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Resumo

O desenvolvimento e a maturacdo testicular de peixes sdo regulados por horménios
sexuais que influenciam nos processos de proliferacdo e morte celular das células
germinativas e sométicas. O estresse causado pelas alteracdes das condi¢cbes ambientais
induz a expressao de proteinas de choque térmico (HSP’s) que tem um papel
fundamental na homeostase testicular. O objetivo do presente trabalho foi avaliar a
maturacao testicular, a espermatogénese, 0s niveis plasmaticos de esteroides sexuais
assim como os niveis de HSP70, proliferacdo celular (PCNA) e apoptose (TUNEL e
caspase-3) em testiculos de curimatd-pacu Prochilodus argenteus. Para isso, 0 estudo
foi realizado em trés etapas. Inicialmente avaliamos e comparamos a espermatogénese e
0s niveis de esteroides sexuais em curimata-pacu coletados em dois pontos do rio Sdo
Francisco, a jusante da barragem de Trés Marias. No periodo reprodutivo, a propor¢édo
volumeétrica e o nimero de cistos de espermatogdnias foram significativamente maiores
em peixes do ponto 1, imediatamente a jusante da barragem, onde a proliferacéo celular
e apoptose foram mais elevadas na fase espermatogonial. Em peixes do ponto 2, tanto
0s parametros morfométricos e as reacdes de PCNA e TUNEL foram mais elevados em
cistos de espermatdcitos. Esses resultados associados as mudancas sazonais da atividade
testicular, niveis de testosterona, 17 B-estradiol, 17a-hidroxiprogesterona e o indice
gonadassomatico indicam que a espermatogénese de P. argenteus é mais ativa em
peixes capturados no ponto 2, apds a confluéncia com o rio Abaeté. Na segunda etapa
estudamos a expressdo de HSP70, PCNA e caspase-3 durante o ciclo reprodutivo de P.
argenteus coletados ap6s a confluéncia com rio Abaeté, onde as condi¢es ambientais
sdo favoraveis para reproducao da espécie. Os niveis de HSP70 aumentaram
significativamente em testiculos de junho a dezembro (repouso a maturacao testicular)
diminuindo em margo (regresséo testicular). As marcagdes do PCNA acompanharam as
variacdes sazonais da atividade testicular, sendo predominante em espermatogdnias tipo
A em junho e em espermatogonias tipo B em junho, setembro e marco, enquanto
espermatdcitos priméarios foram marcados principalmente em dezembro. A reagdo
TUNEL-positiva foi detectada no nucleo das células germinativas em todas as fases de
desenvolvimento, exceto em espermatozoéides. A atividade enzimatica da caspase-3
diminuiu de junho a dezembro, aumentando em marco. Esses resultados sugerem que

HSP70 pode proteger as células germinativas da apoptose dependente de caspase-3



durante a atividade testicular. Na terceira etapa estudamos os niveis de HSP70 e
caspase-3 como biomarcador de impacto ambiental utilizando testiculos e figado de P.
argenteus. Os niveis de HSP70 e caspase-3 em testiculos e figado foram
significativamente maiores nos peixes coletados no ponto 1 durante a estacdo chuvosa
em relacdo a estacdo seca. Desta forma, nossos resultados demonstram que as analises
morfométricas, os niveis de esteroides sexuais € a niveis proteicos de HSP70, PCNA e
caspase-3 podem fornecer ferramentas Uteis para a avaliacdo da espermatogénese de
populacdes de peixes em ambientes naturais.

Palavras-chaves: Prochilodus argenteus, espermatogénese, esterdides sexuais, HSP70,
PCNA, apoptose, rio S&o Francisco.



Abstract

The testicular development and maturation of fish are regulated by sex hormones that
influence the processes of proliferation and cell death of germ and somatic cells. The
stress caused by changes in environmental conditions induces the expression of heat
shock proteins (HSP’s) which have a key role in testis homeostasis. The objective of
this work was to evaluate the testicular maturation, spermatogenesis, plasma levels of
sex steroids as well as the expression of HSP70, cell proliferation (PCNA) and
apoptosis (TUNEL and caspase-3) in testis of the curimatd-pacu Prochilodus argenteus.
Thus, the study was performed in three steps. Initially we evaluated spermatogenesis
and sex steroid levels in the curimatd-pacu collected at two sites in the Sdo Francisco
River, downstream from the Trés Marias dam. During the reproductive period, the
volumetric proportion and number of spermatogonia cysts were significantly higher in
fish from site 1, immediately downstream from the dam, where cell proliferation and
apoptosis were higher during spermatogonial phase. In fish from site 2, the
morphometric parameters as well as the PCNA and TUNEL reactions were higher in
spermatocytes cysts. These results associated with the seasonal changes of the testicular
activity, levels of testosterone, 17 p-estradiol, 17a-hydroxyprogesterone and
gonadosomatic index indicated that spermatogenesis of P. argenteus is more active in
fish captured in site 2, after the confluence with the Abaeté River. In the second step,
we studied the expression of HSP70, PCNA and caspase-3 during the reproductive
cycle of P. argenteus captured after the confluence with Abaeté River, where
environmental conditions are favorable for the reproduction of the species. The levels of
HSP70 increased significantly in testis from June to December (resting to testicular
maturation) decreasing in March (testicular regression). The labelling of PCNA
followed the seasonal variations of the testicular activity, being predominant in type A
spermatogonia in June and in type B spermatogonia in June, September and March,
while primary spermatocytes were particularly marked in December. The TUNEL-
positive reaction was detected in the nucleus of germ cells at all stages of development,
except in spermatozoa. Enzymatic activity of caspase-3 decreased from June to
December, increasing in March. These results suggest that HSP70 may protect the germ
cells from caspase-3-dependent apoptosis during testicular. In the third step, we studied
the levels of HSP70 and caspase-3 as a biomarker of environmental impact using testis
and liver of P. argenteus. The levels of HSP70 and caspase-3 in testis and liver were



significantly higher in fish collected at sitel during the rainy season compared to the dry
season. Thus, our results demonstrate that morphometric analysis, levels of sex steroids
and protein levels of HSP70, PCNA and caspase-3 can provide useful tools for the
assessment of spermatogenesis in fish populations in natural environments.

Keywords: Prochilodus argenteus, spermatogenesis, sex steroids, HSP70, PCNA,

apoptosis, Sao Francisco River.



Lista de figuras

Figura 1 - Vias de producdo de esteroides sexuais em células de Leydig de

; 3
PIXES ..ttt bbb R e bR R e bbbt bbb
Figura 2 - Atuacdo dos esteroides sexuais nas diferentes fases da 4
ESPEIMALOGBNESE. ...tttk ettt ettt bttt b et bbbt
Figura 3 - Vias apoptdticas induzidas por toxinas durante a espermatogénese........... 6
Figura 4 - Regulagdo molecular de indugdo de HSP’s em peixes........ccoovvvrvrvrvennn 7
Figura 5 - Exemplar de curimaté-pacu Prochilodus argenteus do rio S&o 9
FPANCISCO. .ttt bbbttt e et bbbttt e e n e s et e e e
Figura 6 - Localizacdo dos pontos de estudo no rio S&o Francisco a jusante da 11
Darragem de TrES IMAIIAS.......cc.ecuiiieie ettt re e
Figura 7 - Caracteristicas macroscépicas de testiculos de P. argenteus em 15
diferentes estadios de MALUFACAD. ..........ccueiieiueeiiiieece e re e s nre s
Figura 8 - Niveis proteicos de HSP70 e caspase-3 em testiculos e figado de 59

curimatd-pacu Prochilodus argenteus durante periodo seco e chuvoso.......................



1. Introducao

1.1. Estrutura testicular e espermatogénese de peixes

Apesar das diferencas morfologicas ao longo da evolucdo, os testiculos de
vertebrados atuam em dois processos primordiais: espermatogénese e esteroidogénese
(Weltzien et al., 2004). Na maioria dos peixes teledsteos, os testiculos sdo 6rgdos pares
ligados dorsalmente a cavidade celémica pelo mesorquio, uma bainha fibrosa de tecido
conjuntivo. Os testiculos estdo dispostos dorsalmente ao tubo digestivo e ventralmente
aos rins percorrendo longitudinalmente a cavidade celémica. Apresentam comprimento
semelhante, podendo estar parcialmente ou totalmente fundidos, unindo-se caudalmente
para formar o ducto comum, que se exterioriza através da papila urogenital (Grier &
Uribe-Aranzabal, 2009). Variacdes morfologicas em testiculos (volume, coloracgéo,
irrigacdo sanguinea e turgidez) sdo comuns durante o ciclo reprodutivo (Bazzoli, 2003).
Microscopicamente, os testiculos sdo revestidos por uma cépsula de tecido conjuntivo, a
albuginea, que emite septos para o interior do érgdo, delimitando os compartimentos:
intersticial (intertubular) e espermatogénico (tubular ou germinativo) (Schulz &
Nobrega, 2011a).

O compartimento intersticial é constituido pelas células de Leydig, vasos
sanguineos e linfaticos, fibroblastos, mastocitos, macréfagos e componentes dos tecidos
nervoso e conjuntivo (Le Gac & Loir, 1999; Pudney, 1999). As células de Leydig estdo
envolvidas principalmente na sintese de esterdides sexuais responsaveis pela
determinacdo de caracteres sexuais secundarios. Podem ser encontradas isoladas ou em
grupos, geralmente préximas aos vasos sanguineos ou da albuginea (Haider, 2004;
Nobrega & Quagio-Grassiotto, 2007).

Os tabulos seminiferos sdo envolvidos pela membrana basal, uma estrutura
acelular sintetizada pelas células de Sertoli e células peritubulares midides (Koulish et
al., 2002; Schulz & Noébrega, 2011a). O compartimento espermatogénico é constituido
pelas células da linhagem germinativa e células de Sertoli cuja associagdo forma o
epitélio germinativo (Grier & Lo Nostro, 2000; Grier, 2002). Em teledsteos, o epitélio
germinativo é constituido por cistos formados por prolongamentos citoplasmaticos de
celulas de Sertoli que envolvem as células germinativas (Grier, 1993; Pudney, 1995).

A espermatogénese é um processo ciclico, complexo e organizado que ocorre
nos tabulos seminiferos dos vertebrados envolvendo diferentes formas de interages

entre células somaticas e germinativas (Grier & Uribe-Aranzabal, 2009). Em geral, o



processo espermatogénico é dividido em trés fases principais: espermatogonial,
espermatocitaria ou meidtica e espermiogeénica.

Na fase espermatogonial a formacdo de cistos ocorre quando uma
espermatogonia indiferenciada (SPGaung) € totalmente envolvida por prolongamentos
citoplasmaticos de uma ou mais células de Sertoli (N6brega et al., 2009; Schulz et al.,
2010). Os cistos de SPGaung podem permanecer em estado quiescente dependendo da
sazonalidade reprodutiva da espécie ou se auto-renovarem no inicio do crescimento
testicular (Schulz et al., 2012). Concomitantemente alguns cistos de SPGaung dividem-
se e podem se originar em espermatogonias tipo A (SPGa) que, através de sucessivas
divisdes mitdticas (0 numero de divisbes depende da espécie), originardo
espermatogonias secundarias (SPGg), obtendo assim, um aumento geométrico de
células germinativas com reducdo do diametro nuclear (Schulz et al., 2010). As células
germinativas resultantes das divisdes mitoticas das SPGa e SPGg permanecem ligadas
entre si por pontes citoplasmaticas devido a citocinese incompleta. Essas pontes
citoplasmaticas sdo responséveis pelo desenvolvimento sincronico de um clone das
células germinativas durante a espermatogénese (Schulz & Nébrega, 2011a).

Na fase espermatocitaria ou meidtica as SPGg diferencia em espermatdcitos
primarios (SPTC,;). Durante a prdfase meiética (leptoteno, zigéteno, paquiteno,
dipléteno) ocorrem os processos de recombinacdo e segregacdo génica, importantes
para a diversidade da espécie, producdo de RNAmM, essenciais para fase espermiogénica,
além da troca das histonas por protaminas durante a compactacao da cromatina (Cobb &
Handel, 1998; Schulz et al., 2010). Posteriormente, sdo formados 0s espermatocitos
secundarios (SPTC,), os quais passardo pela segunda divisdo meidtica produzindo as
espermatides (SPTD).

A espermiogénese consiste em uma série de alteragdes morfologicas que levam a
diferenciacdo das SPTD em espermatozéides (SPTZ), com variagdes entre as espécies
quanto ao modo de condensacdo da cromatina, eliminacdo de corpos residuais,
formacdo da peca intermedidria e do flagelo (Jamieson, 1991). No final da
espermiogénese, as pontes citoplasmaticas entre as SPTD sdo rompidas, ocorre a
ruptura dos prolongamentos citoplasmaticos das células de Sertoli e os SPTZ sao
liberados no lumen dos tdbulos seminiferos durante a espermiacdo (Batlouni et al.,
2009; Schulz & Ndbrega, 2011a). Os cistos de espermatides podem ser eventualmente
liberados no lumen dos tdbulos seminiferos de algumas espécies de peixes, onde o

processo de espermiogénese € finalizado (Mattei et al., 1993; Magalhaes et al., 2011).



1.2. Histofisiologia testicular de peixes

A espermatogénese é regulada pelo eixo hipotalamo-hipéfise-gbnada, sendo que
os estimulos ambientais (ex: chuva, fotoperiodo e temperatura) atuam no hipotalamo
estimulando a producéo de fatores liberadores de hormdnios gonadotroficos (GnRH) em
teledsteos (Zohar et al., 2010). Os GnRH induzem a hipdfise a produzir e liberar
gonadotrofinas, horménio foliculo estimulante (FSH) e horménio luteinizante (LH), que
atuam estimulando a biossintese de esterdides sexuais nos testiculos (Weltzien et al.,
2004). Sob a inducdo do FSH e LH, as células de Leydig transformam o colesterol em
pregnenolona, a qual é convertida em 17a-hidroxiprogesterona (17-aP), atuando como
substrato para producdo dos andrdgenos, estrégenos e progestinas (Schulz & Nobrega,
2011b) (Figure 1).
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Figure 1 - Vias de producdo de esteroides sexuais em células de Leydig de peixes
(Schulz & Ndbrega, 2011b).

Os esterdides sexuais mostram mudangcas durante o ciclo reprodutivo,
desempenhando papéis distintos no controle da espermatogénese dos peixes (Figura 2).
Sob a influéncia do FSH, o 17-aP é convertido em testosterona (T), o qual
posteriormente atua como substrato para producdo de 11-ketotestosterona (11-KT),
sendo ambos andrdgenos responsaveis pela maturacéo testicular atuando principalmente
na divisdo mitdtica das espermatogonias e na espermiagdo (Haider, 2007; Ohta et al.,
2007; de Waal et al., 2009).



