al.,
2006). As defesas antioxidantes ndo enzimaticos e metabdlitos incluem a glutationa,
tocoferol, acido ascorbico, acido urico, selénio e zinco, entre outros (CABRITA et al.,

2014). As enzimas fazem parte da defesa intracelular de espermatozoides contra
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EROs, enquanto os espermatozoides sdo protegidos extracelularmente por
componentes enziméticos e nao enzimaticas (VAN OVERVELD et al., 2000). Porém,
a SOD é a primeira enzima envolvida na retirada de oxiradicais em testiculos
(BAUCHE et al.,, 1994). A reducdo da atividade da SOD tem sido reportada em
peixes de agua doce expostos ao Cu (VUTUKURU et al., 2006). Neste contexto, o
aumento de EO nas gbnadas de machos de J. multidentata verificado na exposi¢céo
aguda a 18 ug L™, pode ter reduzido a producdo de enzimas antioxidantes chaves
na detoxificagdo de oxiradicais nos testiculos, deixando-os mais vulneraveis aos

efeitos de EROs, o que provocou danos a proliferacdo das espermatogonias e,

consequentemente, reducdo no nimero de espermatozoides.

Por outro lado, em exposicdo crbnica, os sistemas homeostaticos de defesa
antioxidante conseguiram combater o excesso de Cu, e danos oxidativos ndo foram
verificados. Na verdade, s6 vai ocorrer danos em proteinas, lipideos e DNA se a
capacidade dos sistemas de defesa forem ultrapassados (GROSELL, 2012). Além
de enzimas antioxidantes, o Cu estimula a expresséo do gene e o aumento de niveis
da proteina metalotioneina em 6rgados alvo (WU et al., 2007; MINGHETTI et al.,

2008), conhecida como sequestradora de metais.

Mesmo sem provocar aumento da LPO, a exposi¢cao cronica ao Cu provocou
a reducdo da motilidade na concentracdo de 18 pg L' e da concentracéo
espermatica na concentracéo 4,5 pg L. Sabe-se que os mecanismos de toxicidade
do Cu ndo se limitam ao E, podendo também provocar alteragdes enddcrinas
(HANDY, 2003). Portanto o Cu pode estar atuando ao nivel do eixo hipotalamo-
hipofise-gbnadas ou diretamente nas células germinativas, provocando a reducéo da
concentracdo espermaética verificada neste estudo. Em ratos, foi observado que o Cu
provocou a inibicdo da atividade enzimética da 17 B-hydroxysteroid desidrogenase,
degeneracédo da proliferagcdo das células espermatogénicas e reducdo dos niveis
plasmaticos de testosterona, FSH e LH, demonstrando seus efeitos negativos no
eixo hipotadlamo-hipdfise-testiculo afetando diretamente a espermatogénese e
esteroidogénese (CHATTOPADHYAY et al.,, 2005; CHATTOPADHYAY e BISWAS,
2013).

Outro dado que chama a atencao € o fato de a concentracao intermediaria de
9 ug L™ ndo provocar nenhuma alteracdo negativa nos parametros avalidados, e

pelo contrario, a concentracdo espermatica aumentou, embora néo
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significativamente, quando comparada ao grupo controle. Isso demonstra um efeito
nao linear ou dose dependente do cobre na reproducdo, mas uma curva em forma
de U.

Também néo foram verificadas alteracdes no tamanho, peso corporal ou peso
gonadal entre os tratamentos em ambos 0s tempos experimentais. Porém, as
gbnadas na exposi¢cao cronica estavam maiores que na exposicdo aguda em todas
as concentracfes, exceto na de 18 pg L™. Portanto, apesar de ndo haver uma
reducdo das gbnadas entre os tratamentos dentro do mesmo tempo experimental,
pode-se dizer que, na maior concentracdo, houve uma reducdo do crescimento
natural das gbnadas com o passar do tempo. Segundo James et al. (2003, 2008) a
exposicao de um poecilideo a doses crescentes e sub-letais de Cu (40, 80 e 120 pg
LY) por pelo menos 100 dias, provocou reducdo no crescimento e no
desenvolvimento gonadal concentracdo/tempo dependente. Possivelmente, as
doses utilizadas e/ou o tempo de exposicdo no presente estudo podem ter sido
insuficientes para provocar alteragbes metabdlicas mensuraveis através dos dados

morfométricos

Podemos observar que os mecanismos de toxicidade do Cu na reproducéo
em machos de J. multidentata variam com o tempo de exposicdo, bem como os
parametros afetados variam de acordo com o tempo e a concentracdo de Cu,
demonstrando a heterogeneidade dos efeitos do Cu no sistema reprodutivo
masculino e a necessidade do uso de mais de um biomarcador de exposi¢cdo ao Cu

na reproducao, como os utilizados neste trabalho.

Portanto, podemos concluir que a osmolalidade plasmatica da espécie J.
multidentata € de 326 = 3,9 mOsm/Kg. A motilidade é ativada em uma ampla faixa
de osmolalidades, mas mantida por mais tempo e mais constante em torno da
isosmoticidade (300 e 320 mOsm/kg), podendo durar pelo menos 7 dias. Essas
osmolalidades também mantiveram a integridade e funcionalidade das células
espermaticas avaliadas pela integridade de membrana, potencial de membrana
mitocondrial e integridade de DNA, sendo as mais adequadas para a manutencao
das células ex situ. Osmolalidade superiores a 380 mOsm/kg impedem a ativacédo da

motilidade no sémen fresco. Tanto a hipo quando hiperosmolalidades afetam
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negativamente os parametros avalidados, sendo que a hipo-osmolalidade foi mais
prejudicial. Na exposicéo prolongada, o EO pode ser a causa dos efeitos verificados.
O Cu também afeta parametros de qualidade espermatica (com excecédo do DNA), e
espermatogénese, em J. multidentada aclimatada em agua doce, sendo que na
exposicao crdnica, somente a motilidade e a concentracdo espermatica foram
reduzidas. Na exposicdo aguda em concentracdes elevadas, o mecanismo de
toxicidade do Cu parece ser o estresse oxidativo. Portanto, tanto a exposicao ao Cu
como o choque osmoético danificam estruturas essenciais para a funcionalidade

espermatica, e o EO parece estar parcialmente envolvido em ambos.
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