UNIVERSIDADE FEDERAL DE MINAS GERAIS
INSTITUTO DE CIENCIAS BIOLOGICAS
DEPARTAMENTO DE MORFOLOGIA
PROGRAMA DE POS-GRADUACAO
EM BIOLOGIA CELULAR

TESE DE DOUTORADO

AVALIACAO DA REMODELACAO OVARIANA POS-DESOVA DA TILAPIA-DO-
NILO (OREOCHROMIS NILOTICUS) EM CONDICOES DE CULTIVO

RAFAEL MAGNO COSTA MELO

Belo Horizonte
2014



Rafael Magno Costa Melo

Avaliacio da remodelacido ovariana pos-desova da tilapia-do-nilo (Oreochromis
niloticus) em condicoes de cultivo

Tese de Doutorado apresentada ao Programa
de Pos-graduacdo em Biologia Celular da
Universidade Federal de Minas Gerais como
requisito para a obtencdo do titulo de

Doutor.

Belo Horizonte
Instituto de Ciéncias Bioldogicas —- UFMG
2014



Universidade Federal de Minas Gerais - Instituto de Ciéncias Biologicas
Programa de Pés-Graduagio em Biologia Celular

ATA DA DEFESA DE TESE DE DOUTORADO DE 12:;':3:‘:;“6
2°/2010
RAFAEL MAGNO COSTA MELO 2010720800

As quatorze horas do dia 06 de junho de 2014, reuniu-se, no Instituto de Ciéncias Biologicas da
UFMG, a Comissio Examinadora da Tese, indicada pelo Colegiado de Programa, para julgar, em
exame final, o trabalho final intitulado: "AVALIACAO DA REMODELACAO OVARIANA

POS-DESOVA DA TILAPIA-DO-NILO ( OREOCHROMIS NILOTICUS )" requisito final para
obtengdo do grau de Doutor em Biologia Celular, drea de concentragéo: Biologia Celular. Abrindo
a sessdo, 0 Presidente da Comissdo, Dr. Nilo Bazzoli, apos dar a conhecer aos presentes o teor das
Normas Regulamentares do Trabalho Final, passou a palavra ao candidato, para apresentagio de seu
trabalho. Seguiu-se a arguig¢do pelos examinadores, com a respectiva defesa do candidato. Logo
apos, a Comissdo se reuniu, sem a presenga do candidato e do publico, para julgamento e expedigdo
de resultado final. Foram atribuidas as seguintes indicagdes:

Prof./Pesq. Instituicio Indicacio
Dr. Nilo Bazzoli (Orientador) UFMG e
Dra. Elizete Rizzo (Co-otientadora) UFMG 62’5 ﬁg&&/d/ s
Dr. I—I'éli.o Batista dos Santos UFSJ 2 T
Dr. Fabio Pereira Arantes PUC - MG @ W% L
Dr. Ronald Kennedy Luz UFMG B
Dr. Hélio Chiarini Garcia UFMG CL’ L litins
7

Pelas indicagdes, o candidato foi considerado: OO

O resultado final foi comunicado publicamente ao candidato pelo Presidente da Comissdo. Nada
mais havendo a tratar, o Presidente encerrou a reunido e lavrou a presente ATA, que sera assinada
por todos os membros participantes da Comissdo Examinadora. Belo Horizonte, 06 de junho de

2014. %
Dr. Nilo Bazzoli (Orientador) 7 U[ -
Dra. Elizete Rizzo (Co—orienta%/ W %

Dr. Hélio Batista dos Santos

Dr. Fabio Pereira Arantesé_
Dr. Ronald Kennedy Luz 2 w\&k\.\ “\\M\Q\h\

Dr. Hélio Chiarini Garcia Lﬁjq;

Obs: Este documento ndo tera validade sem a assinatura e carimbo do Coordenador




Esta tese foi realizada no Laboratorio de Ictiohistologia do Departamento de Morfologia da
Universidade Federal de Minas Gerais (UFMG), Laboratério de Aquacultura da Escola de
Veterinaria da UFMG e Laboratério de Ictiologia do Programa de Pés-Graduagdo em

Zoologia de Vertebrados da Pontificia Universidade Catdlica de Minas Gerais.

ORIENTADOR:

PROF. DR. NILO BAZZOLI

CO-ORIENTADORA:

PROFA. DRA. ELIZETE R1727Z0

APOIO FINANCEIRO E INSTITUCIONAL:

- Coordenagado de Aperfeicoamento de Pessoal de Nivel Superior (CAPES);
- Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq);
- Fundacao de Amparo a Pesquisa do Estado de Minas Gerais (FAPEMIG);
- Centro de Microscopia da UFMG;

- Centro de Aquisi¢@o e Processamento de Imagens (CAPI) da UFMG.



AGRADECIMENTOS

Ao Dr. Nilo Bazzoli, pela orientagdo, ensinamentos, amizade e crescimento profissional
proporcionado ao longo de mais de 10 anos de convivéncia;

A Dra. Elizete Rizzo pela precisa co-orientagdo e oportunidade em integrar a equipe do
Laboratodrio de Ictiohistologia da UFMG;

Aos pesquisadores Dr. Ronald Kennedy Luz e Yuri Simdes Martins pela significativa
colaboracao e contribui¢ao ao trabalho;

A Monica, pela amizade, agradavel convivéncia e confec¢do das 1aminas histologicas;

Aos pesquisadores Paulo Henrique de Almeida Campos-Junior, Dr. Hélio Batista dos Santos
e Dr. Ralph Gruppi Thomé pelo valioso suporte durante a execug@o do estudo;

Aos técnicos e professores do Laboratério de Aquacultura da Escola de Veterinaria da
UFMG, em especial a Erika e ao Gabriel, pela assisténcia durante a coleta do material;

Aos técnicos do Centro de Microscopia da UFMG, em especial a Roberta e ao Kinulpe, pelo
auxilio durante as etapas de microscopia eletronica do material;

A todos os amigos e companheiros de trabalho do Laboratorio de Ictiohistologia da UFMG,
em especial a Paula, Violeta, Fabricio, Yves, Davidson, Luis, André Weber, Guto, Leticia,
Claudinha e demais pessoas que por ali passaram;

Aos professores e funcionarios do Programa de Pos-graduacdo em Biologia Celular da
UFMG;

Aos professores e funcionarios do Programa de Pés-graduagdo em Zoologia da PUC Minas;

A Marina, meu amor, meu porto seguro, minha fonte de inspiracdo, nosso crescimento
profissional juntos foi muito importante;

A minha familia, em especial a minha querida mae Léa e minha tia Alcinéa, e amigos, pelo
constante apoio e incentivo profissional;

Aos mistérios da vida, em especial as ciéncias naturais € aos peixes, pela permanente
inquietacdo intelectual e pelo prazer em investigar, descobrir e contribuir com conhecimento
para um mundo menos indspito aos seres vivos.



SUMARIO

RESUIMO. ...t et e e et e e et e e e e e aaaeaeeensteeeeeansseeesennssaeeesssaeeeanns 1
ADSEFACE......cooiiiiiiiie ettt et e et e ettt e et e et e e et e e bt e e e bt e e e bt e e abeeenbeeeanee 111
1- INTRODUCAO E JUSTIFICATIVA........cooimiiiiieoeeeeeeeeeeeeeeeeeeeeeeee e 1
1.1- A TILAPIA-DO-NILO (OREOCHROMIS NILOTICUS)............cccoveeeiueeeeiueeeiieeeeeieeeeineaans 1
1.2- FOLICULOGENESE E CRESCIMENTO FOLICULAR.........cccttiieiieieniieieeienieeieeneeees 3
1.3- REGRESSAO FOLICULAR APOS DESOVA......cccutiiiiiiiniiiniieienienieeeesitenieeiesaeenae e 5
1.4- MORTE CELULAR EM OVARIOS DE PEIXES.........cccceeiiiiiiieniieiienieenieenieeseesneenseens 6
2- OBJETIVOS
2.0- OBIETIVO GERAL........ooviiiiiiiieeeiiiieeee e e e eeeettttee e e e e e e eiavaeeeeaeeeeeanbseaeeeaaeesesnnnsrens 9
2.2- OBJETIVOS ESPECIFICOS.........cooviiiiiieieiieeeee et 9
3- MATERIAIS E METODOS
3.1- AMOSTRAGEM. ...ttt ettt ettt ettt et sttt e sate s aeesate e bt e naeeenees 10
3.2- MICROSCOPIAS DE LUZ E ELETRONICA DE TRANSMISSAO.........cccccveruieienienieannens 11
3.3- TUNEL IN SITU...ceittttiiittiiiteeeite ettt e e st e et e ettt e st eesbteesbteesbeeesabeeesabeeesaneeas 11
3.4- IMUNOFLUORESCENCIA.......ccutitieiiirtieiieiiestteieettesieeeeenee st eteeneeseeensesneenseeneesneenes 12
3.5- MORFOMETRIA ........eoiitiiiiieiiieiteeit et ettt ettt et e sae e et sat e et esbeesbeesateeneesaneenees 13
3.6~ ANALISES ESTATISTICAS. ......coitiiiiiiieiienieeieeiiesteete et sttt sitesaeetesitesbe e saeenaeenees 13
4- RESULTADOS

4.1- ARTIGO 1: MORPHOLOGICAL AND QUANTITATIVE EVALUATION OF THE OVARIAN
RECRUDESCENCE IN NILE TILAPIA (OREOCHROMIS NILOTICUS) AFTER SPAWNING IN
CAPTIVITY . o ettt ettt e et et e e et e ettt eeeeseeee et e e e e aseseeeeesaaaaesseeeeessaanaasseeesessnananeseeeeens 14

4.2- ARTIGO 2: ROLE OF APOPTOSIS, AUTOPHAGY AND CASPASE-3 DURING POST-SPAWNING

OVARIAN REMODELING IN OREOCHROMIS NILOTICUS ... oo oee e e e e et e e e 24
BaDISCUSSAQ ... e ee oo ee e oo e e s e e e e e s e s e e e e s e s e e e e s e s e e es e s eseseann 59
G- CONCLUSOES . ...t e et et e e e s e e e s e e s es e s et e s s es e s es e e s e eeeseeens 63

7- REFERENCIAS BIBLIOGRAFICAS........oooooeoeoeeeeeeeeeeeeeeeeeeeeeeee e ees s 64



Resumo

As tilapias constituem o segundo grupo mais importante de peixes cultivados na aquacultura
mundial e a tilapia-do-nilo, Oreochromis niloticus (Linnaeus, 1758), € a principal espécie de
tilapia cultivada atualmente. Estudos sobre a recuperacao ovariana apds desova em espécies
de importancia comercial, como O. niloticus, fornecem importantes parametros reprodutivos
para o cultivo das espécies. Ovarios de peixes apos a desova também sao excelentes modelos
experimentais para estudar mecanismos de morte celular programada, especialmente devido a
remodelagao tecidual que envolve crescimento e regressao folicular para inicio de novo ciclo
reprodutivo. Desta forma, o presente trabalho teve como principal objetivo avaliar a dinamica
de remodelacdo ovariana da tilapia-do-nilo apds a desova em cativeiro. Inicialmente, foi
avaliada a dinamica morfologica e quantitativa do crescimento folicular apds desova, e
posteriormente, o papel da apoptose e autofagia no crescimento e regressao folicular pos-
desova em ovarios de O. niloticus. Amostras ovarianas foram coletadas semanalmente, no
periodo entre 0 a 24 dias pds-desova, para analises histologicas, ultraestruturais, TUNEL in
situ, imunofluorescéncia (caspase-3) e morfométricas. Ovarios recém-desovados continham
foliculos em todos os estddios de desenvolvimento, com predominancia de foliculos em
crescimento primdrio inicial (~42%) e foliculos de crescimento completo (~20%). Foliculos
pos-ovulatorios representaram cerca de 5% dos foliculos ovarianos logo apos a desova, e
menos de 1% apo6s 7 dias. Foliculos atrésicos representaram cerca de 2% dos foliculos
durante o periodo de estudo. Foliculos em crescimento primario mantiveram um estoque
estavel durante a remodelacdo ovariana, indicando disponibilidade para recrutamento
continuo. Vinte ¢ um dias pds-desova, os foliculos de crescimento completo predominaram
nos ovarios, representando cerca de 35% dos foliculos. Todos os foliculos, exceto pds-
ovulatorios e atrésicos, cresceram em tamanho significativamente ao longo da remodelagao

ovariana. A ultraestrutura dos foliculos em crescimento revelou uma intensa atividade de



sintese das células foliculares, as quais contribuiram ativamente para a formag¢do da zona
radiata e desenvolvimento ovocitario apds desova. Os resultados mostraram uma rapida
recuperagdo ovariana e crescimento folicular de O. niloticus, em 21 dias a 29,5 °C, para
permitir a proxima desova. A segunda etapa do trabalho revelou, durante o crescimento
folicular pos-desova, uma baixa ocorréncia de apoptose nas células foliculares e tecais dos
foliculos. Logo apds a desova, foliculos pos-ovulatérios exibiram células foliculares
hipertrofiadas com intensa atividade de sintese, altas taxas de apoptose folicular e inicio de
autofagia para depuracdo celular. Foliculos pos-ovulatérios, 7 dias pds-desova, mostraram
células foliculares com abundante maquinaria autofigica e menor apoptose folicular.
Foliculos atrésicos iniciais mostraram cé¢lulas foliculares hipertrofiadas contendo numerosas
organelas de sintese, intensa atividade heterofdgica para fagocitose do vitelo e baixa taxa de
apoptose folicular. Na atresia avancada, o vitelo foi quase todo fagocitado pelas células
foliculares, que exibiram diminui¢do da atividade de sintese acompanhada pelo aumento de
autofagia e apoptose folicular. Nos foliculos atrésicos finais, as células foliculares
apresentaram citoplasma marcadamente eletron-licidos e aumento da apoptose. Estes
resultados indicaram que autofagia e apoptose agem cooperativamente para uma eficiente
regressao e eliminagdo dos foliculos pos-ovulatdrios e atrésicos em ovarios de tilapia-do-nilo.
Adicionalmente, a apoptose exerce um importante papel na homeostase do foliculo ovariano

em crescimento apos a desova.