A testosterona pode ser convertida também em 17B-estradiol (E2) pela enzima
P450 aromatase nas células de Leydig sob a influéncia do FSH. Estudos mostram que
E2 atua principalmente na proliferacdo e auto-renovagdo de espermatogénias (Miura et
al., 1999; Amer et al., 2001; Miura et al., 2003), e também participa na inducdo da
proliferacdo de células de Sertoli em testiculos espermiados (Chaves-Pozo et al., 2007).
A elevacdo dos niveis de T e E2 durante a maturacdo das células germinativas inibe a
sintese e a liberacdo de FSH pela hipofise.

Em fases tardias da espermatogénese o LH é mais ativo que o FSH, estimulando
as células de Leydig a produzir 17-aP, que é convertida pela enzima 20a hidroxi-
desidrogenase em 17a-20B-dihidroxi-4-pregnen-3-ona (DHP). O DHP é responsavel
pela diferenciacdo e maturacdo dos espermatdcitos, hidratacdo, mobilidade e
capacitacdo dos espermatozdides no ducto espermatico para fertilizacdo (Nagahama,
1994; Yamada et al., 2002; Scott et al., 2010) e pode também atuar na fase
espermatogonial (Miura et al., 2006).

Spermatozoa : Spermatids during spermiogenesis
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Figura 2 - Atuacdo dos esteroides sexuais nas diferentes fases da espermatogénese. Se -
Células de Sertoli; BL - Membrana basal; LE - Células de Leydig; BV - Vasos
sanguineos; MY - Células mioides; SZ - espermatozdides (Schulz & No6brega, 2011b).



1.3. Proliferacéo e morte celular em testiculos de teledsteos

Em teledsteos, a homeostase tecidual e a progressdo da espermatogénese sdo
garantidas pelo balanco entre a proliferacdo e a morte das células germinativas e
somaticas durante o desenvolvimento testicular (Krumschnabel & Podrabsky, 2009).

Os primeiros estudos sobre a proliferacdo celular utilizaram basicamente dois
métodos de avaliacdo: contagem de figuras de mitose em cortes histologicos utilizando
a morfologia como parametro de identificacdo (Beaumont & Mandl, 1962) e contagem
apos a incorporacdo de marcadores como a timidina triciada e o BrdU (Dolbeare, 1995).
Outro método de marcacdo de células em proliferacdo € o antigeno nuclear de
proliferacdo celular (PCNA) descrito por Miyachi et al (1978). O PCNA € uma proteina
nuclear ndo-histénica que apresenta 36 kDa em mamiferos (Bravo & Graf, 1985; Bravo
& MacDonald-Bravo, 1987). O PCNA ¢é um importante regulador do ciclo celular,
muito conservado entre as espécies. Atua como co-fator da DNA-polimerase delta e esta
envolvido nos processos de reparo de DNA, tendo relacdo linear com a incorporacéo de
timidina em muitos tecidos normais (Bravo et al., 1987; Hall & Woods, 1990). O
PCNA ¢é um excelente marcador molecular de células em proliferacdo, sendo utilizado
em diversos estudos ciclicos da espermatogénese de peixes (Miura et al., 2002; Mc
Clusky, 2005; Corriero et al., 2007; Loppion et al., 2008). Na maioria dos teledsteos o
crescimento do testiculo € continuo, podendo acompanhar o aumento do peso corporal,
sendo que a proliferacdo das células de Sertoli ocorre preferencialmente associada a
cistos de espermatogonias (Koulish et al., 2002; Schulz & Miura, 2002; Schulz et al.,
2005). O arranjo cistico da espermatogénese em peixes possibilita maior suporte as
células germinativas pelas células de Sertoli, resultando em eficiente producédo
espermatica que € garantida pela disponibilidade de fatores regulatérios e pelo baixo
namero de células em apoptose (Ndbrega et al., 2009).

A apoptose é um processo fisiologico que mantém o numero apropriado de
células no tecido (Kerr et al., 1972), morfologicamente € caracterizada pela perda de
adesdo célula-célula e célula-matriz extracelular, retracdo celular, condensacdo da
cromatina associada proximo ao envoltorio nuclear e fragmentacdo celular em corpos
apoptéticos que sdo fagocitados por células vizinhas, sem desencadear reacao
inflamatéria (Baum et al., 2005). A apoptose desempenha papel crucial no
desenvolvimento normal das células germinativas e pode ocorrer espontaneamente ou
por meio do desencadeamento de varios fatores, incluindo estimulos hormonais,

estresse térmico e metais pesados (Hikim & Swerdloff, 1999; Andreu-Vieyra et al.,



2005). A apoptose é altamente conservada durante a evolucao e requer uma maquinaria
especializada ativada por vias extrinsecas e/ou intrinsecas, envolvendo proteinas da
familia Bcl-2, via Fas, p53 e caspases (Baum et al., 2005; Takle & Andersen, 2007;
Tripathi et al., 2009) (Figura 3). Um dos componentes-chave na maquinaria apoptotica
¢ a cascata de proteases de cisteinas, conhecidas como caspases (Takle & Andersen,
2007). Estas enzimas estdo atualmente categorizadas em caspases iniciadoras -2, -8, -9 e
-10 e efetoras -3, -6 e -7 (Fischer et al., 2005).
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Figura 3 - Vias apoptoéticas induzidas por toxinas durante a espermatogénese

(Tripathi et al., 2009).

O aumento significativo de apoptose foi utilizado como biomarcador de impacto
ambiental em peixes expostos a diferentes tipos de xenobioticos que prejudicam desde a
funcdo hepatica até a taxa reprodutiva de peixes (Janz et al., 1997, 2001; Piechotta et
al., 1999; Weber & Janz, 2001, Weber et al., 2002). Especificamente, a expressdo da
caspase-3 foi avaliada durante o desenvolvimento de células germinativas em testiculos
de peixes submetidos experimentalmente a diferentes estressores ambientais (Ito et al.,
2003; Migliarini et al., 2005; McClusky et al., 2008). Em teledsteos, a apoptose
testicular € observada durante as trés fases da espermatogénese e sua predominancia
ocorre principalmente na fase espermatogonial, mas, variagdes podem ocorrer
dependendo da espécie, idade, periodo reprodutivo e condi¢cdes ambientais (Chaves-
Pozo et al., 2005; Schulz et al., 2005; Corriero et al., 2007; Alvarenga & Franca, 2009;
Domingos et al., 2012). Em geral, as células de Sertoli fagocitam os corpos apoptéticos

liberados durante o processo espermatogénico.



1.4. Proteinas de choque térmico

Os peixes sdo altamente susceptiveis as alteragdes ambientais e as proteinas de
choque térmico (HSP’s) que desempenham um papel central na homeostase celular. As
HSP’s sdo conservadas durante a evolucdo e tradicionalmente sdo agrupadas em
familias de acordo com o peso molecular: alto peso molecular (100-110 kDa), HSP90
(85-90 kDa) e HSP70 (68-73 kDa) e baixo peso molecular (16-47 kDa) (Morimoto,
1998). Os genes de codificacdo das HSP’s podem ser agrupados em trés classes: 1)
constitutivamente  expressos durante o crescimento e desenvolvimento, 2)
constitutivamente expressos e induzidos e 3) estritamente induzidos (Currie, 2011).

As HSP’s expressas constitutivamente funcionam como chaperonas moleculares
que se ligam transitoriamente aos polipeptidios na sintese proteica, permitindo que as
proteinas organizem-se de forma correta e/ou atuem promovendo o desdobramento de
proteinas que se organizaram de maneira incorreta (Kiang & Tsokos, 1998; Basu et al.,
2002). Desta forma, as HSP’s participam da manutencdo, sintese e maturacdo de
diversas proteinas garantindo o correto funcionamento do organismo. Em todos 0s
organismos, a resposta ao choque térmico é mediada por uma familia de fatores de
transcrigdo de choque térmico (HSF’s) que sdo codificados por quatro genes (HSF-1,
HSF-2, HSF-3 e HSF-4), sendo o mais comum o HSF-1 que codifica a proteina HSF1
em células eucariotas (Currie, 2011) (Figura 4).

YHsp () Hsps & HsF
=

~ HSF1 ® 1 HSF-1 trimer

Figura 4 - Regulacdo molecular de indug¢do de HSP’s em peixes (Currie, 2011).



Em condi¢Bes normais, HSP’s sdo transitoriamente associadas as HSF’s. Por
outro lado, durante o estresse térmico, as proteinas podem se desdobrar e 0s agregados
do processo desencadeiam a liberacdo das HSP’s do HSF’s. Os mondmeros de HSF
livres se movem para o nucleo da célula onde rearranjam em trimeros, atuando em
regides especificas do DNA, resultando na transcri¢do e subsequente tradugdo de genes
de choque térmico (Currie, 2011).

Dentre as diferentes HSP’s, a HSP70 é a mais estudada e tem papel essencial na
resposta celular do organismo, sendo expressa de forma constitutiva para manter as
condicGes fisiologicas das células (Feder & Hofmann, 1999; Deane & Woo, 2011). No
entanto, a expressao de HSP70 é rapidamente induzida quando as células sdo expostas a
agentes estressores, tais como: variagdes bruscas de temperatura e oxigénio, exposicdes
a poluentes industriais e agricolas (Weber & Janz, 2001; Porter & Janz, 2003). Nestas
condicBes, a HSP70 atua impedindo a desnaturacdo de proteinas e inibindo ou
promovendo a apoptose (Carnevali & Maradonna, 2003; Parcellier et al., 2003). Em
mamiferos, as HSPs sdo importantes para o desenvolvimento testicular e a atividade da
HSP70 como chaperona é necessaria em diferentes fases de espermatogénese (Sarge &
Cullen, 1997; Eddy, 1999; Kamaruddin et al., 2004; Volpe et al., 2008). Em peixes
teledsteos, a expressdo de HSP70 foi investigada em diferentes tecidos como o cérebro,
branquias, figado e ovarios apenas sob condicdes de estresse (Yoo & Janz, 2003; Wang
et al., 2007; Padmini & Rani, 2008).

A correlacdo entre a expressdo de HSP70 e apoptose em peixes, submetidos
experimentalmente a agentes tdxicos e a variagdes de temperatura, foi reportada em
diversos estudos (Weber & Janz, 2001; Porter & Janz, 2003; Delaney & Klesius, 2004;
Migliarini et al., 2005). O impacto ambiental de um estuario contaminado por efluentes
industriais refletiu em maior expressdo de HSP70 nos hepatdcitos do teledsteo Mugil
cephalus em relacdo a outro estuario sem efluentes (Padmini & Rani, 2008). Em
testiculos do teledsteo Gobius niger, expostos a altas concentracdes de cadmio in situ,
ocorreu aumento significativo da expressdo de HSP70 e do processo apoptotico,
indicativos de resposta ao estresse (Migliarini et al., 2005).

Desta forma, peixes representam um excelente modelo para estudo da HSP70,
uma vez que demonstra a resposta a diferente agentes estressantes na natureza ou

expostas a determinados estresse em condigdes experimentais (Deane & Woo, 2011).



1.5. Espécie de estudo

O curimatd-pacu Prochilodus argenteus Spix & Agassiz, 1829, previamente
identificado como Prochilodus marggravii (Walbaum, 1792), foi a primeira espécie
descrita da bacia do rio Sdo Francisco (Figura 5) (Reis et al., 2003; Castro & Vari,
2004). E relatada como uma das principais espécies de peixes predominantes na pesca
da regido de Trés Marias podendo alcancar mais de 10 kg de peso corporal (Sato &
Godinho, 2003). De hébito alimentar ili6fago, o curimatd-pacu alimenta-se de lodo com
finos materiais particulados depositados no fundo do rio, podendo ser um modelo
bioldgico de estudo em rios impactados (Sato et al., 2005; Thomé et al., 2012). A
espécie ndo desova em ambientes Iénticos e é usualmente submetida a reproducédo
induzida na Estacdo de Hidrobiologia e Piscicultura de Trés Marias visando o
repovoamento do reservatorio (Sato et al., 1996; Arantes et al., 2011b). Apresenta
desova total, ovos livres, desenvolvimento embrionario rapido e ndo possui
comportamento de cuidado parental (Sato et al., 1996). Realiza migracgdes reprodutivas
no periodo chuvoso, geralmente de novembro a fevereiro, no rio S&o Francisco e em

seus afluentes, principalmente no rio Abaeté (Sato & Godinho, 2003).

'000 .4
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Figura 5 - Exemplar de curimatd-pacu Prochilodus argenteus do rio Sdo Francisco
(barra = 2cm).

1.6. O rio S&o Francisco e a area de estudo

A bacia hidrografica do rio Sdo Francisco abrange uma area de 645.067km?
percorrendo 2700 km inteiramente em territorio brasileiro. O rio Sdo Francisco nasce no
Chapadé&o dos Zagaias, na regido da Serra da Canastra no sudoeste do Estado de Minas

Gerais, a 1.450 m de altitude. Durante seu percurso, o rio drena o Distrito Federal e 0s
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Estados de Minas Gerais, Bahia, Pernambuco, Sergipe e Alagoas até sua foz no oceano
Atlantico e participa da formagéo de trés biomas: Mata Atlantica, Cerrado e Caatinga
(Godinho & Godinho, 2003). Segundo a divisdo do Plano Diretor para o
Desenvolvimento do Vale do Sdo Francisco (PLANVASF), baseado nas caracteristicas
fisiograficas, a bacia do rio S&o Francisco € compartimentada em quatro grandes areas:
Alto (desde a nascente até a cidade de Pirapora, MG), Médio (de Pirapora a Remanso,
BA), Submédio (de Remanso a Paulo Afonso, BA) e Baixo (de Paulo Afonso ao
Oceano Atlantico) (Patrus et al., 2001). Na regido do Alto do Sao Francisco, 0 rio
apresenta aguas rapidas, frias e oxigenadas até o reservatorio da usina hidrelétrica de
Trés Marias (UHE-TRM), que foi construido em 1961 para fins de producdo de energia
elétrica, irrigacdo, navegacdo, regularizacdo do rio e controle de cheias (Sampaio &
Sato, 2006). O reservatério da UHE-TRM possui 100 mil hectares de area inundada, 21
x 10° m® de agua com profundidade que ultrapassa 60 m no canal do rio, sendo
considerado um dos mais antigos dos grandes reservatorios brasileiros (Esteves et al.,
1985; Sampaio & Ldpez, 2003). Durante os meses de novembro a fevereiro (periodo
chuvoso), o reservatério da UHE-TRM apresenta estratificacdo térmica, com
temperatura de 2 a 3°C mais fria no hipolimnio em relacéo ao epilimnio. Esta agua mais
fria e pobre em oxigénio é lancada no rio Sdo Francisco, a jusante da barragem
(18°11°S, 45°14°W), inibindo a reproducdo das principais espécies de importancia
econbmica nos primeiros 34 km apos a barragem (Sato & Godinho, 2003; Sato et al.,
2005). Nesse ponto (S1), o rio apresenta somente pequenos tributarios (ribeires e
cbrregos) que nao reestabelecem o perfil fisico-quimico da agua (Figura 6).

O rio Abaeté é o primeiro tributario de médio porte que desagua a cerca de 34
km apds a UHE-TRM (18°02°S, 45°11°"W) com uma area de drenagem de 5.825 kmz2.
Da confluéncia do rio S&o Francisco com o rio Abaeté até a barra do rio de Janeiro, 54
km ap6s a barragem (S2), o rio Sdo Francisco apresenta condi¢fes favoraveis a
reproducdo de varias espécies de peixes migradores de importancia econémica, tais
como: o dourado (Salminus franciscanus), piau verdadeiro (Leporinus elongatus),
surubim (Pseudoplatystoma corruscans) e os curimatds (P. argenteus e P. costatus)
(Sato & Godinho, 2003; Sato et al., 2005).
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Figura 6 - Localizagdo dos pontos de estudo no rio S&o Francisco a jusante da barragem
de Trés Marias. S1 - Imediatamente ap6s a barragem de Trés Marias. S2 - Apds a
confluéncia com o rio Abaeté (margem esquerda).
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2. Justificativa e Objetivos

O barramento de rios com a construcdo de reservatérios € hoje uma pratica
indispensdvel no pais para a geragdo de energia elétrica e controle de cheias. Os
impactos decorrentes das modificacdes hidroldgicas impostas pelo represamento de rios
dependem da natureza, intensidade e peculiaridades da fauna local tais como: estratégias
reprodutivas, padrdes de migracdes, especializagdes troficas e grau de pré-adaptacdes
comportamentais a ambientes lacustres (Agostinho et al., 2007). Vérios impactos tém
sido descritos sobre a comunidade de peixes a jusante de barramentos hidroelétricos
como: isolamento de populacfes, aumento da vulnerabilidade a predacao, alteracGes das
areas de alimentacdo e recrutamento de alevinos, mudanca de comportamento,
interrupcdo da rota migratéria, reducdo dos estoques pesqueiros, dentre outros
(Agostinho et al., 1993; Sato & Godinho, 2003; Agostinho et al., 2007). Em ambientes
tropicais, um dos principais impactos sobre a reproducdo de peixes € a interrup¢do da
migracdo para a desova que afeta o recrutamento de novos individuos (Sato et al., 2005;
Agostinho et al., 2007).

Na regido de Trés Marias, estudos prévios demonstraram que a agua liberada nos
primeiros 34 km do rio Sdo Francisco a jusante do barramento hidrelétrico, apresenta
condicGes desfavoraveis que afetam negativamente a reproducdo de peixes migradores
(Sato & Godinho, 2003). Neste ponto, observou-se que fémeas de P. argenteus
apresentam baixos niveis plasmaticos de esteroides sexuais que refletem em disfuncéo
da maturacdo ovariana com o aumento da atresia folicular, reducdo da fecundidade e
auséncia de desova (Sato et al., 2005; Arantes et al., 2010; Thomé et al., 2012). Em
relacdo aos machos, nenhum estudo detalhado sobre a espermatogénese e 0s niveis
plasmaticos de esterdides sexuais foi conduzido com peixes do rio Sdo Francisco.

No Brasil, poucos estudos tém sido realizados com o objetivo de determinar
parametros e metodologias adequadas para a avaliagdo da espermatogénese em
condi¢des ambientais. Dentre os parametros importantes para a avaliagdo do processo
espermatogénico, podemos destacar a proliferacdo e a morte celular, cujo balango
garante a homeostase tecidual e uma eficiente producdo espermaética. Neste sentido,
PCNA, TUNEL e caspase-3 tém sido utilizados como ferramentas em estudos da
espermatogénese de peixes (Corriero et al., 2007; Loppion et al., 2008; McClusky et al.,
2008). Além disso, os peixes representam um excelente modelo para o estudo da
expressdo de proteinas de choque térmico (HSP’s), sendo a HSP70 a mais estudada em

resposta a diferentes agentes estressantes na natureza ou em condic¢Oes experimentais.
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Desta forma o objetivo do presente estudo foi avaliar a espermatogénese, 0s
niveis plasmaticos de esterdides sexuais, 0s niveis proteicos de HSP70 e PCNA, bem
como a apoptose durante o ciclo reprodutivo de P. argenteus em dois pontos do rio S&o
Francisco, a jusante da barragem de Trés Marias. Neste sentido, o trabalho foi dividido
em trés partes, com 0s seguintes objetivos especificos:

» Comparar a proliferacdo e morte celular durante a espermatogénese e 0s niveis
plasméticos de T, E2 e 17-aP em relacdo as mudancas ciclicas da atividade
testicular em dois pontos do rio Sdo Francisco, a jusante da barragem de Trés
Marias (artigo 1).

» Investigar o envolvimento de HSP70 na apoptose e proliferacdo celular em
diferentes fases de maturacdo testicular de P. argenteus no rio Sdo Francisco
(artigo 2).

> Avaliar os niveis proteicos de HSP70 e caspase-3 como biomarcadores de
impacto ambiental em testiculos e figado de P. argenteus em dois pontos do rio
Sdo Francisco, a jusante da barragem de Trés Marias (resultados

complementares).
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3. Material e Métodos

3.1 Amostragens dos peixes

Para a realizacdo do presente estudo foram utilizados machos adultos de P.
argenteus capturados no rio Sao Francisco, a jusante da barragem de Trés Marias. Na
primeira etapa foram utilizados 257 exemplares (S1 = 114 exemplares e S2 = 143
exemplares) capturados nos meses de maio, agosto e novembro de 2005 e fevereiro de
2006. Na segunda etapa, 48 exemplares foram capturados em S2 (apds a confluéncia
com o rio Abaeté) em quatro amostragens (junho, setembro e dezembro de 2008 e
marco de 2009). Na terceira etapa, os peixes (n = 20/ponto/periodo) foram capturados
em dois periodos distintos do ciclo hidrolégico do rio Sdo Francisco nos anos de 2008 e
2009: junho e agosto (pico do periodo seco) e dezembro e janeiro (pico do periodo
chuvoso).

As capturas foram realizadas pela equipe de pesca da Estacéo de Hidrobiologia e
Piscicultura de Trés Marias (CEMIG GT/CODEVASF), utilizando-se diferentes
petrechos de pesca. Em campo, os peixes foram sacrificados por seccdo da medula
espinhal seguindo os principios éticos estabelecidos pelo Colégio Brasileiro de
Experimentacdo Animal (COBEA, http://www.cobea.org.br). A pesquisa foi aprovada
pelo Comité de Etica e Experimentacdo Animal (CETEA protocolo n° 073/08) da
UFMG. De cada exemplar, obtiveram-se comprimento total (CT), peso corporal (PC) e
peso das gobnadas (PG), e os dados foram utilizados para o célculo do indice
gonadossomatico (IGS=100 x PG/PC) e do fator de condi¢cdo de Fulton (K = 100 x
PC/CT?). Avaliacdo da atividade reprodutiva de machos de P. argenteus baseou-se nas
caracteristicas macroscopicas dos testiculos que variou de acordo com o volume,

coloracdo, irrigacdo sanguinea, turgidez e periodo de coleta (figura 7).
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Figura 7 - Caracteristicas macroscopicas de testiculos (seta) de P. argenteus em
diferentes estadios de maturacao. A: Repouso (testiculos finos e transldcidos); B:
Maturacdo (testiculos volumosos e esbranquicados); C: Maduros (testiculos tdrgidos e
de cor branco-leitosa); D: Espermiado (testiculos flacidos e com areas hemorragicas).

3.2. Parametros fisico-quimico da agua

Os principais parametros fisico-quimicos da dgua (temperatura, concentracéo de
oxigénio dissolvido, pH e condutividade) foram registrados pela manhd durante as
amostragens de peixes, utilizando-se um verificador de qualidade de agua portatil
Horiba modelo U-10. A transparéncia da agua foi medida pela profundidade do disco

Secchi.

3.3 Niveis de esteroides sexuais

Amostras de sangue (1,0 a 1,5ml) obtidas por pungdo da veia caudal foram
centrifugadas durante 15min a 800rpm. Aliquotas de soro foram armazenadas a -20°C
para a determinacdo das concentragdes de T, E2 e 17-aP. As concentragdes de T foram
determinadas por quimioluminescéncia com o teste de Centaur testosterona ADVIA
(Bayer Corporation, Tarrytown, New York, EUA). Os niveis de E2 foram determinados
por imunofluorimetria indireta usando Estradiol AutoDELFIA ® teste (Perkin Elmer
Waltham, Massachusetts, EUA). Radioimunoensaio em fase solida foi usado para 17-oP
por meio do kit Coat-A-Count progesterona 17a-OH — DPC (Diagnostic Products
Corporation, Los Angeles, Califérnia, EUA). Paralelismos das curvas de diluicdo das
amostras de plasma sanguineo com a curva padrdo foram demonstrados em todos 0s

ensaios, com coeficientes de correlagdo que variam entre 0,947-0,999. Os coeficientes
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inter e intraespecifico variaram de 7 a 10% para T, 5 a 8% para E2 e 8 a 10% para 17-
aP. A reacdo cruzada do ensaio T foi menor do que 6% para outros androgenos € menos
de 2% para 11-KT. Para E2 e 17-0P, a reagdo cruzada para outros estrogenos ou DHP

foi menor que 4% e 1% respectivamente. A sensibilidade dos ensaios foi de 5 pg/ml.

3.4. Microscopia de luz
Para histologia, amostras da regido média dos testiculos foram fixadas em
liquido de Bouin por 8h em temperatura ambiente, embebidas em parafina, seccionadas

com 4 e 5um de espessura e coradas com hematoxilina e eosina.

3.5. Reagéo de TUNEL in situ

Amostras de testiculos foram fixadas em liquido de Bouin, incluidas em
parafina, seccionadas com 5um de espessura e submetidas a técnica de TUNEL in situ
(kit QIA 33 TdT-FragEL DNA fragmentation, Calbiochem) seguindo o protocolo do
fabricante. Para a permeabilizacdo e inativacdo de peroxidase enddgena as sec¢Oes
foram tratadas com proteinase K(10ug/ml) e agua oxigenada 3%, respectivamente,
antes da reacdo. As seccdes histologicas foram incubadas com mistura TdT (enzima
terminal deoxynucleotides transferase) e deoxinucleotideos conjugados com biotina em
camara Umida a 37°C por 1h e 30min. Em seguida, aplicou-se solucéo de estreptavidina
conjugada com peroxidase em camara Umida a temperatura ambiente por 45min. A
reacdo da peroxidase foi revelada com diaminobenzidina (DAB) durante 2min em
temperatura ambiente e as sec¢des foram contra-coradas com hematoxilina. Para
controle-negativo, uma das laminas ndo recebeu a mistura contendo a enzima TdT e
deoxinucleotideos. Foram consideradas células apoptoticas as que apresentaram reacao
TUNEL-positiva e pelo menos duas das seguintes caracteristicas: condensacdo
periférica da cromatina em forma de grumos, retracdo citoplasmatica e fragmentacéo

semelhante a corpo apoptotico.

3.6. Imunohistoquimica

Amostras de testiculos fixadas em liquido de Bouin, incluidas em parafina e
seccionadas com 5um de espessura foram utilizadas para a deteccdo de HSP70
(anticorpo monoclonal de camundongo, clone BRM-22, H 5147 Sigma-Aldrich Inc.) e
PCNA (anticorpo monoclonal de camundongo, clone PC-10, Santa Cruz

Biotechnology). Para a reativacdo antigénica utilizou-se tampéo citrato pH 6,0 a 95°C
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por 30min. Para bloqueio de reacdes inespecificas e da peroxidase endogena foram
utilizados BSA 2% e &gua oxigenada 3%, respectivamente, antes da reacdo
imunohistoquimica. As seccOes histoldgicas foram incubadas com anticorpo priméario
“overnight” a 4°C, nas diluigdes de 1:80 para HSP70 e 1:100 para PCNA. Como
sistema de revelacdo secundario utilizou-se o kit da Dakocytomation LSAB (anticorpo
secundario de cabra conjugado com biotina e estreptavidina conjugada com peroxidase),
sendo as marcagOes visualizadas com DAB e contra-coradas com hematoxilina. Para

controle-negativo, uma das laminas ndo recebeu o anticorpo primario.

3.7. Western blotting

A especificidade dos anticorpos utilizados na imunohistoquimica foi
determinada por Western-blotting. Para isso, amostras congeladas de testiculo foram
sonicadas em tampdo de lise com inibidores de protease. A solucdo obtida foi
centrifugada a 120.000g durante 30min. O sobrenadante contendo as proteinas foi
adicionado ao gel de eletroforese 12% e, posteriormente, transferido para membrana de
nitrocelulose. Apds transferéncia, as reacdes inespecificas foram bloqueadas com BSA
1%. A membrana foi incubada no Snap-id system durante 20 min com um dos
anticorpos primérios (HSP70, 1:500; PCNA, 1:300). Apos trés lavagens com PBS
contendo Tween 20, a membrana foi incubada durante 20min com anticorpo secundario
conjugado com peroxidase (IgG Sigma, 1:500). A reacdo foi revelada pelo DAB diluido
em PBS contendo cloronaftol, metanol e 4gua oxigenada. Todos os testes foram feitos

em triplicatas.

3.8. ELISA para HSP70

Niveis de HSP70 em testiculos foram avaliados utilizando-se o kit HSP70 total
DuoSet IC (R & D Systems, Wiesbaden-Nordenstadt, Alemanha). Amostras congeladas
de testiculos foram homogeneizadas em tampéo de lise com inibidores de protease. A
solugéo da amostra foi centrifugada a 14.000g durante 20min a 4°C e os sobrenadantes
foram congelados a -70°C. Posteriormente, placas de 96 pogos foram incubadas com
anticorpo de captura “overnight” em temperatura ambiente, seguido por trés lavagens e
incubacdo com as solucdes das amostras por 2h em temperatura ambiente. Apos a
lavagem, as placas foram incubadas com anticorpo de deteccdo HSP70 durante 2h e, em
seguida, com estreptavidina conjugada com peroxidase durante 20min. A reacdo foi

desenvolvida com a solucéo de substrato (H,O; e tetrametilbenzidina) e bloqueada com
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adicdo de 0,05 ml de solucdo 2N H,SO,. A absorbancia foi obtida a 450nm. Em cada
placa, uma curva padrdo de HSP70 recombinante foi obtida e alguns pocos sem a
aplicacdo da solucdo das amostras foram separados para controle negativo. Os niveis
proteicos de HSP70 em testiculos foi obtida por meio da dosagem de proteina total da
amostra e os valores foram expressos em ng de HSP70/mg de proteina total (Bradford,
1976).