PALAVRAS-CHAVE: ovario, peixe, reproducdo, regeneragdo ovariana, crescimento folicular,

regressao folicular, apoptose, autofagia.



Abstract

Tilapias are the second most important group of fish cultivated in aquaculture worldwide and
the Nile tilapia Oreochromis niloticus (Linnaeus, 1758) is the main species of tilapia
currently farmed. Studies about the ovarian regeneration after spawning in species of
commercial importance, such as O. niloticus, provides important reproductive parameters for
the cultive of the species. Fish ovaries after spawning are also excellent experimental models
for studying mechanisms of programmed cell death, especially due to tissue remodeling
involving follicular growth and regression for initiation of new reproductive cycle. Thus, the
present study aimed to evaluate the dynamics of ovarian remodeling of Nile tilapia after
spawning in captivity. To achieve this goal, ovarian samples were collected weekly for
histological, ultrastructural, in situ TUNEL, immunohistochemistry (caspase 3) and
morphometric analysis. Initially, the quantitative and morphological dynamics of follicular
growth after spawning was evaluated, and then, the role of apoptosis and autophagy was
studied during follicular growth and regression after spawning in O. niloticus ovaries.
Recently spawned ovaries contained follicles at all stages of development, with a
predominance of early primary growth (~42%) and full-grown follicles (~20%). Post-
ovulatory follicles represented approximately 5% of the ovarian follicles after spawning, and
less than 1% after 7 days. Atretic follicles accounted for approximately 2% of the follicles
during the study period. Primary growth follicles maintained a stable stock during ovarian
remodeling, indicating their availability for continuous recruitment. Twenty-one days after
spawning, the full-grown follicles predominated in the ovaries, representing approximately
35% of the follicles. All follicles, except post-ovulatory and atretic, grew significantly along
the ovarian remodeling. The ultrastructure of growing follicles revealed an intense synthesis
activity of the follicular cells, which actively contributed to formation of the zona radiata and

oocyte development after spawning. The results showed a rapid ovarian recovery and



follicular growth of O. niloticus, in 21 days at 29.5°C, to allow the next spawning. The
second stage of the present work revealed, during follicular growth after spawning, a low
occurrence of apoptosis in the follicular cells and theca of the follicles. Shortly after
spawning, post-ovulatory follicles exhibited hypertrophied follicular cells with intense
synthesis activity, high rates of follicular apoptosis and autophagy to cell clearance. Post-
ovulatory follicles, 7 days post-pawning, showed follicular cells with abundant autophagic
machinery and lower apoptosis. Early atretic follicles showed follicular cells containing
numerous synthesis organelles, heterophagous activity for phagocytosis of the yolk and low
apoptosis. In advanced atresia, the yolk continues to be phagocytosed by the follicular cells,
which exhibited decreased synthesis activity accompanied by increased apoptosis and
autophagy. In late atretic follicles, the follicular cells presented a markedly electron-lucid
cytoplasm and increased apoptosis. These results indicate that autophagy and apoptosis act
cooperatively for efficient regression and elimination of post-ovulatory and atretic follicles in
ovaries of Nile tilapia and are essential mechanisms in ovarian remodeling post-spawning.
Additionally, apoptosis plays an important role in the homeostasis of growing follicles after

spawning.

KEYWORDS: ovary, fish, reproduction, ovarian regeneration, follicular growth, follicular

regression, apoptosis, autophagy.



1- INTRODUCAO E JUSTIFICATIVA

As tilapias constituem o segundo grupo mais importante de peixes cultivados na
aquacultura mundial e a tilapia-do-nilo Oreochromis niloticus (Linnaeus, 1758) é a principal
espécie de tilapia cultivada atualmente (FAO, 2014). Além disto, a tildpia-do-nilo constitui
um importante modelo experimental para estudos de biologia da reproducgdo devido a desova
em diversas condi¢cdes ambientais, adaptabilidade a diversos sistemas de cultura e resisténcia
a doengas e infecgdes (Coward & Bromage, 2000; Little & Hulata, 2000). Estudar a dindmica
de remodelagdo ovariana apds desova em peixes, especialmente em espécies de importancia
comercial como O. niloticus, ¢ importante para fornecer pardmetros reprodutivos para o
aprimoramento do cultivo das espécies.

Ovdérios de peixes apos a desova também sdo excelentes modelos experimentais para
estudar mecanismos de morte celular programada e autofagia, especialmente devido a
remodelagdo tecidual que envolve crescimento e regressdo folicular para inicio de um novo
ciclo reprodutivo (Santos et al., 2005; Thomé et al., 2012; Morais et al., 2012). Devido a
conservagdo evolutiva de uma ampla gama de proteinas e processos envolvidos na morte
celular, ovarios de peixes podem fornecer informagdes valiosas para compreender diversas
doengas e mecanismos bioldgicos em vertebrados (Kerr et al., 1972; Hussein, 2005; Degterev

& Yuan, 2008; Bolt & Klimecki, 2012).

1.1- A TILAPIA-DO-NILO (OREOCHROMIS NILOTICUS)

A tilapia-do-nilo O. niloticus (Figura 1) pertence a ordem Perciformes, familia
Cichlidae e subfamilia Tilapiinae (Nagl et al., 2001). As areas de distribuicdo geografica
natural de O. niloticus sio as bacias dos rios Nilo, Niger e Senegal (leste e oeste da Africa),
sendo a partir destes locais amplamente introduzidas para o cultivo no Oriente Médio,
Sudoeste Asiatico, Estados Unidos e América do Sul (Popma & Lovshin, 1996). Atualmente,

as tilapias constituem um dos grupos mais importantes de peixes cultivados na aquacultura



mundial. A tilapia-do-nilo € a principal espécie de tilapias cultivada, com uma producao
estimada em 2010 de 2.5 milhdes de toneladas e valor de mercado superior a US$ 4 bilhdes

(FAO, 2014).

Figura 1. Espécie de estudo: Oreochromis niloticus (Linnaeus, 1758). Escala: 1 cm

Dentre as caracteristicas que tornam as tildpias atraentes para aquacultura, pode-se
destacar a excelente qualidade de sua carne, o crescimento e reproducdo em diversas
condigdes ambientais, a resisténcia a doengas ¢ infecgdes e a tolerancia ao estresse induzido
pelo manejo (Little & Hulata, 2000). Além disso, a precocidade sexual e a capacidade de
reproduzir durante todo o ano em locais com temperatura acima de 24°C garantem uma
grande disponibilidade de alevinos para o cultivo (Lund & Figueira, 1989). Na natureza, a
tildpia-do-nilo atinge a primeira maturagdo sexual a partir de 20 cm e em cativeiro com 10 a
17 cm de comprimento (Leonhardt, 1997). Em regides tropicais ou em condig¢des adequadas
de cultivo, a fémea desova de 1.500 a 2.000 ovos por vez e o intervalo entre duas desovas
consecutivas ocorre a cada 3 ou 4 semanas (Jalabert & Zohar, 1982; Lund & Figueira, 1989;
Tacon et al., 1996; Coward & Bromage, 2000). A tilapia-do-nilo possui desenvolvimento
ovariano do tipo assincronico e grande variabilidade na frequéncia de desova mesmo em

condi¢des ambientais controladas (Coward & Bromage, 1999). O intervalo entre desovas



(IST) também pode ser influenciado pelo tamanho, idade, estado nutricional e linhagem do
peixe, assim como pela densidade de estocagem, propor¢do sexual, temperatura e fotoperiodo
(Gunasekera et al., 1996; Ridha & Cruz, 1999; Little & Hulata, 2000; Campos-Mendoza et
al., 2004). A frequéncia de desova entre tilapias também pode ser influenciada pela interacao
social, estimulos audiveis e quimicos de seus conespecificos (Coward & Bromage, 2000).
Apesar da tilapia-do-nilo figurar entre as cinco espécies mais importantes
comercialmente na aquacultura em todo mundo (FAO, 2014), a baixa produtividade dos
reprodutores representa a restricdo mais significativa sobre a produgdo comercial de tiladpias
(Coward & Bromage, 2000; Little & Hulata, 2000). Desta forma, aumentar o conhecimento
sobre a biologia reprodutiva de reprodutoras ¢ importante para o aprimoramento do cultivo da

espécie.

1.2- FOLICULOGENESE E CRESCIMENTO FOLICULAR

Em peixes teledsteos, o desenvolvimento dos foliculos ovarianos ¢ regulado
hormonalmente pelo eixo hipotdlamo-hipdfise-gonada. Sinais ambientais, em conjunto com
os estimulos sociais, sdo convertidos em informagdes sensoriais no hipotdlamo, que estimula
a producdo de hormdnios liberadores de gonadotropinas (GnRH). Estes hormonios atuam
sobre a adenohipofise, que sintetiza os hormonios gonadotroficos foliculo estimulante (FSH)
e luteinizante (LH). A dopamina secretada pelo hipotalamo pode inibir a liberagdo de LH. Os
hormoénios FSH e LH irdo estimular as gonadas a produzir os hormdnios sexuais esteroides
17 estradiol (E2) e 17, 20a dihidroxi-4-pregnen-3-one (17p-20c DHP). Em fémeas, o E2
promove a proliferacdo das ovogonias e vitelogénese, enquanto 173-200 DHP ¢ responsavel
pelo inicio da meiose das células germinativas, maturagdo ovocitaria e ovulacdo (Lubzens et

al., 2010; Yaron & Levavi-Sivan, 2011) (Figura 2).
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Figura 2. Modelo do eixo hipotalamo-hipofise-gonada em fémeas: a) durante a vitelogénese e
b) durante a maturagdo final ovocitaria e ovulagdo (Yaron & Levavi-Sivan, 2011).

A foliculogénese se inicia com a proliferacdo e diferenciacdo das células germinativas
primordiais em ovogoOnias, que se encontram no epitélio germinativo que margeia a lamela
ovariana (Grier et al., 2009). A ovogdnia-A ndo diferenciada divide por mitose originando
ovogonia-A diferenciada que prolifera para gerar ovogonia-B, iniciando a formagao de cistos
germinativos. Dentro dos cistos, ovogdnia-B entra em meiose tornando-se ovocitos (Quagio-
Grassiotto et al., 2011). Quando a foliculogénese ¢ completada, o foliculo ovariano, que
compreende um ovocito e as células foliculares envoltorias, ¢ circundado por uma membrana
basal e células da teca, resultando na formagao de um complexo folicular (Grier, 2012).

Durante o crescimento folicular existem duas fases distintas: crescimento primario e
crescimento secundario (Lubzens et al., 2010). O crescimento primdrio € caracterizado por
uma intensa proliferacdo de organelas, diferenciagdo das células foliculares e tecais, inicio da
formacdo da zona radiata e acimulo de alvéolos corticais na periferia do ooplasma. No
figado, o E2 estimula os hepatocitos a produzirem vitelogenina e coreogenina, que sao

levadas pela corrente sanguinea até o ovario, onde participam na formagao do vitelo e no



desenvolvimento da zona radiata, iniciando o crescimento secundario (Figura 2). A
vitelogenina leva a rapida acumulacdo de gldbulos de vitelo no ovocito e grande aumento no
diametro dos foliculos, principalmente durante a profase I da meiose (Tyler & Sumpter,
1996; Patino & Sullivan, 2002). O processo de maturacdo final do foliculo, que ocorre
durante a metafase Il da meiose, caracteriza-se pela migracao da vesicula germinativa ao polo
animal do foliculo e formag¢do da micrdpila, culminando com a ovulac¢do e desova (Lubzens

et al., 2010) (Figura 3).