3.9. Teste colorimétrico para caspase-3

A atividade enzimatica da caspase-3 em testiculos foi avaliada utilizando-se o
teste colorimétrico para caspase-3 da R&D Systems (Wiesbaden-Nordenstadt,
Alemanha). Amostras do tecido foram pesadas e lisadas com 0,5ml do tampé&o de lise.
Os homogeneizados foram centrifugados a 20.000 g durante 30 min e o sobrenadante
foi incubado com o substrato para caspase-3 (DEVD-pNA) a 37°C por 2h. A
absorbancia de cada amostra foi registrada a 405nm e o nivel da atividade da caspase-3
foi diretamente proporcional a reacao de cor.

3.10. Morfometria

Na primeira etapa, a espermatogénese de peixes capturados em S1 e S2 foi
comparada em testiculos maduros (15 peixes/ponto) durante o pico do periodo
reprodutivo (novembro e fevereiro). Células germinativas foram identificadas
utilizando-se o didmetro nuclear e a organizacao da cromatina como descrito por Schulz
et al., (2010). O didmetro dos tubulos seminiferos foi determinado pela média dos
didmetros maior e menor de cada tubulo e o nimero de cistos germinativos foi também
obtido em cada tubulo usando o software de analise de imagem KS 400 Zeiss. Em
ambos 0s parametros, 15 seccdes transversais de tibulos seminiferos foram examinados
para cada peixe com ampliacdo de 400x, totalizando 225 tabulos analisados em cada
ponto do rio. A propor¢do volumétrica (%) das células somaticas e germinativas foi
determinada com auxilio de uma grade de 441 pontos equidistantes acoplada a ocular do
microscopio de luz. Para cada lamina, 15 areas foram escolhidas aleatoriamente e
examinadas com ampliacdo de 400x, totalizando 225 campos histoldgicos analisados
por ponto do rio. Células midides, tecido conjuntivo e células do sistema imunologico
foram agrupadas e artefatos (espacos de retracdo das células) foram também
considerados no nimero total de pontos utilizados para obter as porcentagens.

Na segunda etapa, foram utilizados 10 peixes de cada periodo de amostragem. O
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diametro nuclear das células germinativas foi medido em 150 células de cada fase da
espermatogénese com ampliacdo de 1000x. As porcentagens de cistos ou células
germinativas e células de Sertoli positivas para HSP70, PCNA e TUNEL foram
calculadas em 15 campos de 100 mm? escolhidos aleatoriamente para cada peixe,
totalizando 150 campos/periodo e examinadas em aumento de 400x. O total de células

positivas para PCNA foi também calculado em cada periodo de amostragem.

3.11. Analise estatistica

Os testes estatisticos e os graficos foram realizados nos softwares GraphPad
InStat e Prism, respectivamente. Dados apresentados em figuras e tabelas foram
expressos em média = erro padrdo (EP) ou desvio padrdo (DP), com um nivel de
significancia de p < 0,05. As compara¢6es dos dados obtidos nos dois pontos do rio Séo
Francisco foram realizadas usando o teste t de Student, com ou sem correcdo de Welch.
As variagOes dos indices bioldgicos (IGS e Fator de condicdo K), dos niveis hormonais
e dos niveis proteicos de HSP70, PCNA e caspase-3 nos diferentes periodos de

amostragens foram comparadas usando o teste ANOVA seguido pelo teste de Tukey.
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4. Resultados

Os resultados obtidos no presente trabalho encontram-se sumarizados nos itens abaixo.

4.1. Artigo 1

Domingos, F.F.T.; Thomé, R.G.; Arantes, F.P.; Castro, A.C.S.; Sato, Y.; Bazzoli, N.;
Rizzo, E. Assessment of spermatogenesis and plasma sex steroids in a seasonal
breeding teleost: a comparative study in an area of influence of a tributary, downstream
from a hydroelectric power dam, Brazil. Fish Physiol Biochem, 2012.

DOI 10.1007/s10695-012-9668-3.

4.2. Artigo 2

Domingos, F.F.T.; Thomé, R.G.; Martinelli, P.M.; Sato, Y.; Bazzoli, N.; Rizzo, E.
Relationship among HSP70, PCNA and apoptosis in the testis of a seasonal breeding
fish: A morphological and immunochemical study (Publicado Microscopy Research

and Technique).

4.3. Resultados complementares

Os resultados obtidos referem-se aos niveis proteicos de HSP70 (ELISA) e
caspase-3 (teste colorimétrico) em dois periodos distintos do ciclo hidroldgico do rio
Sao Francisco nos anos de 2008 e 2009: junho e agosto (pico do periodo seco) e

dezembro e janeiro (pico do periodo chuvoso).
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Assessment of spermatogenesis and plasma sex steroids
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in an area of influence of a tributary, downstream
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Abstract River damming and building of hydro-
electric power plants interrupt the reproductive migra-
tion routes and change the major physicochemical
parameters of water quality, with drastic consequences
for populations of migratory fishes. The goal of this
study was to evaluate proliferation and cell death
during spermatogenesis and serum profiles of sex
steroids in Prochilodus argenteus, from the Sao
Francisco River, downstream from the Trés Marias
Dam. A total of 257 adult males were caught quarterly
during a reproductive cycle in two sites: the first
34 km of the river after the dam (site 1) and the second
34-54 km after the dam (site 2), after the confluence
with a tributary, the Abaeté River. Seasonal changes in
the testicular activity associated with morphometric
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analyses of germ cells as well as proliferation and
testicular apoptosis support a more active spermato-
genesis in fish from site 2, where higher levels of sex
steroids and gonadosomatic index (GSI) were also
found. In site 1, fish presented low serum levels of
testosterone, 17f-estradiol and 17a-hydroxyproges-
terone and a low GSI during gonadal maturation.
Spermatogonial proliferation (PCNA) and apoptosis
(TUNEL) were more elevated in fish from site 1, but
spermatocytes were mainly labelled in fish from site 2.
Overall, these data demonstrate changes in testicular
activity and plasma sex steroids in a neotropical teleost
fish living downstream from a hydroelectric dam,
supplying new data on fish reproduction in regulated
rivers. Moreover, morphometric analyses associated
with sex steroids profiles provide reliable tools to
assess fish spermatogenesis under environmental
stress conditions.

Keywords Prochilodus argenteus - Proliferation -
Apoptosis - Sex steroids - Sao Francisco River

Introduction

Spermatogenesis is a cyclical process with complex
interactions between somatic and germ cells, resulting
in the production of spermatozoa (Schulz et al. 2010).
During testicular development, tissue homoeostasis
and progression of spermatogenesis are ensured by a
balance between proliferation and cell death. The
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proliferating cell nuclear antigen (PCNA), a non-
histone protein of 36 kDa synthesized in G1 and S
phases of the cell cycle, has been widely used in
experimental studies of spermatogenesis in teleost fish
(Miura et al. 2002; Lo Nostro et al. 2003; Chaves-Pozo
et al. 2005). During spermatogenesis, loss of germ
cells via apoptosis plays a critical role in determining
spermatogenic efficiency (Baum et al. 2005; Almeida
et al. 2008). Germ cell apoptosis can be triggered by
hormonal and non-hormonal stimuli in different
development stages, varying also in a species-specific
manner (Hikim and Swerdloff 1999; Andreu-Vieyra
et al. 2005).

Pituitary gonadotrophins, growth factors and gona-
dal sex steroids are important regulators of testicular
physiology (Weltzien et al. 2004). Plasma sex steroids
show cyclical changes during testicular maturation,
playing distinct roles in controlling the fish’s sper-
matogenesis (Schulz et al. 2010). Although the profiles
of sex steroids are important parameters for under-
standing of the fish reproduction, few reports have
been published on neotropical species (Barcellos et al.
2002; Marcano et al. 2007; Guerrero et al. 2009).
Moreover, no detailed study on spermatogenesis and
plasma levels of sex steroids in relation to testicular
activity has been performed with fish exposed to
environmental stress in riverine ecosystems.

The Sao Francisco River rises in the Canastra Hills
in the state of Minas Gerais, south-eastern Brazil,
flowing a distance of 2,700 km through Brazilian
territory. Six major hydroelectric dams have been
constructed on this river, which have mainly affected
the populations of migratory fishes and reduced the
fish stocks of commercially valuable species (Sato and
Godinho 2003). The Trés Marias hydroelectric power
plant was built in 1960 with the main purposes of
electricity generation and flood control. In summer,
colder water and poor oxygen content from the
hypolimnion of the reservoir that is released into the
Sdo Francisco River disturb the ovarian maturation
and reduce the fecundity of the fish populations living
downstream from the dam (Arantes et al. 2010).
Approximately 34 km after the dam, the Sdo Fran-
cisco River receives a medium-sized tributary, the
Abaeté River, a rocky-bottomed river with many falls,
which is considered important for fishing and spawn-
ing of migratory species (Sato et al. 2005).

The curimata-pacu Prochilodus argenteus Spix &
Agassiz, 1829 is a characiform fish that supplies
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fisheries in several regions of the Sdo Francisco River
basin. It needs to perform upstream migration to
spawn, and its reproduction is synchronized with the
rainy season, when temperature and photoperiod are
elevated (Sato et al. 2005). The species does not
reproduce in the Trés Marias Reservoir, and stock
recovery programmes are often performed to maintain
the fish population (Arantes et al. 2011a). Due to its
economic importance, abundance and seasonal breed-
ing behaviour, recent studies have been conducted to
understand the general mechanisms mediating folli-
culogenesis and ovarian maturation under captive and
natural conditions (Santos et al. 2008a, b; Thomé et al.
2009, 2010; Arantes et al. 2010, 2011a, b); however,
no similar study has been conducted on males.

Thus, the goal of the present study was to compare
proliferation and cell death during the spermatogen-
esis as well as serum profiles of testosterone (T), 17f3-
estradiol (E2) and 17«-hydroxyprogesterone (17-oP)
in relation to the seasonal changes in testicular activity
in P. argenteus, from two sites of the Sdo Francisco
River, upstream (site 1) and downstream (site 2), from
a tributary, the Abaeté River.

Materials and methods
Stations of fish collection

Adult males of P. argenteus were caught in May,
August and November 2005 and February 2006 in two
sites on the Sao Francisco River, downstream from the
Trés Marias Dam (Fig. 1). From site 1, in the first
34 km of the river after the dam, and above the mouth
of the Abaeté River (18°11’S, 45°14'W), a total of 114
males, with a total length (TL) and body weight (BW)
of 35.14 = 0.46 cm and 0.60 £ 0.03 kg (values
expressed as mean == SEM) were caught. At site 2,
located 34-54 km from the dam and below the mouth
of the Abaeté River (18°02'S, 45°11'W), 143 males,
with TL of 39.73 £ 0.57 cm and BW of 0.89 + 0.04
kg, were caught. For each specimen, TL, BW and
testicular weight (TW) were obtained to calculate the
gonadosomatic index (GSI =TW x 100/BW) and
the Fulton’s condition factor (K = BW x 100/T L2 s
For histology, samples of the middle region of the
testis were fixed in Bouin’s fluid for 8 h at room
temperature, embedded in paraffin, sectioned at 4 pm
thickness and stained with haematoxylin—eosin. Fish
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Fig. 1 Localization of

A ~ 8020
sampling sites in the Sdo

Francisco River,
downstream from the Trés
Marias Dam in Minas
Gerais, south-eastern Brazil.
Site 1, the first 34 km of the
river after the dam and
above the mouth of the
Abaeté River; site 2, located
34-54 km from the dam and
below the mouth of the
Abaeté River
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were killed by section of the spinal cord following the
ethical principles established by the Brazilian College
of Animal Experimentation (COBEA, http://www.
cobea.org.br). The research was approved by the
Committee of Ethics and Animal Experimentation
(CETEA) in the Federal University of Minas Gerais
(UFMG), Brazil.

Water parameters

Water parameters (temperature, concentration of dis-
solved oxygen, pH and conductivity) were recorded
during fish samplings using a Horiba device model
U-10. Water transparency was measured by Secchi
disc depth.
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Sex steroids levels

Blood samples (1.0-1.5 mL) from each fish (n = 40/
site) were obtained via tail vein puncture and were
centrifuged (model 80-2B—Centribio) for 15 min at
800 rpm. Serum aliquots were stored at —20 °C for
determining the concentrations of T, E2 and 17-oP. T
concentrations were determined by chemilumines-
cence with the Testosterone ADVIA Centaur test
(Bayer Corporation’s, Tarrytown, New York, USA).
E2 levels were determined by indirect immunofluoro-
metric assay using Estradiol AutoDELFIA® test
(Perkin Elmer Waltham, Massachusetts, USA). For
17-0P, solid-phase radioimmunoassay was used, via
the Coat-a-Count 17a-OH Progesterone—DPC Kit
(Diagnostic Products Corporation’s, Los Angeles,
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California, USA). Parallelism of the dilution curves of
the plasma samples with the standard curve was
demonstrated in all assays, with correlation coeffi-
cients ranging from 0.947 to 0.999. The inter- and
intra-assay coefficients of variation ranged between 7
and 10 % for T, 5-8 % for E2 and 8-10 % for 17-oP.
The cross-reactivity of the T assay was < 6 % for
other androgens and < 2 % for 11-ketotestosterone.
For E2 and 17-oP, the cross-reaction for other
estrogens and 170-20f-dihydroxy-4-pregnen-3-one
(DHP) was < 4 and 1 %, respectively. The sensitivity
of the assays was 5 pg/mL.

Morphometry of spermatogenesis

To compare the testicular activity between fish from
different sites, evaluation of the spermatogenesis was
performed in mature stage (15 fish/site) during the
peak of the reproductive period (November and
February). Germ cells were identified using the
nuclear diameter and morphological characteristics
as described by Schulz et al. (2010). For the
determination of the diameter of seminiferous tubules,
elliptical tubular sections were chosen, long and short
diameters were measured and the mean was calcu-
lated for each tubule. The number of germ cysts was
also obtained in each tubule. In both parameters, 15
transversal sections of seminiferous tubules were
examined for each fish at 400 x magnification. A total
of 225 tubules were analysed in each river site, using
the KS 400 Zeiss image analysis software. The
volumetric proportion (%) of the somatic and germ
cells was scored using a 441-intersite grid placed in
the ocular of the light microscope. For each slide, 15
fields were chosen randomly and examined at 400x
magnification, totalling 225 histological fields ana-
lysed per site. Other testicular components (myoid
cells, connective tissue and immune cells) were
grouped. Artefacts (spaces of cell shrinkage) were
considered in total number of points used to obtain the
percentages.

Immunocytochemistry for PCNA

Cell proliferation during spermatogenesis was evalu-
ated in samples of testes, in mature stage (n = 5/site),
fixed in Bouin’s fluid and embedded in paraffin.
Sections (4 pm thickness) were incubated with 3 %
hydrogen peroxide in phosphate-buffered saline (PBS)
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for 30 min at room temperature, to inactivate the
endogenous peroxidase, and were then treated for
30 min with 2 % bovine serum albumin (BSA, Sigma-
Aldrich Inc.) and 2 % goat serum to block non-specific
staining. Next, the proliferating cell nuclear antigen
(PCNA, clone PC10 anti-mouse, Santa Cruz Biotech-
nology, 1:100) was applied to the sections overnight at
4 °C. After washing in PBS, the sections were
incubated for 45 min with biotinylated goat anti-
mouse secondary antibody (1:200, LSAB 2 System
HRP, DakoCytomation Inc. Kit, Carpinteria, CA
USA). Finally, the sections were treated with perox-
idase-conjugated streptavidin for 45 min, revealed
with 3/3 diaminobenzidine (DAB) and counterstained
with haematoxylin. For antigen retrieval, the sections
were boiled in 0.01 M citric acid (pH 6.0) for 20 min.
The negative control was performed by excluding the
treatment with primary antibody. PCNA-positive
cysts of germ cells and number of labelled Sertoli
and Leydig cells were quantified by an area of
100 mm? in 15 fields chosen randomly for each fish,
examined at 400x magnification.

In situ TUNEL assay

To evaluate the testicular apoptosis, samples of testis
in mature stage (n = 5/site) were fixed in Bouin’s
fluid, embedded in paraffin and sectioned with 4 pm
thickness. In situ TUNEL (Terminal transferase-
mediated dUTP Nick-End Labelling) assay, using
the TdT-FragEL DNA Fragmentation Detection Kit
QIA 33 (Calbiochem, San Diego, CA, USA), was used
following the manufacturer’s protocol. Briefly, the
sections were washed in Tris buffer saline pH 7.6
(TBS), treated with 10 mg/mL proteinase K in 0.01 M
Tris—HCl buffer at pH 8 for 20 min and then treated
with 3 % hydrogen peroxide in TBS for 30 min to
inactivate endogenous peroxidase. The sections were
then incubated with terminal deoxynucleotidyl trans-
ferase (TdT) and biotinylated deoxynucleotides for
2 h at 37 °C. Next, sections were incubated with
peroxidase-conjugated streptavidin for 45 min at
room temperature, developed with diaminobenzidine
(DAB, Sigma-Aldrich Inc.) in TBS for 8 min and
counterstained with haematoxylin. The negative con-
trol excluded treatment with TdT/labelled deoxynu-
cleotides. TUNEL-positive cells were quantified by an
area of 100 mm?in 15 fields chosen randomly for each
fish and examined at 400x magnification.
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Statistical analysis

Data presented in figures and tables are expressed as
mean =+ standard error (SEM) or standard deviation
(SD), with a significance level of p < 0.05. Compar-
isons of the means of morphometric data between river
sites were analysed using Student’s -test, with or
without Welch’s correction. Biological indices (GSI
and K) and hormonal levels were compared using one-
way ANOVA and Tukey’s post hoc test (Zar 2009).

Results

Testis of P. argenteus showed anastomosed seminif-
erous tubules (Fig. 2a), with different types of germ
cell (spermatogonia to spermatozoa) distributed along
the entire length of the testes (Fig. 2b—d). Undiffer-
entiated type A spermatogonia (SPGxynq) have a large
nucleus and a conspicuous nucleolus and are found as
single cell (Fig. 2b). Differentiated type A spermato-
gonia (SPGagigr) are found in cysts with two to eight
cells, have a round nucleus and evident nucleolus and
are somewhat smaller than SPGa 4 (Fig. 2b, ¢). Type
B spermatogonia (SPGg) have reduced nuclei with
condensed chromatin in sparse regions, evident
nucleolus and an increasing number of spermatogonia
per cyst (Fig. 2b, ¢). Primary spermatocytes showed
ovoid nucleus with chromatin organized in different
phases of the first meiotic division (Fig. 2c). Second-
ary spermatocytes are rare, because second meiotic
phase is quick. They have a round nucleus with
reduced volume and dense chromatin (Fig. 2c). Sper-
matids showed highly reduced nucleus with con-
densed chromatin in different phases of compaction
(Fig. 2c). Spermatozoa showed ovoid head strongly
condensed chromatin (Fig. 2d). Testicular activity
was categorized in four maturity stages (resting,
maturation, mature and spent) according to the germ
cells’ distribution (Fig. 2b—e).

Physiochemical water parameters and seasonal
changes in the testicular activity

In fish from site 2, the GSI values followed the
seasonal variations of physiochemical water parame-
ters during the sampling periods (Fig. 3a; Table 1). A
peak of GSI was obtained in November, when
temperature and frequency of fish in maturation stage

(M2 and M3) increased (Fig. 3b—c). The highest water
temperatures (24-25 °C) were recorded in February
and May, when fish in spent stage (M4) were found.
Compared to site 2, significantly lower values of GSI
occurred in November and February in site 1, where
values of temperature, oxygen and conductivity were
significantly lower and a higher rate of fish in M1 was
found (Table 1; Fig 3a). Values of oxygen above
6 mg/L were measured in all sampling periods from
site 2; however, values below 4 mg/L were frequently
registered in site 1, except for August. Secchi disc
depth of over 2 m occurred in August, when water
transparency was elevated, but it was reduced in
November and February (reproductive period) during
rainy season. Fulton’s condition factor showed no
significant differences between the sampling periods
and between river sites (K = 1.31 4 0.01, p > 0.05).

Sex steroid levels

In fish from site 2, serum concentrations of T
followed the variations in GSI, with significantly
higher values obtained in November and February
(Fig. 4). In site 1, levels of T and E2 showed no
significant differences between sampling periods.
Comparing the river sites, significantly higher values
were detected in site 2 for the concentrations of T and
E2 during testicular maturation (August to February)
and 170-P during post-spawning and resting periods
(May and August).

Morphometric analyses of spermatogenesis

Diameter of the seminiferous tubules was significantly
greater in fish from site 2 (298.53 £ 4.29 pm) when
compared to site 1 (169.38 £ 5.84 pm), with p <
0.001. The volumetric proportion of germ cells and
somatic cells represented about 82—-86 % of the testis,
other testicular components about 8-12 % and arte-
facts about 6 % (Table 2). SPGung Was about 1 % in
both sites, with no significant difference between river
sites. Volumetric proportion and number of cysts of
SPGgisr and SPGg were significantly higher in fish
from site 1, where spermatogonial proliferation
(PCNA) and apoptosis (TUNEL) were also more
elevated (Fig. 5 and Table 2). In fish from site 2,
morphometric parameters as well as PCNA and
TUNEL reactions were more elevated in spermato-
cytes. No significant difference was obtained for
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Fig. 2 Histological sections of testes of P. argenteus in
different maturity stages, stained with haematoxylin—eosin.
a Anastomosed seminiferous tubules (ST); b resting stage with
undifferentiated type A spermatogonia (SPGa,,qg), differenti-
ated type A spermatogonia (SPGagifr), type B spermatogonia
(SPGg) and Sertoli cells (Se); ¢ maturation stage with cysts of

TUNEL during spermiogenesis between the sites. In
relation to somatic cells, a significantly higher volu-
metric proportion of Leydig cells were observed in site
2 and of Sertoli cells in site 1. SPGaundg, SPGaugifs
spermatozoa and somatic cells were not labelled for
TUNEL assay.
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SPG,, SPGg, primary (C) and secondary spermatocytes (S),
spermatids (E) and spermatozoa (Z); d mature stage with large
number of spermatozoa (Z) in the tubular lumen and fewer cysts
of spermatocytes; e spent stage with residual spermatozoa
(Z) and differentiated type A spermatogonia (SPGagi)-
Bars = 199 pum (a), 30 pm (b), 16 pm (c), 18 um(d), 50 pm (e)

Discussion

In the present study, seasonal changes in testicular
activity and concentrations of sex steroids associated
with morphometric analyses of spermatogenesis
allowed an accurate evaluation of the reproductive
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Fig. 3 a Seasonal variations of gonadosomatic index (GSI) and
b—c relative frequency (%) of maturity stages in P. argenteus
from two sites of the Sao Francisco River, downstream from the
Trés Marias Dam: b site 1, above the mouth of the Abaeté River
and c site 2, below the mouth of the Abaeté River. Resting (M1),
maturation (M2), mature (M3) and spent (M4). Values of GSI are
expressed as mean == SEM

histophysiology in males of P. argenteus from the Sao
Francisco River, downstream from the Trés Marias
Dam. Gonadal and endocrine changes demonstrated a
better reproductive fitness in males from site 2, where
spawned females were also caught (Sato et al. 2005;
Arantes et al. 2010). Taken together, these studies
indicate that the Abaeté River plays an important role
in the reproductive success and conservation of fishing
stocks in the Sao Francisco River, particularly in the
area under influence of the Trés Marias Dam.

In river site 2, an evident peak of GSI and high
incidence of sexually mature males (M3 stage)
occurred in November, coinciding with a time of high
photoperiod as well as an increase in water temper-
ature, turbidity and conductivity. Values of oxygen
dissolved in water above 6 mg/L were adequate for
testicular histophysiology, similar to data obtained for
carpa Cyprinus carpio submitted experimentally to
7 mg/L of oxygen (Wu et al. 2003). Under hypoxia
stress with 1 mg/L of oxygen, the same authors
observed inhibition of testicular maturation and a
disturbance in levels of sex steroids, as also found in P.
argenteus from site 1. The low values of GSI and low
incidence of males in M3 and M4 stages, during the
breeding season (November to February) in site 1,
reflect the inadequate water conditions of the Sao
Francisco River, immediately downstream from the
Trés Marias Dam.

In our study, concentrations of T, E2 and 17«-P
agree with the low testicular activity of P. argenteus in
site 1, above the mouth of the Abaeté River. Some
studies have shown that low temperature and oxygen
dissolved in water influence gonadotrophin release,
which interferes in testicular growth and maturation
(Blazquez et al. 1998; Wu et al. 2003; Weltzien et al.

Table 1 Physicochemical parameters of water quality in the Sdo Francisco River, downstream from the Trés Marias Dam

May August

November February

Site 1 Site 2 Site 1

Site 1 Site 2 Site 1 Site 2

Temperature (°C) 25.0 & 0.1* 24.6 + 0.2 222 £ 0.1*

Oxygen (mg/L) 1.6 +£ 04" 73406 7.1+0.1°
Secchi disc (m) 0.4+ 0.1* 0401 27+0.1°
pH 594+ 01" 68+0.1° 6.0+0.1°

Conductivity 444 + 05" 519 +£22° 520+ 0.1°

(nS/cm)

21.9 £ 0.1* 21.6 £ 0.1* 23.1 £0.1°> 243 +0.2* 250+ 0.2°
8.5+ 0.1°
24 £0.1°
6.5 &+ 0.6

539 + 0.6° 51.0 + 03" 553 £ 0.5" 445+ 0.7° 487 + 1.3

37+02° 82+0.1° 1.6+01* 6.1+02°
1.6 +0.1* 1.0+0.1* 04+0.1* 03+01°
6.1+0.1* 62401 60+01* 64=+0.1°

Data were obtained from May 2005 to February 2006. Values represent mean £ SD. Different letters indicate significant differences
between river sites. Site 1, first 34 km downstream from the dam. Site 2, located 34—54 km downstream from the dam and below the

confluence of the Sdo Francisco River with the Abaeté River
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Fig. 4 Seasonal variations of serum concentrations of testos-
terone, 17f-estradiol and 17x-hydroxiprogesterone in P. argen-
teus from two sites of the Sao Francisco River, downstream from
the Trés Marias Dam: (black column) site 1, above the mouth of
the Abaeté River and (white column) site 2, below the mouth of
the Abaeté River. Values are expressed as mean £ SEM.
Different capital letters indicate significant differences between
sampling periods, and small letters indicate significant differ-
ences between river sites, (p < 0.05)

2004). In fish from site 2, T and E2 concentrations
followed the variations of the GSI as also reported for
Piaractus mesopotamicus (Gazola and Borella 1997)
and Rhamdia quelen in captivity (Barcellos et al.
2002). In fact, E2 acts in spermatogonial proliferation
(Miura et al. 1999; Amer et al. 2001; Miura et al.

@ Springer

2003), and T stimulates the testicular maturation
(Schulz et al. 2010). Together, these sex steroids could
be involved in the progression of spermatogenesis and
testicular maturation from August to February in fish
from site 2. In late stages of testicular maturity
(November to February), 17«-P is converted into
DHP, responsible by increase in milt production,
induction of spermiation and stimulation of the
spermatozoa motility (Baynes and Scott 1985; Miura
etal. 1992). However, due to technical limitations, the
assay for DHP was not performed in P. argenteus. In
addition, 170-P is also precursor of other sex steroids
as T and E2, which were more elevated during
testicular maturation in fish from site 2. Thus, the lack
of significant difference in levels of 17x-P in different
sampling periods of the present study could be related
to conversion of this hormone in T, E2 or DHP.