Quebra da vesicula Expulsao primeiro
Entraem Replicagio Vitelogénese germinal corpo polar
meiose DNA i 3
Crescimento completo Maduro
+ Meiose (Préfase 1) (Metafase I1)
Mitose G1 | s G2 ',’ Prophase I | Metaphase I |Ana/Telophase I|Metaphase 11
Vi M'Phase

Maturagdo ovocitaria

.
>

Figura 3. Esquema do desenvolvimento folicular em relacdo a mitose e meiose desde os ovocitos
primarios até a maturagdo final em peixes (Lubzens et al., 2010).

1.3- REGRESSAO FOLICULAR APOS DESOVA

Ap6s a desova, ocorre uma remodelacdo tecidual em ovarios de peixes para inicio de
um novo ciclo reprodutivo, cuja escala temporal de regeneragdo ovariana varia de acordo
com a estratégia reprodutiva da espécie. Espécies com desova total, cujos ovocitos se
desenvolvem em grupos-sincronicos para desova em um curto periodo reprodutivo,
apresentam uma lenta regressao e regeneracdao dos ovarios (Leonardo et al., 2006; Santos et
al., 2008a). Espécies com desova parcelada, que possuem desenvolvimento assincronico dos
ovocitos para desova durante um prolongado periodo reprodutivo, a regeneragdo ovariana €
rapida e dindmica, mas com variagdes temporais entre os extremos desta estratégia

reprodutiva (Coward & Bromage, 1998; Andrade et al., 2001; Melo et al., 2014).



Indicadores do sucesso reprodutivo nos ovarios, os foliculos pos-ovulatérios (FPO)
sdo compostos de uma membrana basal que separa as células foliculares da teca e sdo
rapidamente reabsorvidos durante a involu¢do folicular (Thomé et al., 2006; Santos et al.,
2008b). Os foliculos vitelogénicos que nao sdo desovados durante o periodo reprodutivo
tornam-se foliculos atrésicos (FA) e sdo reabsorvidos em um processo fisiologico
prolongado, conhecido como atresia folicular (Santos et al., 2008a; Thomé et al., 2009). Apods
a desova, FPO e FA regridem progressivamente e os ovarios exibem uma remodelagdo
tecidual para inicio de um novo ciclo reprodutivo.

Varios estudos tém mostrado a contribui¢do de mecanismos de morte celular em
ovarios de peixes apds desova (Drummond et al., 2000; Santos et al., 2005; Thomé et al.,
2009; Morais et al., 2012). Além disto, a apoptose ¢ citada como o principal mecanismo
envolvido na eliminagdo de células somaticas e germinativas durante a involucao de foliculos
ovarianos em aves (Murdoch et al., 2005; Sundaresan et al., 2007) e em mamiferos (Rolaki et

al., 2005; Luz et al., 2006; Matsuda et al., 2012).

1.4- MORTE CELULAR EM OVARIOS DE PEIXES

A sobrevivéncia dos organismos multicelulares deve-se a interagdo entre as diversas
linhagens celulares existentes, onde o controle do numero de células ¢ obtido através do
balango entre proliferacdo e morte celular (Thompson, 1995). A morte celular programada ¢
um processo ativo regulado geneticamente que elimina as células desnecessarias ou
danificadas durante o desenvolvimento e homeostase de organismos multicelulares (Kerr et
al., 1972; Jenkins et al., 2013). Evidéncias obtidas a partir de varios modelos mostram que
multiplos programas de morte celular podem ser desencadeados dependendo das
circunstancias envolvidas no contexto celular (Assun¢dao Guimardes & Linden, 2004;

Degterev & Yuan, 2008).



A apoptose afeta células individualizadas que se destacam das células vizinhas e da
membrana basal. Este tipo de morte celular, altamente conservado durante a evolugdo, ¢
caracterizado principalmente pela fragmentacdo do DNA internucleosomal formando corpos
apoptoticos, que sdo endocitados por fagdcitos profissionais ou células vizinhas, evitando,
desta forma, uma reacdo inflamatéria (Bangs et al., 2000; Djavaheri-Mergny et al., 2010). A
apoptose ¢ comumente detectada através de caracteristicas morfoldgicas, tais como o
encolhimento e perda de adesdo da célula e a condensacdo da cromatina em um padrdo
crescente subjacente ao envelope nuclear (Santos et al., 2005; Santos et al., 2008a). Os
principais efetores da morte celular programada sdo caspases que ativam endonucleases
dependentes-Ca®"/Mg*", as quais clivam o DNA em fragmentos de 180-200 pares de bases.
Dentre as caspases, caspase-3 ¢ uma molécula efetora chave do programa apoptotico,
responsavel pela clivagem proteolitica de uma ampla gama de proteinas celulares que levam
as caracteristicas mudancas morfologicas da apoptose (Huettenbrenner et al., 2003).

A autofagia ¢ um complexo programa catabolico geneticamente regulado e
conservado evolucionariamente desde levedura até mamiferos. Sua principal fungdo ¢ a
reciclagem de organelas citoplasmaticas e proteinas danificadas através da maquinaria
lisossomal (Cao & Klionsky, 2007; Santos et al., 2008b; Kang et al., 2011). Em adicdo a
provavel contribui¢do na morte celular, autofagia ¢ primariamente um mecanismo de
sobrevivéncia de células famintas usualmente utilizadas para gerar ambos nutrientes e energia
para manter a viabilidade celular (Debnath et al., 2005). O acumulo de vacuolos autofagicos
no citoplasma, repletos com organelas e materiais citoplasmaticos como mitocondrias,
ribossomos e reticulos endoplasmaticos, ¢ uma das principais caracteristicas morfologicas da
autofagia (Lockshin & Zakeri, 2004; Nixon et al., 2007).

A relagdo entre apoptose e autofagia ¢ complexa, em algumas circunstancias,

autofagia ¢ uma forma de adaptagdo ao estresse celular por suprimir a apoptose, enquanto em



outras condicdes, pode induzir as diferentes vias de sinalizacdo de morte celular (Mizushima
et al., 2008; Maiuri et al., 2010). A autofagia possui funcdes especificas e dependentes do
contexto na morte celular, podendo promover tanto a morte celular por apoptose dependente-
caspases e morte celular ndo apoptodtica quando as caspases sdo inibidas (Lockshin & Zakeri,
2004; Denton et al., 2012). A interacdo de beclin-1 com a proteina anti-apoptotica bel-2 ¢
crucial na determinacdo do destino celular, e o cruzamento entre autofagia e apoptose ¢
promovido pela clivagem de beclin-1 mediada pela caspase (Klionsky, 2007; Kang et al.,
2011). Em ovarios de teledsteos, a reagdo de beclin-1 e caspase-3 nas células foliculares,
associada com acumulagdo de vactiolos autofagicos apos a reabsor¢ao completa do vitelo, ¢
um passo crucial no gatilho da morte celular durante atresia folicular (Morais et al., 2012).
Em peixes, estudos t€ém indicado que ambas apoptose e autofagia trabalham em conjunto e
um papel duplo tem sido atribuido & autofagia durante a atresia folicular (Thomé et al., 2009;

Morais et al., 2012) (Figura 4).

Célula folicular

[ Foliculo pés-ovulatoério ] Foliculo atrésico
\
\ WY
N\
\ @ @
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Morte ']‘ é;l / \ %@

Apoptose Morte celular tipo I

Figura 4. Esquema mostrando o destino das células foliculares em ovarios de peixes oviparos apés a
desova (Thomé et al., 2009).



Apesar de recentes contribui¢des sobre os processos de morte celular durante o
desenvolvimento e funcionamento ovariano em vertebrados (Sundaresan et al., 2007; Choi et
al., 2011; Matsuda et al., 2012; Morais et al., 2012), o conhecimento dos mecanismos
envolvidos na remodelagcdo ovariana pos-desova ainda ¢ incipiente. Deste modo, o presente
trabalho teve como principal objetivo avaliar a dinamica de remodelagado tecidual dos ovarios
da tilapia-do-nilo apods a desova em cativeiro. Em um primeiro artigo cientifico, foi avaliada a
dindmica morfoldgica e quantitativa do crescimento folicular apos desova, e no segundo
artigo, o papel da apoptose e autofagia no crescimento e regressao folicular pos-desova em

ovarios de O. niloticus.

2- OBJETIVOS
2.1- OBJETIVO GERAL
Avaliar a dindmica de remodelagdo tecidual dos ovarios da tilapia-do-nilo (O. niloticus) apos

a desova em cativeiro.

2.2- OBJETIVOS ESPECIFICOS
e Analisar a dinamica histoldgica, ultraestrutural e quantitativa dos foliculos ovarianos

apos a desova (Artigo cientifico I);

e Analisar, quantificar e comparar as caracteristicas histologicas, ultraestruturais e
imunohistoquimicas da morte celular durante a remodelacdo ovariana pds-desova

(Artigo cientifico II).
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3- MATERIAIS E METODOS
3.1- AMOSTRAGEM

O experimento foi conduzido no Laboratério de Aquacultura da Escola de Veterinaria
da Universidade Federal de Minas Gerais (UFMGQG), sudeste do Brasil, durante os meses de
novembro e dezembro de 2010. O projeto de pesquisa foi aprovado pelo Comité de Etica em
Experimentacdo Animal (CETEA) da UFMG. Para indugdo da reprodugdo de O. niloticus, 48
fémeas e 16 machos adultos foram distribuidos em oito tanques de 1 m® (6 fémeas para 2
machos/tanque), com aeracgdo continua por difusor de ar, temperatura ambiente da dgua entre
26 e 28 °C e alimentados ad libitum duas vezes ao dia com ra¢do comercial (32% proteina
bruta). Apoés trés dias de estocagem, as fémeas foram inspecionadas na cavidade bucal para
sinalizacdo da desova, e daquelas que reproduziram, a prole foi retirada para prevenir o
cuidado parental. Para assegurar que todos exemplares estivessem na mesma condi¢do
reprodutiva, 12 fémeas imediatamente desovadas foram transferidas e mantidas em tanque de
5 m’ com revestimento de geomembrana, aeragdo suplementar continua por difusor de ar,
aquecedores com termostatos para manutencdo da temperatura e fotoperiodo de 12:12
luz:escuro. O sistema de cultivo também estava munido com tubo de drenagem central
perfurado na parte inferior para facilitar remocdo de residuos em sistema de recirculagdo de
agua, onde cerca de 50% da 4gua foi trocada duas vezes por semana por dgua de mesma
temperatura. Os parametros fisico-quimicos da dgua foram monitorados semanalmente
(temperatura: 29,5 £1,5 °C, oxigénio dissolvido: 6,70 £ 1,46 mg/L, pH: 7,68 +0,31,
condutividade: 0,28 £ 0,05 mS/cm, so6lidos dissolvidos totais: 0,16 + 0,03 g/L, salinidade:
0,12 £ 0,02 ppt e turbidez: 1,71 + 0,38). Os peixes foram alimentados ad libitum duas vezes
ao dia com ragdo comercial (32% proteina bruta, 6-8 mm extrusada), ¢ 30 minutos apds a

alimentagdo as sobras eram recolhidas. As fémeas foram manejadas na auséncia de machos
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durante o experimento, evitando, desta forma, a influéncia de diversos fatores complexos de
uma estimulacdo conespecifica.

Para analisar a remodelacdo ovariana pos-desova, trés fémeas foram coletadas nos
seguintes tempos: imediatamente apos a desova (0), 7 dias apds a desova (+7), 14 dias apos a
desova (+14) e 21 dias apds a desova (+21). Os peixes foram sacrificados por sec¢do
transversal da medula espinhal, de acordo com as normas estabelecidas pelo Colégio
Brasileiro para Experimentacdo Animal (COBEA). De cada exemplar, foram obtidos o
comprimento total (CT), peso corporal (PC) e gonadal (PG), e o indice gonadossomatico
(IGS = 100 PG/PC). Amostras seriais da regido medial dos ovérios de cada espécime foram

coletadas para o emprego de diversas técnicas.

3.2- MICROSCOPIAS DE LUZ E ELETRONICA DE TRANSMISSAO

Amostras de ovarios de cada animal foram fixadas em liquido de Bouin por 24 horas,
incluidas em parafina, seccionadas com 5 pm de espessura e coradas com hematoxilina-
eosina, tricromico de Gomori € PAS contra-coradas com hematoxilina.

Fragmentos de ovarios foram fixados em solugdo de Karnovsky modificado
(glutaraldeido 2,5% e paraformaldeido 2% em tampdo fosfato 0,1M pH 7,3) durante 24h a
4°C. Em seguida, os espécimes foram poés-fixados em tetroxido de o6smio 1% com
ferrocianeto de potassio 1,5% por 2h e incluidos em resina Epon/Araldite. Os cortes
ultrafinos foram contrastados com acetado de uranila e citrato de chumbo e examinados ao

microscopio eletronico de transmissao Tecnai G2-12 Spirit a 120 kV.