Morphometric analyses are essential for the under-
standing of morphological and functional changes that
occur during spermatogenesis (Schulz et al. 2010). In
the present study, variations in GSI observed between
sites may be related to differences in the process of
testicular growth, which are also reflected in morpho-
metric data such as diameter of seminiferous tubules
and number of spermatogenic cysts. In fish from site 1,
smaller tubular diameter, elevated number of cysts of
type A and B spermatogonia and less number of cysts
of spermatocytes and spermatids suggest a delay in
germ cells’ recruitment to spermatogenesis progres-
sion. In addition, the larger volumetric proportion of
spermatogonia and Sertoli cells in fish from site 1 may
be related to the low values temperature (about 21 °C)
and oxygen dissolved (about 1.6 mg/L) in the water
released from the hypolimnion of the Trés Marias
Reservoir, during the rainy season. These changes may
explain the spermatogonial and Sertoli cell prolifera-
tion activity (as evidenced by PCNA) for a possible
increase in reproductive activity when these fish find
suitable conditions for breeding. Likewise, experi-
mental study in the Nile tilapia Oreochromis niloticus
showed that low water temperatures (20 °C) induce
spermatogonial self-renewal and, when fish were
exposed to 35 °C, germ cell differentiation was
accelerated, resulting in elevated spermatogenic activ-
ity (Alvarenga and Franca 2009). Higher proliferation
of Leydig cells has been related to an increase in
androgen production (Schulz et al. 2005), a fact
confirmed by the evaluation of T and morphometric
analyses in fish from site 2.
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Table 2 Morphometric analyses of the spermatogenesis in P. argenteus during mature stage in two sites of the Sdo Francisco River,

downstream from the Trés Marias Dam

Volume proportion (%)

Germ cells cysts/

PCNA-positive cysts or TUNEL-positive cells/

seminiferous tubule cells/100 mm?* 100 mm?
Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2
Type A 1.0+02" 08+0.1" 1.1 £0.1* 09+0.1* 14+£0.1" 090+ 02" nd nd
spermatogonia
(und)
Type A 85+1.0° 32406 28+01* 1.1+0.1° 40+04* 1.024+02° 05+01* nd
spermatogonia
(diff)
Type B 145+ 14" 784+0.8" 7.1 404" 37403 57405 25+02° 382+60° 102+ 4.0°
spermatogonia
Primary 50424 1424+14° 19405 77405 02+£01* 52+04> 57+10° 200+71°
spermatocytes
Secondary 0.7 +0.1* 12+£02* 02+0.1* 05+0.1* nd nd 0.6 £02* 1.2+ 09"
spermatocytes
Spermatids 20408 7.0+ 1.0° 1.1 +01" 3.1+02° nd nd 7.8 £24* 13.0 + 3.9°
Spermatozoa 453 £ 3.7 42.0 £ 3.7" na na nd nd nd nd
Sertoli cells 82+ 1.0° 39407 na na 442 + 84" 134 +39° nd nd
Leydig cells 05+0.1* 1.6=+04" na na 03 +02" 09+04" nd nd
Others 8.14+22* 119+ 3.0 na na nd nd nd nd
Artefacts 62+12" 64+14" na na na na na na

Data are expressed as mean + SEM. Different letters indicate significant differences between river sites, p < 0.05; na not applied, nd

not detected

Site 1, first 34 km downstream from the dam. Site 2, located 34 to 54 km downstream from the dam and below the confluence of the
Sao Francisco River with the Abaeté River. (und) undifferentiated type A spermatogonia as single cells; (diff) differentiated type A

spermatogonia as cysts of 2-8 cells

* PCNA-positive cysts of germ cells or number of undifferentiated type A spermatogonia, Sertoli and Leydig cells

The TUNEL assay associated with histological
features supports the cell death by apoptosis in testes
of P. argenteus. In fish from site 1, the larger number
of spermatogonia in apoptosis was found during
spermatogonial proliferation, and environmental con-
ditions were unfavourable for germ cells’ differenti-
ation during the reproductive period. In fish from site
2, apoptosis was predominant in spermatocytes cysts
similar to other species (Prisco et al. 2003; Corriero
et al. 2007), possibly related to the failure in mech-
anism of DNA repair during meiotic recombination,
leading to cell removal by apoptosis.

In order to ensure fertility, the reproductive strat-
egy of several migratory fishes of the Sdo Francisco
River basin with commercial value involves intense
sperm production, a typical pattern of neotropical
species with total spawning and absence of parental
care such as Pseudoplatystoma coruscans (Brito and
Bazzoli 2003), Brycon orthotaenia (Gongalves et al.

2006) and P. argenteus of the present study. Contin-
uous testicular maturation during the breeding season
(November to February) suggests that even after
spermatozoa release, germ cells undergo differentia-
tion resulting in high sperm production in fish from
site 2. The absence of significant difference for
spermatozoa between sites suggests that males from
site 1 have efficient sperm reserve; however, unfa-
vourable conditions may be responsible for scarceness
of mature females (Arantes et al. 2010) and, hence,
interfere in sperm release.

In summary, this study provides evidence of
remarkable changes in serum levels of sex steroids
and spermatogenesis efficiency in fish that live
immediately downstream from the dam. Additionally,
our data support morphometric analyses associated
with sex steroid profiles as suitable parameters for
evaluating the testicular histophysiology of wild
fishes.
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Fig. 5 Immunohistochemistry for PCNA (a, b, d) and TUNEL
assay (c, e) in testes of P. argenteus during mature stage.
Sections were counterstained with haematoxylin. a, b, d PCNA-
positive reaction in spermatogonia (arrow), Sertoli cell (Se) and
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Abstract

The present study investigated the relationship among HSP70, PCNA (proliferating cell
nuclear antigen) and testicular apoptosis during a breeding cycle of Prochilodus
argenteus, a neotropical migratory characiform fish of importance in commercial
fishery from the Sdo Francisco River basin. A total of 48 (12 fish/sampling) adult males
were caught using casting and drifting nets in four samplings from June 2008 to March
2009. Immunohistochemistry, Western blotting, TUNEL, ELISA and caspase-3
colorimetric assay were assessed in different phases of spermatogenesis. Labelling for
HSP70 occurred in spermatogonia (SPG, 18.0 £ 1.5 and SPGg 27.9 £ 1.0 in 100 mm>,
respectively) and Sertoli cells in all sampling periods, with higher values in June
(resting period) while spermatocytes were labelled in September (maturation period)
and December (ripe period). For PCNA, immunoreaction was predominant in
spermatogonia in June and September, while primary spermatocytes were labelled
mainly in December (18.7 + 2.0). TUNEL-positive reaction occurred throughout the
sampling periods, and labelling was detected in the nucleus of germ cells in all
developmental phases, except spermatozoa. By ELISA, total HSP70 in testis increased
significantly from June to December, and decreased in March (regression period), p <
0.05. Caspase-3 activity decreased from June to December and increased in March.
Taken together, our results suggest that HSP70 may protect the germ cells from
caspase-3-dependent apoptosis during testicular activity and, reduction of HSP70 and
increase of apoptosis contribute for testicular remodelling after the breeding season in

wild populations of P. argenteus in the Sao Francisco River.

Introduction
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In fish, a wide range of environmental and physiological factors induces cells to
rapidly synthesize highly conserved heat shock proteins (HSPs) with molecular weight
varying from 16 to 100 kDa, which regulate cellular metabolism, growth, differentiation
and apoptosis (Morimoto et al., 1998; Feder and Holfmann, 1999; Deane and Woo,
2011). The 70kDa multigene family encodes several closely related HSPs (HSP70)
which are expressed constitutively or induced in response to a wide range of
endogenous and exogenous factors (Feder and Holfmann, 1999; Deane and Woo, 2011).
In general, HSP70 assists the folding of nascent polypeptide chains, acting as a
molecular chaperone, and also mediates repair and degradation of misfolded proteins
(Kiang and Tsokos, 1998; Fulda et al., 2010). In mammals, HSPs are important for
testicular development and activity of HSP70 as chaperone is necessary in different
phases of spermatogenesis (Eddy, 1999; Kamaruddin et al., 2004; Volpe et al., 2008). In
teleosts, expression of HSP70 has been evaluated under stress conditions in different
tissues but, no study evaluated the relationship among HSP70, cell proliferation and
apoptosis in fish testis during the reproductive cycle.

In testis, apoptosis plays a crucial role in normal development of male germ cells and
it occurs spontaneously during spermatogenesis (Baum et al., 2005; Tripathi et al.,
2009). One of the key components in the apoptotic machinery is a cascade of cysteine
proteases known as caspases (Takle and Andersen, 2007). These enzymes are divided as
initiator caspase-2, -8, -9, -10 and effector caspase-3, -6, -7, in which the caspase-3 has
been reported during germ cells development in fish testis submitted experimentally to
different environmental stressors (Ito et al., 2003; Fischer et al., 2005; Migliarini et al.,
2005; McClusky et al., 2008).

The cascade of molecular events regulating the gametogenesis and gonadal maturation

furnish essential parameters for knowledge of reproductive strategies, i.e. germ cell
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development, spawning, egg adhesiveness, which are essential for conservation of the
ichthyofauna. The species of present study, curimata-pacu Prochilodus argenteus Spix
& Agassiz, 1829, is an endemic characiform fish that supplies fisheries in several
regions of the Sdo Francisco River basin, has an illiophagous feeding habit and reaches
over 10 kg body weight, and first sexual maturity happen with 27-28 cm of total length
(Sato and Godinho, 2003; Sato et al., 2005). The species performs migration upstream
to spawn, has high fecundity, total spawning and reproductive period extending from
November to January in the rainy season, coinciding with the time of flooding, higher
temperatures, and long photoperiods (Sato and Godinho, 2003; Arantes et al., 2010).
The populations of P. argenteus have been reduced in the later decades due to river
damming and growing environmental degradation. Recent studies conducted in the Sao
Francisco River downstream from the Trés Marias dam revealed that this species
encountered favourable conditions for spawning and reproduction after the mouth of the
Abaeté River, so this tributary has been considered an important site for conservation of
migratory species in the Sdo Francisco River (Arantes et al., 2010; Domingos et al.,
2012).

Despite the interest that has been given to HSPs, few studies have addressed questions
about the effects of naturally occurring variations in environmental and physiological
parameters on the levels of HSP70 in fish tissues. In this context, the present study was
intended to investigate the involvement of HSP70 in cell proliferation and testicular
apoptosis during spermatogenesis and, in addition, evaluate levels of total HSP70 and
caspase-3 activity in different phases of testicular maturation of P. argenteus in the Sao

Francisco River.

Materials and methods
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Study area and fish sampling

This study was performed in the Sdo Francisco River, area sited after the mouth of the
Abaeté River (18°11°S, 45°14"W) about 34 to 54 Km downstream from the Trés Marias
dam. Fish were caught by fishermen using casting and drifting nets. A total of 48 adult
males of P. argenteus (n = 12/sampling) were chosen following the seasonal variations
of the reproductive cycle in four samplings from June 2008 to March 2009: resting
(June/08), maturation (September/08), ripe (December/08) and regression (March/2009)
(Boncompagni-Junior et al., 2012). During the fish sampling water parameters
(temperature, concentration of dissolved oxygen, pH, and conductivity) were recorded
in the morning, using a Horiba model W-22XD instrument. Specimens were transported
in oxygenized tanks to the Hydrobiology and Hatchery Station of Trés Marias, Minas
Gerais, southeastern Brazil for the study. Then, fish were killed by transversal section of
the spinal cord following the ethical principles established by the Brazilian College of
Animal Experimentation (COBEA). For each specimen, total length (Lt = 40 to 48 cm)
was measured and, body weight (Wp = 0.7 to 1 Kg) and testicular weight (W= 0.1 to
13 g) were obtained in order to calculate the gonadossomatic index (Ig= 100 Wy WB"').
The research was approved by the Ethics Committee on Animal Experimentation

(CETEA) from the Federal University of Minas Gerais, Brazil.

Histology and immunohistochemistry

Samples of the middle region of the testes were fixed in Bouin’s fluid, embedded in
paraffin, sectioned with 5 pum thickness and stained with haematoxylin and eosin for
histology. For detection of HSP70 (mouse anti-HSP70 monoclonal antibody, clone
BRM-22 Sigma-Aldrich, 1:80) and PCNA (mouse anti-PCNA, clone PC10 Santa Cruz

Biotechnology, 1:100), testis sections were incubated with 3% hydrogen peroxide in
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phosphate-buffered saline (PBS) for 30 min at room temperature for blockage of
endogenous peroxidase. For the antigen retrieval, sections were boiled in 0.01 M citric
acid (pH 6.0) for 20 min. Next, samples were treated for 1 h in 2% bovine serum
albumin (BSA, Sigma—Aldrich Inc.) and 2% goat serum for non-specific staining
blockage. The primary antibody was applied to the sections overnight at 4°C.
Following, the sections were incubated for 45 min with biotinylated goat anti-rabbit
secondary antibody (Kit LSAB®2 DakoCytomation, Carpinteria, CA USA), treated
with peroxidase-conjugated streptavidin for 45 min, revealed with diaminobenzidine
(DAB, Sigma—Aldrich Inc.) and counterstained with haematoxylin. The negative

control was performed excluding the primary antibody.

Western blotting

The specificity of the antibodies HSP70 and PCNA was determined by Western
blotting. The total protein was obtained by Bradford (1976). Briefly, frozen samples
were sonicated in cell lysis buffer with protease inhibitors, the homogenate was
centrifuged at 120,000 g for 30 min and the supernatant, containing the proteins, was
submitted to 12% electrophoresis gel. After transferring to a nitrocellulose membrane,
non-specific reactions were blocked with 1% BSA. The membrane was incubated in
Snap-id system for 20 min with one of the primary antibodies (PCNA, 1:300; HSP70,
1:500). After three washes with PBS containing Tween 20, the membrane was
incubated for 10 min with peroxidase-conjugated secondary antibody (IgG Sigma,
1:500) and revealed with DAB in PBS containing chloronaphthol, methanol and

hydrogen peroxide.

In situ TUNEL assay
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For apoptosis analysis, testis sections were submitted to in situ TUNEL (Terminal
transferase-mediated dUTP Nick-End Labelling) assay, using the TdT-FragEL DNA
fragmentation detection kit QIA 33 (Calbiochem, San Diego, CA, USA) following the
manufacturer’s protocol. Briefly, the sections were washed in TRIS buffer saline pH 7.6
(TBS), treated with 10 pg/mL proteinase K in 0.01 M Tris—HCI buffer at pH 8 for 15
min, and then treated with 3% hydrogen peroxide in TBS for 30 min to inactivate
endogenous peroxidase. Next, the sections were incubated with terminal
deoxynucleotidyl transferase (TdT) and biotinylated deoxynucleotides for 2 h at 37°C.
The peroxidase-conjugated streptavidin was applied for 45 min at room temperature and
the reaction developed with DAB in TBS for 8 min. The sections were counterstained
with haematoxylin. The negative control excluded treatment with TdT/labelled

deoxynucleotides.

Morphometry

For all morphometric analyses 10 fish from each sampling period were used.
Chromatin organisation and nuclear diameter were used to identify germ cells. The
nuclear diameter of germ cell was obtained by measuring 150 cells in each
developmental stage using a micrometric ocular attached to a light microscope at 1000x
magnification. Cysts of germ cells, Sertoli cells and apoptotic cells labelled for HSP70,
PCNA and TUNEL were quantified per area of (100 mm’) in 15 fields (150
fields/period) which were chosen randomly for each fish and examined at 400x
magnification as described by Domingos et al. (2012). Primary and secondary

spermatocytes were grouped as spermatocytes in the morphometric analysis.