3.3- TUNEL IN SITU
Para identificagdo da fragmentagdo do DNA das células em apoptose, amostras do
ovario de cada espécime foram fixadas em paraformoldeido 4% em tampao fosfato de sddio

0,IM em pH 7,3, incluidas em parafina, seccionadas com 5 um de espessura e submetidas a
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técnica de TUNEL in situ utilizando o kit da Calbiochem (QIA33) de acordo com o protocolo
do fabricante. Antes da reagdo, os cortes foram lavados com tampao Tris-HC1 0,01 M pH 7,6
(TBS) e tratados com proteinase K 20 pg/ml em TBS por 20 min e agua oxigenada 3% em
TBS por 30 min para permeabilizagdo e inativagdo de peroxidase endogena respectivamente.
Em seguida, as sec¢des foram incubadas com mistura da enzima terminal deoxynucleotides
transferase (TdT) e deoxinucleotideos conjugados com biotina em cdmara umida a 37°C por
3h. Posteriormente, os cortes receberam solucao de estreptavidina conjugada com peroxidase
em camara umida a temperatura ambiente por 45 min. A reagdo da peroxidase foi revelada
com diaminobenzidina (DAB) durante 8§ min a temperatura ambiente. As laminas foram
contra-coradas com hematoxilina. O controle negativo foi realizado retirando TdT e

deoxinucleotideos.

3.4- IMUNOFLUORESCENCIA

Para avaliagdo de caspase 3 (anticorpo monoclonal de camundongo, sc-7272, Santa
Cruz Biotechnology) na microscopia de fluorescéncia, amostras de ovario de cada espécime
foram fixadas em paraformoldeido 4% em tampdo fosfato de sédio 0,1M em pH 7,3,
incluidas em parafina, seccionadas com 4-6 um de espessura em laminas silanizadas. Para
reativacdo antigénica foi utilizado pré-tratamento com tampao citrato pH 6,0 a 95° por 30
min. Para bloqueio de reacdes inespecificas e da peroxidase endogena foram utilizados
albumina de soro bovino (BSA) 2% e 4gua oxigenada 3%, respectivamente. As seccoes
histologicas foram incubadas com anticorpo primario “overnight” a 4°C, onde a diluigdo
utilizada para caspase 3 foi de 1:100. Para a detec¢ao de imunofluorescéncia foram utilizados
anticorpos secundarios Alexa 488 anti-coelho. Os controles negativos foram realizados
omitindo o tratamento com o anticorpo primario. As sec¢des foram avaliadas com a

utilizacao de microscopio confocal Zeiss 510 Meta.
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3.5- MORFOMETRIA

Em cortes histologicos transversais do ovario de cada espécime, o numero de foliculos
em cada fase de desenvolvimento foi contado e a proporcao relativa (%) de cada foliculo foi
obtida a partir do niimero total de foliculos por corte. Para cada foliculo ovariano, foi medido
o diametro, do maior eixo longitudinal, de 50 foliculos integros por periodo amostrado,
utilizando régua micrométrica acoplada a ocular do microscépio de luz.

A area (um?) dos foliculos ovarianos integros e a altura (um) das células foliculares
de foliculos maduros, FPO e FA também foi calculada, por periodo amostrado, com auxilio
do software Motic Images Plus 2.0. A propor¢ao relativa (%) de foliculos contendo células
apoptoticas marcados por TUNEL foi calculada para cada foliculo ovariano. O indice
apoptético (I, = 100 CA/CF, onde CA = células apoptéticas coradas por TUNEL and CF =
todas as células foliculares) foi determinado para as células foliculares no FPO e FA. Os
valores de proporg¢do relativa de TUNEL, area dos foliculos, altura das células foliculares e

I foram calculados usando 40 foliculos para cada estdgio de desenvolvimento/regressao.

3.6- ANALISES ESTATISTICAS

Um teste G de aderéncia foi utilizado para verificar diferencas significativas entre as
proporg¢des relativas dos foliculos por periodo amostral. Os valores de didmetro dos foliculos
foram comparados utilizando teste Kruskal-Wallis seguido pelo teste de Dunn para
determinar diferencas significativas entre as médias. Os dados de area dos foliculos, altura
das células foliculares e I, mostraram distribuicdo normal, portanto para verificar diferencas
significativas entre as médias destas varidveis foi utilizado o teste ANOVA seguido pelo teste
de Tukey. Os valores do FPO foram analisados pelo teste t de Student. A correlagdo de
Pearson foi utilizada para determinar o grau de associagdo entre o Iy e os pardmetros
morfométricos. As andlises estatisticas foram realizadas com o auxilio dos softwares BioEstat

5.3, Minitab 16.1 e GraphPad Prism 6.03, com o nivel de significancia P < (0.05.
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4- RESULTADOS
4.1- ARTIGO 1: MORPHOLOGICAL AND QUANTITATIVE EVALUATION OF THE OVARIAN

RECRUDESCENCE IN NILE TILAPIA (OREOCHROMIS NILOTICUS) AFTER SPAWNING IN CAPTIVITY
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ABSTRACT The Nile tilapia is one of the most important
fish species for aquaculture worldwide. Understanding
their reproductive biology is essential for improving their
aquaculture methods. The morphological and quantitative
dynamics of ovarian recrudescence of Oreochromis niloticus
was studied for 21 days postspawning. To accomplish this,
breeding females were kept in controlled conditions and
ovarian samples were collected weekly for histological,
ultrastructural and morphometric analyses. Ovarian follicle
morphology revealed an intense synthesis activity of the fol-
licular cells, which actively contributed to formation of the
zona radiata and oocyte development following spawning.
Recently spawned ovaries contained follicles at all develop-
mental stages, but they were predominantly early primary
growth (~42%) and full-grown follicles (~20%). Remnants
of spawning, postovulatory follicle complexes represented
approximately 5% of the former ovarian follicles immedi-
ately after spawning, and less than 1% after 7 days. Atretic
follicles accounted for approximately 2% of the follicles
studied during the period. The stock of primary growth fol-
licles was stable during ovarian recrudescence, indicating
their availability for continuous recruitment. Only the fre-
quency of full-grown follicles significantly increased in the
ovaries during recrudescence, representing approximately
35% of the follicles 21 days postspawning. The diameters of
all follicles were significantly different between the periods
analyzed. The ovaries’ morphological characteristics, the
maintenance of young follicles stocks and the gradual and
significant increase in the proportion and diameter of full-
grown follicles showed a rapid ovarian recovery and follicu-
lar growth of O. niloticus, in 21 days at 29.5°C, necessary
for the next spawning. J. Morphol. 275:348-356, 2014.
© 2013 Wiley Periodicals, Inc.

KEY WORDS: fish ovary; reproduction; ovarian mor-

phology; oocyte development; follicle complex; follicular
growth

INTRODUCTION

The tilapias constitute one of the most impor-
tant groups of fish for aquaculture worldwide. The

© 2013 WILEY PERIODICALS, INC.

Nile tilapia, Oreochromis niloticus (Linnaeus,
1758), is, by far, the most important species of cul-
tivated tilapia, with an estimated production, in
2010, of 2.5 million tons and market value of more
than $4 billion (FAO, 2012). Among the character-
istics that make the tilapias attractive for aquacul-
ture are excellent growth and reproduction in
different environmental conditions, resistance to
diseases and infections, and tolerance to stress
induced by handling (Coward and Bromage, 2000;
Little and Hulata, 2000).

An important reproductive aspect to tilapia cul-
ture is gonadal recrudescence after spawning
(Gunasekera and Lam, 1997). Tilapias have breed-
ing frequency variability even under controlled
environmental conditions (Coward and Bromage,
1999). Spawns occur at 3-4 week intervals (Jala-
bert and Zohar, 1982; Tacon et al., 1996; Coward
and Bromage, 2000). The interspawning interval
(ISI) may be influenced by the size, age and fish
lineage, stocking density, sex ratio, temperature,
photoperiod, and nutritional status (Gunasekera
et al., 1996; Ridha and Cruz, 1999; Little and
Hulata, 2000; Campos-Mendoza et al., 2004). The
frequency of spawning among tilapias can also be
influenced by social interaction and audible and
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OVARIAN RECRUDESCENCE IN NILE TILAPIA

chemical stimuli of their conspecifics (Coward and
Bromage, 2000).

Ovarian development in tilapias has been
described by some authors (Babiker and Ibrahim,
1979; Tacon et al., 1996; Coward and Bromage,
1998) and has some similarities to that of many tele-
ost fish (Tyler and Sumpter, 1996; Patino and Sulli-
van, 2002; Lubzens et al., 2010). In most teleosts,
folliculogenesis begins with proliferation and differ-
entiation of primordial germ cells, produce distinct
types of oogonia that are found in the germinal epi-
thelium that borders the ovarian lamellae (Grier
et al., 2009). The single A-undifferentiated oogonia
divide by mitosis giving rise to single A-
differentiated oogonia that proliferate to generate
B-oogonia, forming germline cysts. Within the cysts,
B-oogonia enter meiosis becoming oocytes (Quagio-
Grassiotto et al., 2011). When folliculogenesis is
completed, the ovarian follicle, comprising an oocyte
and the encompassing follicle cells, is surrounded
by a basement membrane and theca, resulting in
the formation of a follicle complex (Grier, 2012).
During follicular growth, there are two distinct
stages: primary growth and secondary growth. Pri-
mary growth includes cytoplasmic and nuclear
changes, including one and multiple nucleoli steps,
in the oocytes as well as the rapid accumulation of
cortical alveoli. Secondary growth is characterized
by the rapid accumulation of yolk globules in
ooplasm and large increase in the follicles diameter
(Patino and Sullivan, 2002; Grier et al., 2009; Lub-
zens et al., 2010). After spawning, a newly formed
postovulatory follicle complex (POC), composed of a
basement membrane that separates the follicular
cells from theca, remains attached to the germinal
epithelium (Grier, 2012). Atretic follicles also occur
in fish ovaries. These are nonovulated ovarian fol-
licles that are resorbed in a process called follicular
atresia (Santos et al., 2005; Morais et al., 2012).

Despite the fact that O. niloticus is among the
five economically most important species in aqua-
culture worldwide (FAO, 2012), low fecundity and
asynchronous spawning cycles of female brood-
stock are significant restrictions for the commer-
cial production of tilapias (Coward and Bromage,
2000; Little and Hulata, 2000). Hence, increasing
the knowledge of the reproductive biology of the
breeding females is of great importance to the
improvement of tilapia cultivation. The aim of this
study was to evaluate the morphological and quan-
titative dynamics of follicular growth during ovar-
ian recrudescence in broodstock females of O.
niloticus after spawning in captivity.

MATERIALS AND METHODS
Fish Stocking and Sampling
The study was conducted at the Aquaculture Laboratory of

the School of Veterinary Medicine, Federal University of Minas
Gerais (19°52'16.42"S 43°58'13.90"W), south-eastern Brazil,

349

during the months of November and December of 2010. For
reproduction of Oreochromis niloticus (Linnaeus, 1758), a
breeding stock of adult females and males, previously kept
under ordinary cultivation conditions, were distributed in 1 m?3
tanks, with the water temperature being between 26 and 28°C.
The fish were fed ad libitum twice a day with commercial feed
(32% crude protein). After 3 days of being stocked at a ratio of
one male:three females, the oral cavity of spawned females was
emptied of eggs to prevent further mouthbrooding. To ensure
that all specimens were in the same reproductive condition, the
twelve immediately spawned females were transferred and
kept in a 5 m® tank with geomembrane liner, continuous sup-
plementary aeration by an air diffuser, heaters with thermo-
static control to maintain the temperature and photoperiod of
12 h:12 h light:dark (L:D). The physicochemical parameters of
the water were monitored weekly (temperature: 29.5 + 1.5°C,
dissolved oxygen: 6.70 + 1.46 mg 171, pH: 7.68 + 0.31, conduc-
tivity: 0.28 + 0.05 mS cm 2, total dissolved solids: 0:16 = 0.03
g 1! salinity: 0.12 = 0.02 ppt, and turbidity: 1.71 * 0.38
NTU). The fish were fed ad libitum twice a day with commer-
cial feed (32% crude protein), and the remainder was collected
30 min after feeding. Females were handled separately from
males during the study, to avoid conspecific stimulation.