ELISA
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Testicular HSP70 levels were evaluated using Total HSP70 DuoSet IC ELISA kit
(R&D Systems, Wiesbaden-Nordenstadt, Germany). Frozen samples of the middle
region of the testis (» = 10/sampling) were sonicated in a cold extraction 20 mM Tris—
HCI buffer at pH 8.0 with 137 mM NaCl, 1% NP40 detergent, 10% glycerol, 2
mMphenylmethylsulfonyl fluoride, 10 uM pepstatin A, 10mM EDTA, 10 uM E-64 and
0.5 mM sodium vanadate (Sigma products, St. Louis, MO). The sample solution was
centrifuged at 14,000 g for 20 min at 4 °C. The supernatants were frozen at -70°C until
assayed. Briefly, 96 well plates were incubated with capture antibody overnight at room
temperature, and after three washes with the samples for 2 h at room temperature. For
all plates a standard curve of recombinant HSP70 was performed and some wells
without samples were assayed to technical control. After washing, the plates were
incubated with detection antibody HSP70 for 2 h at room temperature, washed and
incubated again for 20 min with peroxidase-conjugated streptavidin. The reaction was
developed with tetramethylbenzidine substrate and stopped with acid solution.
Absorbance was read at 450 nm (Versamax microplate reader, Molecular Devices,
Sunnyvale, CA). The ELISA assay was validated for species, with spike recovery of
98.2% and the coefficients of variation ranging between 2.7 to 6.4 intra-assay and 5.9 to
8.6 inter-assay. The HSP70 was normalized to the total protein content of the sample,
(Bradford, 1976) with Coomassie brilliant blue G-250, using bovine serum albumin as a

standard. Values were expressed as ng of HSP70mg™ of total protein.

Caspase-3 colorimetric assay
The enzymatic activity of caspase-3 was assessed using the colorimetric assay from
R&D Systems (R&D Systems, Wiesbaden-Nordenstadt, Germany). Samples of the

middle region of the testis (» = 10/sampling) were weighed and sonicated in cell lysis
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buffer with protease inhibitors. Homogenates were centrifuged at 20,000 g for 30 min
and the supernatant was incubated with substrate for caspase-3 (DEVD-pNA) at 37 °C
for 2 h. The absorbance of each sample was recorded at 405 nm and the caspase-3

activity level was directly proportional to the colour reaction.

Statistical analysis

GraphPad InStat and Prism software were used for statistical analysis. After
performing the Kolmogorov Smirnoff normality test, the data were processed by
ANOVA and Tukey-Kramer multiple comparisons tests. Data presented in figures and

tables are expressed as mean + standard error (SE) with a significance level of p < 0.05.

Results
Water physicochemical parameters and testicular activity

Temperature varied from 22 to 25°C, with higher values in December and March
(Table 1). Oxygen (above 7 mgL'l), pH (~6) and conductivity (~50 uSem™) did not
show significant variations in the sampling periods. Total length and both weight
showed no significant differences among the samplings periods while the testicular
weight increased following the gonadal maturation with significant differences among
the periods (Table 2).

Histological analysis showed that in June (resting period), testes of P. argenteus
showed seminiferous tubules with occluded lumen containing isolated type A
spermatogonia (SPGy, nuclear diameter = 7.60 + 1.08 um) and type B spermatogonia
(SPGg, 5.46 = 0.70 um) enclosed by cytoplasmic processes of Sertoli cells (Fig. 1A). In
September (maturation period), cysts of primary spermatocytes (SPTC,, 4.87 + 0.58

um) were numerous while secondary spermatocytes (SPTC,, 3.24 = 0.54 um),

John Wiley & Sons



O©COoONOOOADRWN -

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

44

Microscopy Research and Technique

spermatids (SPTD, 2.28 + 0.41 um) and spermatozoa (SPTZ, 1.62 £ 0.21 pm) as well as
SPG, and SPGg were also observed (Fig. 1B). In December (ripe period), the tubular
lumen was filled with SPTZ, and cysts of SPGa, SPGg, SPTC and SPTD were also
frequently observed (Fig. 1C). In March (regression period), testes exhibited mainly
SPG4 and SPGg associated to Sertoli cells and open tubular lumen containing residual

SPTZ (Fig. 1D).

Detection of HSP70, PCNA and apoptosis during spermatogenesis

Immunohistochemistry reaction for HSP70 was observed mainly in the cytoplasm of
SPGa, SPGg, SPTC and Sertoli cells (Fig 1E-H). A weak reaction was eventually
detected in SPTD and SPTZ (data not shown). Nuclear labelling was observed in SPGx
and SPGg (Fig. 1G). Western blotting analysis revealed a dense ~70 kDa band for the
HSP70 antibody in fish testis captured in December (Fig. 1T). Regarding PCNA, the
immunoreaction was localised in the nucleus of SPG,, SPGg, SPTC, and Sertoli cells
(Fig. 1I-L) and no labelling was observed in SPTC,, SPTD and SPTZ. In Western
blotting, an evident ~36 kDa band for the PCNA antibody was evident in testis of fish
sampled mainly in June (Fig. 1U). The TUNEL-positive reaction was detected in the
nucleus of germ cells in all developmental phases (Fig. 1M-P), except SPTZ. In some
cysts, nucleus of Sertoli cells was also labelled by TUNEL reaction (Fig. 1M). Isolated
cells were observed in tubular lumen mainly in December (Fig. 10). Negative controls
for HSP70, PCNA and TUNEL reactions are shown in Fig. 1Q-S.

Morphometric analyses showed SPG, and SPGg labelled for HSP70, PCNA and
TUNEL in all sampling periods (Fig. 2). Regarding HSP70, significantly higher
labelling in cysts of SPGy and SPGg (18.0 £ 1.5 and 27.9 = 1.0 in 100 mmz,

respectively) occurred in June, and then decreased progressively in September and
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December (Fig. 2A). Sertoli cells were significantly more positive for HSP70 in
September while cysts of SPTC were mainly labelled in December. For PCNA, SPGx
and SPGg-positive cysts were significantly higher in June and September and SPTC,
(18.7 £ 2.0) in December (Fig. 2B). Sertoli cells showed low variations for PCNA in
sampling periods, with significantly higher values in June (5.15 + 0.2). PCNA-positive
Leydig cells were rarely observed in June (0.8 £ 0.1), September (0.6 + 0.1) and March
(0.4 = 0.1), and did not occur in December (data not shown). Considering the TUNEL
reaction, SPG, and SPGg-positive cells were higher in September, SPTC in December,
Sertoli cells in March while TUNEL-positive SPTD occurred only in December (Fig.
2C).

By ELISA, levels of HSP70 in testis of P. argenteus increased significantly from June
to December, and decreased in March following the I variations (Fig. 3A-B). Caspase-
3 activity in testis decreased from June to December and increased in March (Fig. 3C),

as opposed to I and HSP70.

Discussion

The heat shock HSP70 has an essential role in cellular homeostasis and its
relationship with cell proliferation and apoptosis is critical in gametogenesis and fish
reproduction. The present study showed levels of total HSP70 assessed by ELISA
following the seasonal variations of testicular activity as detected by gonadossomatic
index indicating a role of HSP70 in cytoprotection of germ cells during spermatogenesis
of P. argenteus, a native characiform species used as model in environmental studies in
the Sao Francisco River (Arantes et al., 2010; Domingos et al., 2012; Thomé et al.,

2012). Reports on levels of HSP70 in favourable environmental conditions are scarce
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and were not reported for fish from the Sdo Francisco River. In addition, these data can
be useful when comparing normal physiological condition to stress conditions.

Interestingly, the increase of HSP70 levels in testis of P. argenteus was associated
with the decrease of caspase-3 activity from June to December; thus it was noteworthy
to infer that HSP70 may protect the germ cells from caspase-3-dependent apoptosis.
Indeed, HSP70 prevents apoptosis by binding to Apaf-1, promoting its inhibition;
hence, caspase-9 activation and subsequently caspase-3 activity become unfeasible
(Zhang et al., 2003). Moreover, HSP70 also can bind to AIF (apoptosis inducing factor),
blocking its action and, thus, the caspase-independent apoptosis pathway (Parcellier et
al., 2003). Additionally, decrease of HSP70 and increase of apoptosis in March could
contribute to testicular remodelling after the breeding season.

In the current study, HSP70 was immunolocalised mainly in the cytoplasm of SPGy,
SPGg, SPTC and Sertoli cells. The nuclear staining for HSP70, which was observed in
SPGy4 and SPGg, could suggest its contribution to assist the protein translocation to the
nucleus, a molecular chaperone role (Angelier et al., 1996). In mammals, HSP70
immunostaining has been shown in all developmental stages of germ cells, from
spermatogonia to spermatozoa (Kamaruddin et al., 2004; Wu et al., 2011). In this study,
labelling in SPTD and SPTZ was eventually observed and, immunofluorescence studies
with semen of mammals confirm the presence of HSP70 in spermatozoa (Kamaruddin
et al., 2004; Volpe et al., 2008).

As in other tissues, the number of germ and somatic cells in fish testis is determined
by a balance between cell proliferation and apoptosis (Tripathi et al., 2009). In the
present study, immunostaining for PCNA occurred in SPGa, SPGg and SPTC,
supporting the proliferative and meiotic phases of spermatogenesis in order to ensure an

efficient spermatic reserve in P. argenteus. Indeed, PCNA is commonly detected during
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spermatogonial phase in diverse fish species (Miura et al., 2002, Corriero et al., 2007;
Loppion et al., 2008), but also supports DNA repair in the meiotic phase (Franco et al.,
2010). Similar to other fish species, SPGa, SPGg, SPTC and SPTD of P. argenteus
were labelled by TUNEL assay and the spontaneous degeneration of germ cells agrees
with the normal testicular development (Cinquetti and Dramis, 2003). However, in
present study, TUNEL-positive cells were more frequent in September (spermatogonial
phase) and in December (meiotic phase and spermiogenesis). Overall, the degeneration
of germ cells is common at spermatogonial phase, although in some teleost fish the
apoptosis is highest during spermiogenesis (Prisco et al., 2003; Schulz et al., 2005;
Corriero et al., 2007). Unusually, TUNEL-positive cells were detected in December
(ripe period) in the lumen of seminiferous tubules, maybe apoptotic bodies, however
these structures need to be investigated. In general, non-professional phagocytes, i.e.
Sertoli cells, are frequently responsible for removal of apoptotic bodies during
spermatogenesis (Chaves-Pozo et al., 2005; McClusky et al., 2005). Moreover, higher
TUNEL-positive Sertoli cells occurred in March (regression period) during testicular
remodelling for the next breeding cycle.

Labelling for HSP70 and PCNA in SPGa, SPGg and Sertoli cells occurred throughout
the studied periods, indicating a potential role of these cells in supporting the successive
waves of differentiation into SPTC, during the breeding season. In September, HSP70
levels in Sertoli cells coincided with higher values of PCNA in SPGg and SPTC;. In
agreement with data from other studies (Helmbrecht et al., 2000; Kamaruddin et al.,
2004; Wu et al., 2011), these findings suggest that HSP70 play an important role in the
regulatory network of the cell cycle, acting in the initial phases of spermatogenesis
(differentiation of spermatogonia to spermatocytes), promoting protein stabilisation or

assisting the removal of misfolded proteins. In December, a significantly greater
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number of SPTC, cysts were labelled for PCNA suggesting that HSP70 could act in
cytoprotection of germ cells during the meiotic phase, to ensure a higher sperm
production in P. argenteus when temperature increases (Domingos et al., 2012).
Conversely, failure in DNA repair during meiotic phase leads to cell removal by
apoptosis (Eddy, 1999) such as detected by TUNEL reaction.

In summary, the data reported here display an association between the levels of
HSP70 and testicular maturation in P. argenteus, suggesting that HSP70 may regulate
caspase-3-dependent apoptosis in fish testis and, reduction of HSP70 and increase of

apoptosis contribute for testicular remodelling after breeding season.
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Physicochemical parameters of water quality in the Sdo Francisco River

Temperature Oxygen Conductivity

¢C) (el  PH (uSem’)
Jun /08 224+0.1° 77101  5.63+0.1° 49.4+0.1°
Sep/08 22.6+0.1"  7.62+0.1" 6.24+0.2" 50.0+0.1°
Dec/08 245+02° 7.88+0.1* 6.28+0.1* 53.8+0.1°
Mar/09 25.1+0.1°  7.70+0.1*  583+0.1*  50.0+0.1°

Data obtained in June 26-30, 2008; September 17-21, 2008; December 01-
04, 2008 and March 01-05, 2009. Values represent mean = SE. In column,
different letters indicate significant differences among samplings periods, p

<0.05.
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Biometric parameters of P. argenteus in the Sdo Francisco River

Total length (cm) Body weight (Kg)

Testicular weight

(2)

Jun /08
Sep/08
Dec/08
Mar/09

41.2+0.1°
41.6+1.3°
43.8+0.5"
43.2+0.6"

0.73£1.1°
0.82+1.1°
0.87 +0.2°
0.93 +0.9°

0.15+0.02°
3.0+ 0.20°

6.24 + 0.40°
1.80 + 0.30°

Data obtained in June 26-30, 2008; September 17-21, 2008; December 01-
04, 2008 and March 01-05, 2009. Values represent mean + SE. In column,
different letters indicate significant differences among samplings periods, p

<0.05.

John Wiley & Sons
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‘-W e

June  December une  December

Fig.1. Histological sections of testis of P. argenteus from the Sdo Francisco River in different periods of the
breeding cycle: resting, June (A, E, I, M), maturation, September (B, F, J, N), ripe, December (C, G, K, O)
and regression, March (D, H, L, P). Histological sections stained with haematoxylin and eosin (A-D),
immunohistochemistry reactions for HSP70 (E-H) and PCNA (I-L), and TUNEL assay (M-P) counterstained
with haematoxylin. Negative controls counterstained with haematoxylin for HSP70 (R), PCNA (S) and TUNEL
(T) in September. Seminiferous tubules showing type A and type B spermatogonia (SPGA, SPGB), primary
and secondary spermatocytes (SPTC1, SPTC2), spermatids (SPTD), spermatozoa (SPTZ) and Sertoli cells
(Se). Western blotting for HSP70 (T) and PCNA (U) in testis of specimens captured in June and December.
Bar = 4 uym (G, J, M-N), 8 um (F, R), 10 um (A, E, I, S), 15 um (H, L, P) and 20 um (B-D, J, O, Q).
190x278mm (275 x 275 DPI)

John Wiley & Sons
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Fig.2. Morphometric analyses of labelled cells for HSP70 (A), PCNA (B) and TUNEL (C) in different periods of
the breeding cycle of P. argenteus in the Sdo Francisco River. Type A and type B spermatogonia (SPGA,
SPGB), primary and secondary spermatocytes (SPTC) spermatids (SPTD) and Sertoli cells (Se). Labelling by
PCNA occurred only in primary spermatocytes (SPTC1). Values represent mean £ SE. Different letters
indicate significant differences among sampling periods, p < 0.05.
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4.3. HSP70 e caspase-3 como biomarcador de impacto ambiental

O nivel proteico de HSP70 em testiculos e figado foi maior nos peixes coletados
imediatamente a jusante da barragem (S1) no periodo chuvoso (Fig. 8A e 8C). Em
ambos os pontos (S1 e S2), os niveis de HSP70 em testiculos foram significativamente
maiores durante a estacdo chuvosa em relacdo a estacdo seca. Em S2, ndo houve
variacdo nos niveis HSP70 entre os periodos de coleta para o figado.