To analyze the ovarian recrudescence, three females were
killed weekly by transverse section of the cervical medulla, in
accordance with the ethics principles established by the Brazil-
ian College for Animal Experimentation, during the study
period: immediately spawned (0), 7 days after spawning (+7),
14 days after spawning (+14), and 21 days after spawning
(+21). From each female, total (TL) length, body (BW), and
gonad (GW) weights were obtained, and also the gonadosomatic
index (GSI = 100 GW BW 1): 34.89 + 2.64 cm TL; 661.14 +
161.83 g BW; 12.96 = 6.34 g GW; 1.93 = 0.76 GSI. Samples of
the medial region of the ovaries of each specimen were collected
for morphological and quantitative analyses.

Light Microscopy

Samples of ovaries (n = 12 specimens) were fixed in Bouin’s
fluid for 24 h at room temperature and then embedded in par-
affin. Transverse histological sections of 3—5 pm thickness were
mounted in glass slides and stained with hematoxylin—eosin,
Gomori’s trichrome, and periodic acid-Schiff (PAS) counter
stained with hematoxylin.

Transmission Electron Microscopy

For the transmission electron microscopy ovarian samples (n
= 12 specimens) were fixed in modified Karnovsky solution
(2.5% glutaraldehyde and 2% paraformaldehyde) buffered in
0.1 mol 1! phosphate (pH 7.3) for 12 h at 4°C. The samples
were postfixed in 1% osmium tetroxide with 1.5% potassium
ferrocyanide for 2 h, and then embedded in Epon/Araldite plas-
tic resin. Ultrathin sections were cut with a diamond knife and
stained with uranyl acetate and lead citrate, and examined
using a Tecnai G2-12 Spirit transmission electron microscope at
120 kV.

Morphometric and Statistical Analyses

The numbers of all ovarian follicles were counted in a trans-
verse histological section, with preserved tunica albuginea, of
each specimen. The relative proportion (%) of each follicle was
obtained from the total number of follicles per section. For each
ovarian follicle, the diameter of the largest longitudinal axis
was measured of 50 intact follicles per sampling period, using a
micrometric ruler attached to an ocular light microscope. Due
to the irregular shape, the diameter of POCs and atretic fol-
licles was not measured. Values are expressed as mean *=SD
per sampling period.

A G-test of independence was used to verify significant dif-
ferences between the relative proportions of ovarian follicles
per sampling period and between sampling periods. Percentage
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values followed by different superscript letters are significantly
different (P < 0.05). The averages of the ovarian follicle diame-
ters were compared using Kruskal-Wallis (H) test followed by
Dunn’s post hoc test to determine significant differences among
the mean values. Statistical analyses were performed with the
aid of the BioEstat 5.3 and GraphPad Prism 5.0 softwares,
with significance level of P < 0.05.

RESULTS

Histological and Ultrastructural
Observations

Ovaries of Oreochromis niloticus are paired
organs, secular structure, and unite at the caudal
end to form the common gonoduct, which communi-
cates with the urogenital papilla (Fig. 1A). Histologi-
cally, the ovaries are surrounded by a thick tunica
albuginea, comprised of connective tissue, collagen
fibers, nerves, and blood vessels, which sends septa
into the organ forming ovarian lamellae. The epithe-
lial covering of the lamellae is a germinal epithelium
where germ cells and follicles are found (Fig. 1B,C).
Different types of oogonia (A-undifferentiated, A-
differentiated, and B-oogonia) were observed, with a
discontinuous distribution along the germinal epi-
thelium, in all analyzed ovaries (Figs. 1B, 2A inset,
3A inset). Ovarian follicles at different stages of
development were quantified during the study
period: early and late primary growth, early second-
ary growth and full-grown follicles, besides POCs
and atretic follicles. The main histological and ultra-
structural characteristics of the follicles during O.
niloticus ovarian recrudescence are summarized in
Table 1 and in Figures 1-3.

Ovarian Recrudescence Morphometry

Immediately after spawning, O. niloticus ovaries
have a significantly higher proportion (%) of early
primary growth follicles (42.2 = 15.9%), followed by
full grown (20.3 + 10.9°), late primary growth
(19.2 + 6.0°), and early secondary growth (11.1 +
5.0°) follicles, and lower proportion of POCs (4.6 +
1.8° and atretic (2.6 * 0.9% follicles (G-test =
61.457, P < 0.0001; Fig. 1).

Seven days postspawning, ovaries exhibited sig-
nificantly higher proportion of early primary
growth (36.8 *= 6.4%) and full-grown (23.9 * 5.2*P)
follicles, followed by late primary growth (21.5 =
6.3) and early secondary growth (14.5 + 1.2°) fol-
licles, besides atretic follicles (2.5 = 0.8°) and
POCs (0.8 = 0.2°% G-test = 68.175, P < 0.0001;
Fig. 2).

Ovaries, 14 days after spawning, maintained the
predominance of early primary growth (37.9 =
6.3%) and full-grown (25.2 = 2.7%") follicles, fol-
lowed by late primary growth (18.8 + 3.4") and
early secondary growth (15.8 + 3.2°) follicles,
besides atretic follicles (2.3 *= 1.1° G-test =
73.062, P < 0.0001; Fig. 2).

After 21 days of ovarian recrudescence, there
was predominance of full grown (35.1 * 15.4%),
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early (28.9 = 11.3%) and late primary growth (21.1
+ 7.7%P) follicles, followed by early secondary
growth (12.5 + 2.6°) and atretic (2.4 = 1.3 fol-
licles (G-test = 41.036, P < 0.0001; Fig. 3).

During the ovarian recrudescence of O. niloti-
cus, only the proportion of full-grown follicles (0
and +21: G-test = 4.002, P = 0.0454) had a signif-
icant difference between the periods analyzed (Fig.
4). The diameters of the early (H = 18.162, P =
0.0004) and late (H = 53.311, P < 0.0001) primary
growth, early secondary growth (H = 25.974, P <
0.0001) and full-grown (H = 90.844, P < 0.0001)
follicles showed significant differences between the
periods analyzed (Table 2).

DISCUSSION

In this study, females of Oreochromis niloticus
were deprived of conspecific contact, and other fac-
tors such as temperature and water quality, photo-
period, size, and feed quality were strictly
controlled. The values of the water physicochemi-
cal parameters and the culture conditions were in
the acceptable range for gonadal development and
reproduction of the Nile tilapia (Gunasekera et al.,
1996; Ridha and Cruz, 1999; Little and Hulata,
2000; Lapeyre et al., 2010). The spawned females
also had their offspring taken away, to prevent
parental care. This type of handling usually accel-
erates the recrudescence of ovarian follicles in
mouthbrooding tilapias (Tacon et al., 1996; Coward
and Bromage, 2000).

Immediately spawned ovaries of O. niloticus
contained follicles at all developmental stages, but
early primary growth follicles were predominant.
The present study suggests that a batch of full-
grown follicles was already present when spawn-
ing occurred, due to presence of 20% of these fol-
licles in the recently spawned ovaries. This
percentage is similar to the one found in recently
spawned females of Tilapia zillii (Coward and
Bromage, 1998). Remnants of spawning, POCs,
occupied 5% of the ovaries immediately after the
spawning of O. niloticus, and after 7 days, the rel-
ative proportion has not reached to 1%. In T. zillii,
involution of the POCs occurred just 3 days after
spawning (Coward and Bromage, 1998). Atretic
follicles comprised approximately 2% of the ovaries
of O. niloticus during the study period, as
observed in ovaries of T. zillii through the repro-
ductive cycle, where atretic follicles comprised
nearly 2% of the ovaries (Coward and Bromage,
1998). Due to the small variation in the relative
proportion of atretic follicles during study period,
it is suggested that the follicular atresia observed
in O. niloticus was physiological under the cultive
conditions used.

Our histological and ultrastructural data dem-
onstrated that, during ovarian recrudescence of O.
niloticus, features of the postovulatory and atretic
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Fig. 1. Macroscopic characteristics (A), histological sections stained with hematoxylin-eosin (B and E), and Gomori trichrome (C),
and transmission electron microscopy (D and F) of the ovaries, immediately after spawning, of Oreochromis niloticus. A: Sacciform
ovaries after spawning, presenting hemorrhagic areas and full-grown follicles visible macroscopically. B: Partially spawned ovary
illustrating the germinal epithelium and a cell nest contained germ cells. Two primary growth follicles are adjacent to a POC. C: Par-
tially spawned ovary with POC, early and late primary growth, early secondary growth, and full-grown follicles. D: Ultrastructure of
POC showing hypertrophied follicular cells with apoptotic body and adjacent follicular lumen. E: Atretic follicle with intact zona radi-
ata and liquefied yolk. F: Ultrastructure of atretic follicle showing electron-lucid and electron-dense cells, multilamellar bodies, and
apoptotic body. Full-grown follicle (FG), common ovarian duct (OD), germinal epithelium (GE), cell nest (CN), a-differentiated oogonia
(OA), late primary growth follicle (PGl), nucleoli (Nu), postovulatory follicle complex (POC), early primary growth follicle (PGe), early
secondary growth follicle (SGe), follicular cells (FC), follicular lumen (L), nucleus (N), apoptotic body (AB), zona radiata (ZR), yolk
(Y), electron-lucid cells (LC), electron-dense cells (DC), multilamellar bodies (MB). Scale bars: A (0.5 cm); B, C, and E (200 um); D
and F (5 pm). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

follicles, including evidence of apoptotic cell death,
were similar to those of other teleosts (Santos
et al., 2005; Thomé et al., 2009). However, some
atretic follicles presented an apparently intact
zona radiata, unlike those atretic follicles of some
neotropical teleosts, in which the zona radiata is
totally fragmented and reabsorbed in the early

stages of follicular atresia (Santos et al., 2008;
Morais et al., 2012).

During ovarian recrudescence of O. niloticus,
follicles were found in all developmental stages,
indicating asynchronous development of the ova-
ries, as reported for females of Tilapiine (Coward
and Bromage, 2000). The distribution of ovarian
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Fig. 2. Histological sections stained with Gomori trichrome (A and C), hematoxylin-eosin (inset A) and PAS-hematoxylin (E), and
transmission electron microscopy (B, D, and F) of the ovaries, 7 and 14 days after spawning, of Oreochromis niloticus. A: Ovary with
nest of B-oogonia in the germinal epithelium (inset), early and late primary growth follicles with squamous follicular cells from an
ovary 7 days postspawning. B: Ultrastructure of early primary growth follicle showing intense contact between the cytoplasmic proc-
esses of follicular cells and oocyte microvilli (inset). C: Early and late primary growth follicles, and a full-grown follicle with conspicu-
ous lipid vesicles, rounded yolk globules, thin zona radiata, and cuboidal follicular cells from an ovary 14 days postspawning. D:
Ultrastructure of late primary growth follicle having a thin zona radiata in formation, squamous follicular cells, basal membrane,
and connective theca. E: Full-grown follicles adjacent to the early secondary growth follicle with cortical alveoli in the peripheral
ooplasm, thin zona radiata, and cuboidal follicular cells from an ovary 14 days postspawning. F: Ultrastructure of early secondary
growth follicle showing deposition of eletron-dense material, by follicular cells, to form the outer layer of the zona radiata. Coated
vesicles were frequently observed in peripheral ooplasma (inset). Early primary growth follicle (PGe), late primary growth follicle
(PGI), follicular cells (FC), b-oogonia (OB), germinal epithelium (GE), basal membrane (BM), nucleus (N), interaction microvilli
oocyte-processes follicular cells (white arrow), oocyte (O), yolk globules (YG), lipidic vesicles (LV), zona radiata (ZR), theca (T), early
secondary growth follicle (SGe), full-grown follicle (FG), cortical alveoli (CA), inner zona radiata (Z1), outer zona radiata (Z2), eletron-
dense material (asterisk), coated vesicles (CV). Scale bars: A, C, and E (100 pm); A inset (300 pm); B (1 pm); B inset (0.5 pm); D (5
pum); F (2 pm); F inset (0.5 pm). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

follicles also showed great variability among the tion in the ISI (Jalabert and Zohar, 1982; Tacon
specimens. Studies report that the dynamics of et al., 1996; Gunasekera and Lam, 1997). This var-
ovarian development are highly variable among O. iability in ovarian development may result from
niloticus females, as shown by the extensive varia- individual physiological responses to a variety of
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Fig. 3. Histological sections stained with hematoxylin-eosin (A, inset A), Gomori trichrome (C and E), and transmission electron
microscopy (B, D, and F) of the ovaries, 21 days after spawning, of Oreochromis niloticus. A: Ovary in advanced maturation showing
single oogonia in the germinal epithelium (inset) and predominance of full-grown follicles. B: Ultrastructure of full-grown follicle
with thin zona radiata, cuboidal follicular cells, basal membrane and theca with fibroblast-like cells. C: Full-grown follicle with ellip-
tical shape showing numerous lipidic vesicles. D: Ultrastructure of full-grown follicle presenting the inner and outer zona radiata
and deposition of eletron-dense material by follicular cells. E: Full-grown follicles with spherical yolk globules with ellipsoid inclu-
sions, thin zona radiata, and cuboidal follicular cells. F: Ultrastructure of a follicular cell showing cytoplasm with synthesis organ-
elles. Follicular cells are joined by intercellular junctions, mainly desmosomes (inset). Full-grown follicles (FG), germinal epithelium
(GE), a-undifferentiated oogonia (OA), oocyte (O), zona radiata (ZR), follicular cells (FC), basal membrane (BM), theca (T), nucleus
(N), lipidic vesicles (LV), inner zona radiata (Z1), outer zona radiata (Z2), eletron-dense material (asterisk), yolk globules (YG), ellip-
soid inclusions (EI), Golgi apparatus (G), rough endoplasmic reticulum (R), mitochondria (M), desmosomes (D). Scale bars: A (50 pm);
A inset (300 um); B (5 um); C (100 um); D and F (1 pm); E (200 um); F inset (0.5 um). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

factors (Coward and Bromage, 2000). Despite fol- important feature for tilapias, which have multiple

licle variability, females of O. niloticus maintained
a stable stock of primary growth follicles during
study period, and scattered nests of oogonia were
also present in all analyzed ovaries. This suggests
that stocks of oogonia and young follicles are con-
stantly available for recruitment, an especially

spawning with varying reproductive cycles (Jala-
bert and Zohar, 1982; Coward and Bromage,
2000).