A atividade enzimatica da caspase-3 em testiculos de P. argenteus foi
significativamente maior em S1, durante o periodo chuvoso (Fig. 8B). Em ambos os
pontos (S1 e S2), a atividade da caspase-3 em testiculos e figado aumentou
significativamente durante a estacdo chuvosa em relacdo a estacdo seca (Fig. 8B e 8D).
N&o houve diferenca significativa entre os pontos do rio para os niveis de HSP70 e

caspase-3 em testiculos e figado no periodo seco e para caspase-3 no periodo chuvoso.
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Figura 8 — Niveis proteicos de HSP70 e caspase-3 em testiculos (A e B) e figado (C e
D) durante periodo seco e chuvoso. S1: localizado nos primeiros 34 km do rio, a jusante
da barragem de Trés Marias e a montante da foz do rio Abaeté (coluna preta). S2:
localizado apds a confluéncia com o rio Abaeté (coluna branca). Valores expressos em
média £ EP. Letras mailsculas indicam diferencas significantes entre os periodos de
amostragem e letras minasculas entre os pontos do rio (p < 0,05).
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5. Discussao geral

Os barramentos hidrelétricos afetam negativamente os perfis fisico-quimicos e
hidrodinamicos dos rios, com consequéncias drasticas para as populacGes de peixes
migradores (Agostinho et al., 2004). No rio S&o Francisco, a agua liberada
imediatamente a jusante da barragem de Trés Marias ndo apresentou condicGes
favoraveis a reproducdo das principais espécies migradoras (Sato & Godinho, 2003;
Sato et al., 2005; Arantes et al., 2010; Domingos et al., 2012). No entanto, a 34 km a
jusante da UHE-TRM, o rio Abaeté minimiza o impacto do barramento sobre a
reproducdo dos peixes, sendo considerado um local de desova para 0S peixes
migradores do Alto do rio Sdo Francisco (Sato & Godinho, 2003). De fato, os
tributarios livres de barramentos, como o rio Abaeté, atuam como rotas alternativas para
varias espécies de peixes, desempenhando um papel importante na manutencdo da
diversidade bioldgica regional e estoques populacionais de peixes (Sato et al., 2005;
Gubiani et al., 2010).

Diversos estudos tém sido conduzidos no laboratdrio de Ictiohistologia em busca
da compreensdo dos mecanismos que regulam a foliculogénese, maturacédo e regressdo
ovariana no rio Sdo Francisco (Santos et al., 2008a, b; Thomé et al., 2009, 2010, 2012;
Arantes et al., 2010, 2011a, b). No entanto, nenhum estudo avaliou a espermatogénese
de peixes do rio Sdo Francisco. A estrutura cistica e as mudancas morfologicas que
ocorrem durante o ciclo reprodutivo tornam os testiculos de peixes um modelo
interessante para o estudo da regulacdo da espermatogénese. Desta forma, o presente
trabalho foi realizado em trés etapas. Inicialmente avaliamos comparativamente a
espermatogénese e 0s niveis de esteroides sexuais em curimata-pacu coletados em dois
pontos do rio Sdo Francisco com diferentes parametros fisico-quimicos da agua. Na
segunda etapa, estudamos a relacéo dos niveis proteicos de HSP70 com as atividades de
proliferacdo celular e apoptose durante o ciclo reprodutivo de P. argenteus em
condicBes naturais favordveis. Finalmente na terceira etapa, investigamos 0s niveis
proteicos de HSP70 e caspase-3 em testiculos e figado como biomarcadores de impacto
ambiental no rio S&o Francisco.

No presente estudo, os niveis plasmaticos de esteroides sexuais estdo alterados
nos peixes de S1,nos quais os baixos niveis plasmaticos de T e E2 coincidiram com o
baixo valor do IGS. Diferentes pardmetros ambientais interferem na reproducdo de

peixes, sendo a temperatura e 0 oxigénio dissolvido na agua considerados moduladores
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da atividade testicular (Alvarenga & Franca, 2009; Wu et al., 2003). De fato, os baixos
valores da temperatura e oxigénio da agua do rio S&o Francisco langados imediatamente
a jusante da barragem de Trés Marias, principalmente no periodo reprodutivo, ndo
favoreceram a esteroidogénese e o crescimento testicular de populacdes de P. argenteus
em S1. Nos peixes de S2, as variacGes do IGS seguiram as concentraces de T e E2,
similar aos resultados obtidos com outras espécies de peixes mantidos em cultivo
(Gazola & Borella, 1997; Barcellos et al., 2002). O E2 atua na proliferagdo de
espermatogonias (Miura et al., 1999; Amer et al., 2001; Miura et al., 2003) enquanto
que o T estimula a maturacdo testicular (Schulz et al., 2010). Desta forma, T e E2 estéo
envolvidos na progressdo da espermatogénese e maturacdo testicular de agosto a
fevereiro em peixes de S2. Por outro lado, as concentragdes de 17a-P ndo apresentaram
variacdes significativas nos diferentes periodos de amostragens em ambos o0s pontos do
rio Sdo Francisco. A auséncia de diferencas expressivas del7a-P pode estar relacionada
a conversdo desse hormoénio em T, E2 ou DHP durante a espermatogénese de P.
argenteus.

A avaliacdo da espermatogénese por meio das analises morfométricas permite a
compreensdo das modificacbes morfofisiolégicas que acompanham a maturacdo
testicular (Schulz et al., 2010). No presente estudo, as variacoes do IGS de P. argenteus
nos dois pontos do rio S&o Francisco refletem as diferengas encontradas nos parametros
morfométricos. Durante o pico reprodutivo, peixes de S1 apresentaram menor didametro
tubular, maior proporcao volumétrica e numero de cistos de espermatogdnias tipo A e
B. A baixa taxa de oxigénio e temperatura da agua liberada do reservatério de Trés
Marias podem ser responsaveis pelo atraso do processo espermatogénico, mantendo a
proliferacdo das células de Sertoli e de espermatogonias (evidenciada pelo PCNA) para
um possivel aumento da atividade reprodutiva, quando estes peixes encontrarem
condicBes adequadas a reproducdo. Em estudo experimental com a tilapia nil6tica
(Oreochromis niloticus) evidenciou-se que temperaturas mais baixas (20°C) induzem a
auto-renovacao das espermatogonias e a proliferacdo das células Sertoli e Leydig. No
entanto, quando as tilapias foram expostas a 35°C, as células germinativas
diferenciaram-se rapidamente, acelerando o processo espermatogénico (Alvarenga &
Franca, 2009). A proliferacdo de células de Leydig tem sido relacionada com o aumento
da producdo de androgenos em testiculos (Schulz et al., 2005), fato confirmado pelos

elevados niveis de T, proporcéo volumétrica e Leydig PCNA-positivas em peixes de S2.
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A formacao continua de cistos das células germinativas, principalmente de cistos
de espermatdcitos e espermatides em peixes S2, indica que mesmo apos a liberagdo dos
espermatozdides para fertilizacdo, células germinativas podem diferenciar-se e liberar
mais espermatozoides no mesmo periodo reprodutivo. Essa estratégia reprodutiva de P.
argenteus, que envolve a producdo expressiva de espermatozoides, € comum para
espécies migradoras neotropicais (Brito & Bazzoli, 2003; Batlouni et al., 2006;
Gongcalves et al., 2006).

O curimatd-pacu reune caracteristicas que o tornam um excelente modelo para
estudos decorrentes de alteracbes ambientais, onde proteinas de choque térmico
desempenham um papel central na homeostase celular. Com isso, nds avaliamos a
relacdo entre HSP70, proliferacdo celular e apoptose durante o ciclo reprodutivo de
machos de P. argenteus coletados apds a confluéncia do rio Abaeté.

A atividade mitdtica das células pode ser suficientemente avaliada por métodos
diferentes, isto é, a contagem de figuras mitdticas, a aplicagdo de nucleotideos marcados
com o BrdU ou a deteccdo especifica da fase S, por meio do antigeno Ki-67 ou PCNA.
No presente estudo, a imunomarcacdo de PCNA ocorreu em SPGp, SPGg, SPTC;,
células de Sertoli e Leydig. De fato, o PCNA, assim como outros marcadores de
proliferacdo é comumente detectado durante a proliferacdo espermatogonial em diversas
espécies de peixes (Vilela et al., 2003; Chaves-Pozo et al., 2005; McClusky, 2005;
Corriero et al., 2007). No entanto, 0 PCNA pode também detectar 0s processos de
reparo de DNA, que ocorre principalmente na fase meidtica da espermatogénese
(Franco et al., 2010).

No presente estudo, os niveis de HSP70 em células de Sertoli coincidem com
valores expressivos de PCNA para SPGg e SPTC; em peixes coletados em setembro.
Estudos realizados em mamiferos sugerem que HSP70 tem papel importante na
requlacdo do ciclo celular, atuando principalmente nas fases iniciais da
espermatogénese (Helmbrecht et al., 2000; Kamaruddin et al., 2004; Wu et al., 2011).
Desta forma, a HSP70 participa da estabilizacdo ou da prevencdo da méa formacdo de
proteinas importante para o ciclo espermatogénico. Em dezembro, os elevados niveis de
HSP70 coincide com a marcacdo PCNA-positiva em cistos de SPTC;, indicando um
papel para HSP70 na termotolerancia na fase meidtica. No entanto, se houver uma falha
no reparo do DNA, as células germinativas séo eliminadas via apoptose (Eddy, 1999).

A apoptose é um processo comum que ocorre espontaneamente durante toda a

espermatogénese. No presente estudo, as células germinativas, com exce¢do dos
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espermatozoides, foram marcadas pela técnica de TUNEL. Marcagdes TUNEL-
positivas foram também encontradas no limen dos tubulos seminiferos de P. argenteus,
provavelmente em corpos apoptoticos. De acordo com Corriero et al. (2007), a presenca
de corpos apoptoticos no Iimen indica eliminacdo desses fragmentos via papila
urogenital. Em geral, os corpos apoptéticos e residuais das células germinativas sédo
fagocitados pelas células de Sertoli (Chaves-Pozo et al., 2005).

A caspase-3 é a principal protease executora do programa apoptdtico, a qual
ativa endonucleases e também é responsavel pela quebra de proteinas estruturais
citoplasmatica conduzindo a alteracbes morfoldgicas tipicas da apoptose
(Huentterbrenner et al., 2003). No presente estudo, 0 aumento dos niveis de HSP70
coincidiu com a diminuicdo da atividade enzimatica da caspase-3 nos meses de junho a
dezembro. Esse resultado permite inferir que HSP70 pode proteger as células
germinativas de P. argenteus da apoptose dependente de caspase-3 quando essa células
estdo envolvidas com a producéo espermatica. E sabido que a HSP70 liga-se ao Apaf-1
promovendo sua inibicdo e assim, a ativacdo de caspase-9 e subseqlentemente a
ativacdo de caspase-3 torna-se inviavel. Além disso, HSP70 pode ligar-se ao AlF
(apoptosis inducing factor) impedindo sua acdo (Parcellier et al., 2003).

De maneira geral, as HSP’s podem atuar tanto na repressao quanto na promogao
da apoptose associando-se com componentes-chaves da rota apoptdtica (Parcellier et al.,
2003). Comparando-se os pontos de estudo, observamos que 0s niveis proteicos de
HSP70 e a atividade enzimatica da caspase-3 em testiculo e figado foram
significativamente maiores nos peixes coletados em S1 no periodo chuvoso, o qual
coincide com o pico da atividade reprodutiva. No entanto, ndo houve variagdo entre 0s
pontos de coleta no periodo seco. Esses resultados sugerem que os niveis elevados de
HSP70 reflete a plasticidade adaptativa dos peixes em reposta as condi¢fes adversas da
agua do hipolimnio liberada da barragem de Trés Marias nos meses de novembro a
fevereiro. Alem disso, esse resultado permite inferir que a HSP70 pode ser utilizada
como biomarcador de impacto ambiental, uma vez que é uma das primeiras proteinas de
estresse a ser expressa sob efeito de qualquer fator impactante.

Assim, os dados obtidos no presente estudo amplia o conhecimento da
espermatogénese de peixes neotropicais em ambiente naturais e podem contribuir para o
avanco de estudos de biomonitoramento ambiental e conservacéo da ictiofauna, além de
confirmar o uso de peixes teledsteos, especificamente P. argenteus como modelo de

estudo em biologia celular no rio Sao Francisco.
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6. Conclusoes

» A atividade testicular de P. argenteus é afetada negativamente em S1
pela condi¢do inadequada da agua liberada pela UHE-TRM no periodo
chuvoso;

» Apos a confluéncia com o rio Abaeté (S2), machos de P. argenteus
apresentam maior eficiéncia espermatica e niveis plasmaticos de
esterdides sexuais;

» As variagOes sazonais de HSP70 podem regular o balanco entre a
proliferacdo e a morte celular (dependente de caspase-3) durante a
espermatogénese de P. argenteus, contribuindo para a remodelacdo
testicular apos a época de reproducéo;

» A HSP70 pode contribuir para a protecdo das células germinativas
durante a maior parte do periodo reprodutivo e pode ser utilizada como
biomarcador de impacto ambiental;

» As analises morfométricas, os niveis de esterdides sexuais e 0s niveis
proteicos de HSP70, PCNA e caspase-3 podem fornecem ferramentas
para a avaliacdo da espermatogénese em populacdes naturais de peixes;

» O presente trabalho aliado aos estudos com fémeas de P. argenteus
confirma a importancia de preservacdo do rio Abaeté, uma vez que esse
tributario garante o sucesso reprodutivo e o possivel recrutamento de

novos individuos na regido do Alto rio Sdo Francisco.
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