During the follicular growth of O. niloticus, fol-
licular cells are squamous during primary growth
and cuboidal during secondary growth. This fact
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TABLE 1. Histological and ultrastructural characteristics of the follicle complex, contained early (PGe) and late (PGl) primary
growth, early secondary growth (SGe) and full-grown (FG) follicles, besides postovulatory follicle complex (POC) and atretic follicle
(AF) of Oreochromis niloticus during ovarian recrudescence

Follicles

Morphology

Oogonias

Small rounded cell, with prominent nucleus and a single nucleolus, that forms nests in which originate ovarian

follicles in the germinal epithelium (Figs. 1B, 2A -inset, 3A -inset).

PGe

Possess a central vesicular nucleus, with one nucleolus and “nuages” in the perinucleolar region, and intensely

basophilic cytoplasm. The follicle complex is formed by squamous follicular cells, basal membrane and
developing theca (Fig. 2A, B). Cytoplasmic projections of follicular cells and the oocyte microvilli are in

contact intensively (Fig. 2B -inset).
PGl

Presents vesicular nucleus with several nucleoli close to the nuclear envelope, finely granular and less

basophilic cytoplasm. The surrounding layers are a thin zona radiata, squamous follicular cells, thin basal
membrane and theca. The formation of the zona radiata starts with the deposition of electron-dense material

on its outer layer (Fig. 2C, D).
SGe

The nucleus is central and several nucleoli remain close to the nuclear envelope, the cytoplasmic basophilia

decreases, and the cortical alveoli are located in the periphery of the ooplasm. The cuboidal follicular cells
present intense synthesis activity and the zona radiata has two layers: an electron-lucid inner and an
electron-dense outer (Fig. 2E, F). The oocyte starts uptake of vitellogenin, and coated vesicles are observed in

the oocyte peripheral ooplasm (Fig. 2F -inset).

FG Presents ovoid or elliptical form, central or eccentric nucleus, ooplasm filled with spherical yolk globules with
ellipsoidal acidophilic inclusions, small cortical alveoli and conspicuous lipid vesicles. The zona radiata has a
more developed electron-lucid fibrous inner layer with simple pore channels, and a thin electron-dense outer
layer. The cuboidal follicular cells present evident synthesis machinery, and the theca has cells similar to

fibroblasts (Fig. 3).
POC

Has hypertrophied follicular cells, thin basal membrane and theca, and wide lumen (Fig. 1C, D).

AF Presents yolk liquefaction and reabsorption by the follicular cells and zona radiata PAS+ relatively intact

(Fig. 1E, F).

may be related to the increase of the steroidogenic
function of the follicular cells and theca during
oocyte secondary growth (Kagawa et al., 1982;
Tyler and Sumpter, 1996; Patino and Sullivan,
2002). In fact, in this study, the follicle’s ultra-
structure revealed that the follicular cells showed
intense synthesis activity and constant interaction
with the oocyte during ovarian recrudescence, and
actively participated in the zona radiata forma-
tion. In the process of oocyte growth, the vitelloge-
nins, primarily synthesized in the liver (Babin
et al., 2007), pass from the bloodstream to the
theca capillaries and follow into the follicular cells,
reaching the oocyte’s surface, and through the
zona radiata pore channels, are incorporated into
the ooplasm (Lubzens et al., 2010). In O. niloticus,
the zona radiata presented two layers: a thin
external layer and a thick internal layer that
appears to be fibrous, with simple pore channels.
Histological data also showed two layers in the
zona radiata in cichlids Cichla kelberi and T. zillii
(Coward and Bromage, 1998; Martins et al., 2010).
The conspicuous coated vesicles observed in the
peripheral ooplasm of the Nile tilapia can play the
role of sequester vitellogenins and other substan-
ces from the follicular cells, through micropinocy-
tosis mediated by specific receptors (Wallace and
Selman, 1990).

The ovaries of O. niloticus showed a predomi-
nance of full-grown follicles, which comprised
approximately 35% of the ovaries, 21 days after
spawning, period which the follicles also reached
the largest diameter. In 7! zillii, full-grown fol-
licles predominated on the 8th day, occupying
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approximately 70% of the ovaries (Coward and
Bromage, 1998). These differences in the ovarian
development between Tilapiine species may be
related to the different reproductive strategies
adopted by the species, since T. zillii spawns on
the substrate, has a higher batch fecundity,
smaller eggs, and a shorter reproductive cycle
than the mouthbrooding species, such as O. niloti-
cus (Coward and Bromage, 1999, 2000).

When compared to other teleosts, it can be
stated that the Nile tilapia has large-sized mature
follicles, a characteristic usually associated with
low fecundity and the expression of parental care
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Fig. 4. Relative proportion of early () and late primary
growth (M), early secondary growth (A), full-grown (V¥), posto-
vulatory complex (@), and atretic (O) follicles of Oreochromis
niloticus during ovarian recrudescence (Number of total follicles:
n® = 953, n*" = 702, n*1* = 492, n*?! = 481). Percentage val-
ues followed by different superscript letters horizontally are sig-
nificantly different (P < 0.05) by G-test of independence.
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TABLE 2. Mean values (n = 50) of diameter = S.D. of early (PGe) and late (PGl) primary growth, early secondary growth (SGe)
and full-grown (FG) follicles of Oreochromis niloticus during ovarian recrudescence

Follicles diameter (um)

Sample period PGe PGl SGe FG

0 45.50 + 12.08° 111.74 + 24.36° 338.16 + 81.91° 832.89 + 198.30°
+7 53.95 = 15.98*P 184.12 + 24.36" 416.88 = 77.10% 1233.70 + 157.35°
+14 46.27 = 12.67"¢ 136.32 * 21.65%" 411.43 + 79.03% 1298.11 + 411.74°
+21 56.53 + 15.62% 151.47 + 21.45% 448.18 + 101.99* 1442.16 + 231.59°

Mean values followed by different superscript letters vertically are significantly different (P < 0.05) by Dunn’s post hoc test.

(Melo et al., 2011). The ovoid shape of the O. nilo-
ticus full-grown follicles seems to be a common
feature among tilapias (Coward and Bromage,
1998; Campos-Mendoza et al., 2004), and spherical
yolk globules filled with ellipsoidal acidophilic
inclusions were also observed in C. kelberi (Nor-
mando et al., 2009). Various lipid vesicles were
observed in the full-grown oocytes of O. niloticus.
These vesicles, usually observed in Perciformes
fish, consist of neutral lipids and are rich in mono-
unsaturated fatty acids, which act as metabolic
energy reserves (Patino and Sullivan, 2002; Mar-
tins et al., 2010).

In all ovarian follicles analyzed in O. niloticus,
the significant increase in the diameter and the
intense synthesis activity of the follicular cells,
with secretion directed to the oocyte, revealed a
rapid follicular growth during the ovarian recru-
descence period. Similarly, the gradual and signifi-
cant increase in the diameter of full-grown follicles
indicates a positive relationship between the ISI
period and egg size in the Nile tilapia. This rela-
tionship is probably due to the greater amount of
time available for the follicles sequester vitelloge-
nin from the bloodstream, resulting in larger-size
follicles (Campos-Mendoza et al., 2004).

We conclude that, during O. niloticus ovarian
recrudescence, the ovaries’ morphological charac-
teristics, the maintenance of young follicle stocks,
and the gradual and significant increase in the
proportion and diameter of full-grown follicles
showed a rapid ovarian recovery and follicular
growth, in 21 days at 29.5°C, to allow for the next
spawning.
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Apoptotic cell death is an essential process to eliminate cells during the development
and tissue remodeling of multicellular organisms. Caspase-3 is a key effector molecule
of the apoptotic program. Autophagy involves degradation and recycling of cellular
components to maintain homeostasis and, under certain conditions, may lead to cell
death. The present study investigated the apoptosis and autophagy during ovarian
tissue remodeling after spawning in Nile tilapia Oreochromis niloticus. Breeding
females were kept in controlled conditions and ovarian samples were collected weekly
for morphological, TUNEL assay, immunofluorescence for caspase-3 and
morphometric analysis. During the post-spawning follicular growth, a low occurrence of
apoptosis in granulosa and theca cells was detected in primary and secondary growth
follicles. At 0-3 days post-spawning, post-ovulatory follicles exhibited granulosa cells
with intense synthesis activity, various autophagosomes and autolysosomes for cell
clearance and high rates of apoptosis. At 7-10 days, post-ovulatory follicles showed
granulosa cells with abundant autophagic machinery and lower apoptosis. Early atretic
follicles showed granulosa cells containing numerous synthesis organelles,
heterophagous activity for phagocytosis of the yolk and low apoptosis. In advanced
atresia, granulosa cells exhibited decreased synthesis activity accompanied by
increased apoptosis and autophagic organelles. In late atretic follicles, the granulosa
cells presented a markedly electron-lucid cytoplasm and higher rates of apoptosis. We
concluded that autophagy and apoptosis act cooperatively and play a fundamental role
in the post-spawning ovarian recovery in Nile tilapia, especially during follicular
regression. Moreover, apoptosis plays an important function in the homeostasis of
growing follicles after spawning.
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Abstract

Apoptotic cell death is an essential process to eliminate cells during the development and
tissue remodeling of multicellular organisms. Caspase-3 is a key effector molecule of the
apoptotic program. Autophagy involves degradation and recycling of cellular components to
maintain homeostasis and, under certain conditions, may lead to cell death. The present study
investigated the apoptosis and autophagy during ovarian tissue remodeling after spawning in
Nile tilapia Oreochromis niloticus. Breeding females were kept in controlled conditions and
ovarian samples were collected weekly for morphological, TUNEL assay,
immunofluorescence for caspase-3 and morphometric analysis. During the post-spawning
follicular growth, a low occurrence of apoptosis in granulosa and theca cells was detected in
primary and secondary growth follicles. At 0-3 days post-spawning, post-ovulatory follicles
exhibited granulosa cells with intense synthesis activity, various autophagosomes and
autolysosomes for cell clearance and high rates of apoptosis. At 7-10 days, post-ovulatory
follicles showed granulosa cells with abundant autophagic machinery and lower apoptosis.
Early atretic follicles showed granulosa cells containing numerous synthesis organelles,
heterophagous activity for phagocytosis of the yolk and low apoptosis. In advanced atresia,
granulosa cells exhibited decreased synthesis activity accompanied by increased apoptosis
and autophagic organelles. In late atretic follicles, the granulosa cells presented a markedly
electron-lucid cytoplasm and higher rates of apoptosis. We concluded that autophagy and
apoptosis act cooperatively and play a fundamental role in the post-spawning ovarian
recovery in Nile tilapia, especially during follicular regression. Moreover, apoptosis plays an

important function in the homeostasis of growing follicles after spawning.

Keywords Apoptosis, Autophagy, Caspase-3, Fish, Heterophagy, Ovary
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Introduction

Programmed cell death is a genetically regulated process that plays a fundamental role
during the development and homeostasis of multicellular organisms (Kerr et al. 1972; Jenkins
et al. 2013). Evidence from several experimental models shows that multiple programs of cell
death can be triggered, depending on the circumstances (Assuncdo Guimardes and Linden
2004; Degterev and Yuan 2008). The study of different mechanisms of cell death is important
for understanding many diseases and biological processes (Nixon 2007; Bolt and Klimecki
2012; Chen et al. 2014).

Apoptosis affects single cells that detached from the surrounding cells and the
basement membrane. This type of cell death, highly conserved during evolution, is
characterized by fragmentation of internucleosomal DNA and cell fragmentation forming
apoptotic bodies, which are engulfed by professional phagocytes or neighboring cells, thus
avoiding an inflammatory reaction (Bangs et al. 2000; Drummond et al. 2000). The main
effectors of apoptosis are caspases that activate Ca**/Mg**-dependent endonucleases, which
cleaves the DNA into fragments of 180-200 base pairs (Huettenbrenner et al. 2010). Among
the caspases, caspase-3 (Casp3) is a key effector molecule of the apoptotic program being
responsible for the proteolytic cleavage of a wide variety of cellular proteins that lead to
typical morphological changes of apoptosis (Brentnall et al. 2013).

Autophagy is a complex catabolic program genetically regulated and evolutionarily
conserved from yeast to humans. Its main function is to recycle cytoplasmatic organelles and
long-life proteins, or malfunctioning proteins, through the lysosomal machinery (Cao and
Klionsky 2007; Kang et al. 2011). The relationship between apoptosis and autophagy is
complex. In some circumstances, autophagy is a form of adaptation to cellular stress by
suppressing apoptosis, while in other conditions it can induce different ways of signaling cell

death (Mizushima et al. 2008; Maiuri et al. 2010). Autophagy has specific and context-
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dependent functions in cell death and may promote both cell death by caspase-dependent
apoptosis and non-apoptotic cell death when caspases are inhibited (Lockshin and Zakeri
2004; Denton et al. 2012).

Post-spawning fish ovaries are excellent experimental models for studying the
mechanisms of programmed cell death, especially due to tissue remodeling involving
follicular growth and regression for the start of a new reproductive cycle. The growth of
ovarian follicles involves two distinct phases: primary and secondary growths. During
primary growth, nuclear and cytoplasmic changes occur in the oocytes as well as cortical
alveoli accumulation. Secondary growth, influenced by sex hormones, is characterized by the
accumulation of yolk globules in the ooplasm leading to a large increase in the follicles’
diameter (Lubzens et al. 2010; Melo et al. 2014). After spawning, fish ovaries exhibit post-
ovulatory follicles (POF) comprising a basement membrane that separates the granulosa cells
from the theca (Santos et al. 2005). In contrast to the corpus luteum of mammals, POF have
no hormonal activity in oviparous teleosts and are rapidly reabsorbed during post-spawning
ovarian remodeling (Santos et al. 2008a). In fish ovary, the vitellogenic follicles that are not
spawned during the reproductive period become atretic follicles and are reabsorbed in a long
physiological process (Santos et al. 2008b, Thomé et al. 2009).

Tilapias are the second most important group of fish cultivated in aquaculture
worldwide and the Nile tilapia Oreochromis niloticus (Linnaeus, 1758) is the main species of
tilapia currently farmed (FAO, 2014). The Nile tilapia is an important experimental model for
reproductive biology studies due to the spawning in different environmental conditions,
adaptability to various culture systems, and resistance to diseases and infections (Little and
Hulata 2000). In captivity, females of O. niloticus asynchronously spawn every 3 or 4 weeks

and the interspawning interval can be influenced by lineage, age and size of fish, temperature,
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sex ratio, stocking density, nutritional status, and photoperiod (Coward and Bromage 2000;
Lapeyre et al. 2010).

Despite recent studies on the processes of cell death in the functioning of the ovaries
in vertebrates (Sundaresan et al. 2007; Choi et al. 2011; Matsuda et al. 2012; Morais et al.
2012), several aspects of the interaction between autophagy and apoptosis during ovarian
development and regression have not yet been elucidated. Thus, the aim of this study was to
analyze the role of apoptosis, autophagy and caspase-3 during tissue remodeling in the ovaries

of O. niloticus after spawning.

Materials and methods
Fish stocking and sampling

The experiment was conducted at the Aquaculture Laboratory of the Veterinary
School of the Federal University of Minas Gerais (UFMG), southeastern Brazil, during the
months of November and December 2010. The research was approved by the Ethics
Committee of Animal Experimentation (CETEA) at UFMG. The lineage of O. niloticus used
in this study originated from the Chitralada Nile tilapia line introduced to Brazil from
Thailand in the 1990s. For the reproduction, a breeding stock (age between 12 and 18 months)
of adult males [35.37 £ 2.46 cm of total length (TL) and 714.73 + 107.78 g of body weight
(BW)] and females (34.15 + 2.94 cm TL and 647.57 + 139.06 g BW), previously kept under
captive conditions, were distributed in eight 1 m? tanks with a water temperature between 26
and 28°C at a ratio of 2 male to 6 females. After 3 days stocked, the oral cavity of the
breeding females was inspected for signs of spawning, and from those which had reproduced,
the offspring were taken to prevent mouth-brooding. Then, twelve spawned females were
transferred and kept in a 5 m® tank with geomembrane liner, heaters with thermostat for

maintaining the temperature, continuous supplementary aeration by an air diffuser, and a
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photoperiod of 12 h light: 12 h dark (L:D). The fish were fed ad libitum twice a day with
commercial feed (32 % crude protein), and 30 minutes after feeding the remnants were
collected. Females were handled in the absence of males during the experiment, thus avoiding
the influence of conspecific factors. The water’s physicochemical parameters were monitored
weekly (temperature: 29.5 + 1.5°C, dissolved oxygen: 6.70 + 1.46 mg I, pH: 7.68 + 0.31,
conductivity: 0.28 + 0. 05 mS cm™, total dissolved solids: 0.16 + 0.03 g I"*, salinity: 0.12 +
0.02 ppt, and turbidity: 1.71 £ 0.38 NTU).

In order to examine post-spawning ovarian remodeling, three females were collected
weekly: 0 to 3 days after spawning, 7 to 10 days after spawning, 14 to 17 days after spawning
and 21 to 24 days after spawning. 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 female, TL, BW and gonad weight (GW) were
obtained, and the gonadosomatic index (GSI) was calculated: 34.89 + 2.64 cm TL; 661.14 +
161.83 g BW; 12.96 + 6.34 g GW; 1.93 + 0.76 GSI; respectively. Serial samples of the middle
region of the ovaries of each specimen were collected for morphological and quantitative

analyses employing a variety of techniques.

Light and transmission electron microscopy

For histology, samples of the ovaries (n = 12) were fixed in Bouin’s fluid for 24 h at
room temperature and then embedded in paraffin. Transverse histological sections of 5 um
thickness were mounted on glass slides and stained with hematoxylin-eosin (HE), Gomori’s
trichrome (GT), and periodic acid-Schiff (PAS) counterstained with hematoxylin.

For transmission electron microscopy, ovarian samples were fixed in modified
Karnovsky's solution (2.5% glutaraldehyde and 2% paraformaldehyde) buffered in 0.1 M

phosphate pH 7.3 for 12 h at 4°C. The samples were post-fixed in 1% osmium tetroxide with
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1.5% potassium ferrocyanide for 2 h, and then embedded in Epon/Araldite plastic resin.
Ultrathin sections were obtained with a diamond knife and stained with uranyl acetate and
lead citrate, and examined using a Tecnai G2-12 Spirit transmission electron microscope at

120 kV (FEI Company, Hillsboro, OR, USA).

In-Situ TUNEL assay

Ovarian samples (n = 12) were fixed in 4% paraformaldehyde solution in 0.1 M
phosphate buffer for 24 h at 4°C, embedded in paraffin, sectioned (5 pum thickness), and
submitted to TUNEL (Terminal transferase-mediated dUTP Nick-End Labeling) 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 20 pg/ml proteinase K in 0.01 M Tris-HCI buffer at
pH 8 for 20 min, and then treated with 3% hydrogen peroxide (H,O,) in TBS for 30 min to
inactivate the endogenous peroxidase. The sections were then incubated with terminal
deoxynucleotidyl transferase (TdT) and biotinylated deoxynucleotides for 3 h at 37°C.
Sections were incubated with peroxidase-conjugated streptavidin for 45 min at room
temperature, developed with diaminobenzidin (DAB, Sigma Aldrich’s Corp., St. Louis, MO,
USA) in TBS for 8 min, and counterstained with hematoxylin. The negative control excluded

treatment with TdT/labeled deoxynucleotides.

Immunofluorescence

Ovarian samples (n = 12) were fixed in 4% paraformaldehyde solution in 0.1 M
phosphate buffer for 24 h at 4°C, embedded in paraffin, sectioned at 5 pm thickness and
submitted to immunofluorescence reaction for detection of Casp3 (mouse anti-caspase-3

monoclonal antibody, clone E-8, dilution 1:200, supplier sc-7272, Santa Cruz Biotechnology,
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Santa Cruz, CA, USA). The antigen retrieval was performed in citrate buffer (pH 6.0) for 5
min after boiling in a microwave oven. Next, the sections were incubated with 3% H,0, in
methanol to inactivate endogenous peroxidase. For permeabilisation and to block unspecific
staining, blocking buffer (2% bovine serum albumin + 0.05% Triton X-100 + 0.01% Tween
20) with 10% of normal horse serum was used for 45 min. Next, primary antibody was
applied to the sections overnight in a humidified chamber at 4°C. For immunofluorescence,
the sections were incubated with a secondary antibody ALEXA 488 (goat anti-rabbit 1gG,
1:200, A11034, Life Technologies, Carlsbad, CA, USA). For the negative control, the
treatment with the primary antibody was omitted. Fluorescence images were obtained using a
510 META Laser Scanning Confocal Microscope (Zeiss, Oberkochen, Germany) and

processed with ImageJ software.

Western blot

In order to determine the molecular weight and specificity of the Casp3 antibody used
in immunofluorescence, 300 mg of the ovary (n = 4) were placed in 0.9% NaCl containing
protease inhibitors (Sigma Aldrich), and the tissues were homogenized and sonicated. After
sonication, the lysates were centrifuged at 14,000 g for 30 min. The supernatants were
collected and then frozen at -80°C. The protein samples were diluted to 1:2 in a solution of
10% sodium dodecyl sulfate (SDS, Sigma Aldrich), 2% glycerol and 10% bromophenol blue
in 0.5 M Tris buffer (pH 6.8), and after this the samples were boiled for 5 min. Denatured
12% SDS polyacrylamide mini-gels were prepared and 20 pl samples were loaded into the
wells. High-molecular-weight markers (Sigma Aldrich) were run parallel to the samples. The
separated proteins were transferred onto a nitrocellulose membrane for 75 min, and the strips
were blocked with 1% bovine serum albumin (BSA) (Sigma Aldrich) in PBS for 1 h at room

temperature. Then the strips were incubated for 120 min at room temperature with the primary
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antibody caspase-3 (mouse anti-caspase-3 monoclonal antibody (E-8), 1:200, sc-7272, Santa
Cruz Biotechnology). After incubation, the strips were washed three times with TBS 0.05%
Tween solution and then incubated for 1 h in biotinylated anti-mouse IgG secondary antibody
(Vectastain ABC Kit, PK6102, 1:200) at room temperature. The strips were washed three
times with TBS 0.05% Tween solution and incubated in streptavidin solution (Thermo
Scientific, TS-125-HR) for 15 min. These strips were then washed three times with TBS
0.05% Tween solution and incubated with DAB (Sigma Aldrich), chloramphenicol (Sigma
Aldrich) and hydrogen peroxide (Sigma Aldrich) for 1 minute and washed in water. In order
to ensure equal loading of gel and normalize the signals of the protein of interest, the same
protocol was used to examine the expression pattern of the loading control antibody PCNA
(mouse anti-PCNA monoclonal antibody, clone PC-10, dilution 1:200, supplier sc-56, Santa
Cruz Biotechnology). Finally, the strips of protein of interest (Casp3) and loading control

(PCNA) were scanned with an Epson Perfection 4990 photo scanner.

Morphometric analyses

The area (Fa) of the early (PGg) and late (PG.) primary growth, early (SGg) and late
(SG.) secondary growth, post-ovulatory (POF) and atretic (AF) follicles was calculated with
Motic Images Plus 2.0 software. Moreover, the height (GCy) of the granulosa cells in SG,
POF, and AF was also measured. The relative proportion (%) of follicles containing apoptotic
cells stained by TUNEL was calculated for each ovarian follicle. The apoptotic index (la =
100 Ca C™, where Ca = apoptotic cells labeled by TUNEL and C = whole granulosa cells)
was determined for the granulosa cells in POF and AF, according to Santos et al. (2005). The
TUNEL relative proportion and the Fa, FCy and Ia values were calculated using 40 follicles

for each development/regression stage.
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Statistical analyses

The data were statistically evaluated using Minitab 16.1 and the graphics produced
with GraphPad Prism 6.03. Results were considered significant at the 95% confidence interval
and the values were expressed as mean + S.D. The data showed a normal distribution, and
hence, a one-way ANOVA followed by Tukey’s post hoc test was used to compare the mean
values of Fa, FCy and I of the follicles. Only the values of the POF follicles were analyzed
by Student’s t-test. Pearson’s coefficient was used to determine the degree of correlation

between the morphometric parameters of the POF and AF.

Results
Primary and secondary growth

After spawning, ovaries of O. niloticus showed numerous follicles in primary and
secondary growth (Fig. 1a) besides germ cells, POF and AF. The PGg follicle presented a
central nucleus with one nucleolus and intensely basophilic cytoplasm, while the PG follicle
has a nucleus with several nucleoli and less basophilic cytoplasm (Fig. 1a, c, €). Electron
microscopy of the envelope layers of follicles in primary growth showed an early formation
of the zona radiata and squamous granulosa cells supported by a thick basement membrane
adjacent to a developed theca (Fig. 1b).

The SGg possessed a central nucleus with several nucleoli close to the nuclear
envelope and the appearance cortical alveoli in the ooplasm periphery, while the SG_
exhibited ooplasm filled with spherical yolk globules, small cortical alveoli and conspicuous
lipid vesicles (Fig. 1a, c, e). Follicles in secondary growth exhibited a zona radiata with two
layers, prismatic granulosa cells supported by a basement membrane and theca cells
resembling fibroblasts (Fig. 1d). In contrast, dying cells observed in growing follicles showed

typical features of cell death by apoptosis, such as compacted chromatin attached to the

35


Rafael
Typewritten Text
35


O©CoO~NOOTA~AWNE

11

nuclear envelope, loss of adhesion to the basement membrane, and formation of membrane
blebs on the cell’s surface (Fig. 1f).

The area of the follicles PGg (F = 8. 192, p = 0. 0001), PG_ (F = 6. 468, p = 0. 0006)
and SG_ (F = 32. 947, p < 0. 0001) increased significantly during ovarian remodeling, except
the area of the SGg follicle (F = 1.224, p = 0.3021). The GCy of SG_ follicles showed no

significant differences during the period studied (F = 1.727, p = 0.1620) (Table 1).

Autophagy and apoptosis during regression of postovulatory follicles

From 0 to 3 days after spawning, the ovaries of O. niloticus showed numerous early
post-ovulatory follicles (POFg), which had a thin layer of theca cells and a single layer of
hypertrophied prismatic granulosa cells surrounding a convoluted follicular lumen (Fig. 2a).
Electron microscopy of POFg revealed the start of the detachment of the theca and granulosa
cells from basal membrane (Fig. 2b). Cells from the immunological system, such as
granulocytes, were recorded close to the follicular layer (Fig. 2b-insert). Granulosa cells
showed cytoplasm filled with mitochondria, endoplasmic reticulum and Golgi complex,
showing synthesis activity during the initial regression (Fig. 2b, c). The cytoplasm of
granulosa cells also showed features of cellular autophagy, including numerous
autolysosomes and autophagosomes containing degenerating organelles, as well as vacuoles,
electron-dense granules and residual bodies (Fig. 2c, d). Apoptotic cells were frequently
observed in the follicular layer, which showed chromatin compacting to the nuclear envelope,
loss of cell-cell adhesion, vacuolization and degenerating organelles in the cytoplasm (Fig.
2d).

At 7-10 days post-spawning, the advanced post-ovulatory follicles (POF4) exhibited a
thick theca and granulosa cells in regression (Fig. 2e). The ultrastructure of POF, revealed

intense autophagic activity in the cytoplasm of granulosa cells due to the presence of
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numerous autophagosomes, autolysosomes, vacuoles and lysosomes (Fig. 2f, g). In addition,
large vacuoles, containing accumulation of autophagosomes, organelle debris, and lamellar
structures, were also recorded at this stage of involution of the follicles (Fig. 2g). Apoptotic
bodies, containing degenerated organelles, lysosomes, autolysosomes and vacuoles, were
observed in follicular layer (Fig. 2h).

Morphometric analyzes showed a significant decrease of Fa (t = 12.497, p < 0.0001)

and GCy (t =22.371, p < 0.0001) during the POF regression (Table 2).

Heterophagy, autophagy and apoptosis during regression of atretic follicles

Follicular atresia in the ovaries of O. niloticus was analyzed in 3 stages of regression:
early (AFg), advanced (AF,), and late (AF) atretic follicles. The AFg presented irregular
shape, folding of the zona radiata and early liquefaction of the yolk (Fig. 3a). Electron
microscopy of AFg showed granulosa cells containing numerous organelles of protein
synthesis, electron-dense granules and lysosomes (Fig. 3b, ¢). Some granulosa cells presented
nuclei with euchromatin and multilamellar bodies in the cytoplasm (Fig. 3b, d). During early
atresia, granulosa cells remained strongly adhered to adjacent cells through adhesion junctions
(Fig. 3d-inset).

During advanced atresia, prismatic hypertrophied granulosa cells exhibited intense
heterophagous activity, especially engulfing the liquefied yolk and the degenerating zona
radiata (Fig. 3e). In AFa granulosa cells exhibited membranous structures and degenerating
organelles in the cytoplasm and typically apoptotic nuclei (Fig. 3f, g). Granulocytes were
commonly observed in the follicular layer during advanced atresia (Fig. 3f-inset). Autophagy
was detected in granulosa cells by the presence of large lysosomes and autophagosomes

containing degenerating mitochondria and electron-dense granules (Fig. 3g, h).
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The AF_ exhibited granulosa and theca cells in regression and complete reabsorption
of the yolk and the zona radiata (Fig. 3i). This follicle showed decreased synthesis activity of
the granulosa cells and an increase of electron-lucid cells with cytoplasm scarce in organelles.
Large multilamellar bodies, membrane structures, multivesicular bodies, few mitochondria
and endoplasmic reticulum were observed in the granulosa cells (Fig. 3j). Markedly electron-
lucid cells, with euchromatin, rupture of the nuclear envelope, and degenerate organelles in
the scarce cytoplasm were frequently registered in late atresia (Fig. 3k). Apoptotic bodies
were also detected in the follicular layer (Fig. 3I).

Along follicular atresia, some AF persisted with an apparently intact zona radiata, or
with only small slits, even after complete resorption of the yolk and granulosa cells (Fig. 3M-
0). Yellow bodies were often recorded in the ovaries of O. niloticus, featuring the complete
involution of AF (Fig. 3P).

The AF showed a significant decrease of Fa (F = 135.480, p < 0.0001) and GCy (F =

32.234, p < 0.0001) during follicular regression (Table 2).

DNA fragmentation, caspase-3 and apoptotic index

The TUNEL assay from the ovary sections of O. niloticus detected DNA
fragmentation in some granulosa cells and theca of 2.2% PG, 5.9 % SGg, and 21.4 % SG_
follicles during the period studied (Table 1) (Fig. 4a, b). Casp3 immunoreactivity was
frequently observed in the germinal epithelium and in some granulosa cells of follicles in
secondary growth (Fig. 4c, d).

All POF and AF analyzed at different stages of involution exhibited apoptotic cells in
the granulosa cell layer. In POFg, the TUNEL reaction mainly labeled the granulosa cells, and
apoptotic bodies were frequently observed in the follicular lumen (Fig. 4e).

Immunofluorescence for Casp3 strongly labeled the granulosa cells (Fig. 4f, g). In POFa,
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apoptotic cells and apoptotic bodies, revealed by TUNEL, were detected in granulosa cells
and in some theca cells (Fig. 4h). At this stage of involution of POF, the immunoreactivity for
Casp3 was less intensely detected in the granulosa cells (Fig. 4i, j). During involution of the
POF, the I of granulosa cells showed a significant decrease (t = 67.031, p < 0.0001) (Table
2), with a significant positive correlation with Fa (r = 0.794, p < 0.0001) and the GCy (r =
0.919, p < 0.0001).

During initial atresia, the TUNEL assay detected DNA fragmentation in the granulosa
cells, whereas theca cells were rarely marked (Fig. 4k). The immunoreactivity for Casp3 also
labeled some granulosa cells of AFg (Fig. 41, m). In AFa, the TUNEL reaction mainly labeled
granulosa cells, as well as immunostaining for Casp3, which more intensely labeled the
granulosa cells of these follicles (Fig. 4n-p). During late atresia, the TUNEL assay and Casp3
immunostaining labeled remaining granulosa cells (Fig. 4q, r). The Ia of granulosa cells
exhibited a significant increase during AF involution (F = 702.411, p < 0.0001) (Table 2),
with a significant negative correlation with F4 (r =-0771, p < 0.0001) and the GCy (r = -0579,
p <0.0001). In Western blotting, the band detected by the antibody Casp3 was intense around

20 kDa (Fig. 4s).

Discussion

After spawning in captivity, mature follicles of Nile tilapia may follow two distinct
paths. The spawned follicles become POF, which rapidly involute with the aid of autophagic
mechanisms and high rates of follicular apoptosis. Non-spawned follicles become AF, which
regress more slowly through heterophagic, autophagic mechanisms and lower rates of
apoptosis. During ovarian remodeling, apoptosis and autophagy play a key role in regression

and removal of POF and AF, as well as in tissue homeostasis for follicular growth.
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The O. niloticus follicles in primary and secondary growth grew significantly during
post-spawning ovarian remodeling. However, we detected a low occurrence of apoptosis in
granulosa and theca cells during follicular growth. Studies show that during ovarian
development in teleosts, high rates of apoptosis are observed in unfavorable conditions
implying a decrease in the number of vitellogenic follicles (Drevnick et al. 2006; Thomé et al.
2012). The captive conditions in this study were appropriate for gonadal development and
reproduction of the Nile tilapia (Coward and Bromage 2000; Lapeyre et al. 2010; Little and
Hulata 2010), therefore it is suggested that apoptosis recorded during follicular growth has a
physiological role to control the number of cells through the elimination of unwanted cells. In
the mammalian ovary, apoptosis is also involved in the removal of granulosa cells of follicles
in growth during adult life (Rolaki et al. 2005; Matsuda et al. 2012).

During initial regression, POF and AF showed significant involution of the follicular
area and the granulosa cells became highly prismatic with well-established cell interactions.
Granulosa cell hypertrophy during follicular involution is possibly related to intense synthesis
activity observed in POFg and AFg. Organelles such as mitochondria, endoplasmic reticulum,
and Golgi are involved in the autophagic machinery and in energy supply to the apoptotic
process (Lamb et al. 2013; Chiarelli et al. 2014). Throughout the follicular regression, POF
and FA showed a significant reduction in the height of granulosa cells concomitant with an
increase of cell clearance promoted by autophagy and a decrease of synthesis organelles in the
cytoplasm. Furthermore, the granulosa cells exhibit evident loss of cell-cell and basement
membrane adhesion. In the rat’s mammary gland, the basement membrane provides survival
stimulus for epithelial cell culture and loss of adhesion is a sign of cell death (Pullan et al.
1996).

The ultrastructure of O. niloticus POF and AF showed that granulocytes were common

in the follicular layer, suggesting a relationship between follicular regression and immune
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cells, as has been reported for other groups of vertebrates (Gaytan et al. 1998; Lutton and
Callard 2006). In fish ovaries, granulocytes were observed engulfing apoptotic bodies during
POF and AF regression (Besseau and Faliex 1994; Drummond et al. 2000). The removal of
the apoptotic bodies is important to prevent dead cells releasing cytotoxic agents that can alter
tissue homeostasis (Nezis et al. 2002). Multilamellar bodies, commonly detected in the
granulosa cells of the AF in O. niloticus, were also recorded during the follicular atresia in
other teleosts (Santos et al. 2005; Thomé et al. 2009).

In this study, apoptotic cell death in POF and AF was mainly detected in the granulosa
layer by TUNEL assay, which showed DNA fragmentation, through Casp3
immunofluorescence and also by the main morphological markers of apoptosis: condensation
of chromatin in a growth pattern underlying the nuclear envelope, shrinkage and loss of cell
adhesion, and cell fragmentation into apoptotic bodies. Pro-apoptotic events were also
recorded during the follicular regression in species of teleosts (Thome et al. 2009; Morais et
al. 2012), birds (Murdoch et al. 2005; Sundaresan et al. 2007) and mammals (Rolaki et al.
2005; Luz et al. 2006), indicating that apoptosis plays a key role during post-spawning
ovarian remodeling in vertebrates. Through morphometry, we detected a high rate of
apoptosis in granulosa cells of POFg, unlike the AF which showed an increased apoptosis in
the final stages of regression. These findings are corroborated by studies involving the
neotropical teleosts Prochilodus argenteus and Leporinus taeniatus which showed a
progressive increase in follicular apoptosis in the POF up to 3 days after spawning followed
by a subsequent decrease (Santos et al. 2008a), while AF apoptosis increased during the final
regression, which usually occurs 4 to 6 months after spawning (Santos et al. 2008b).
However, the values of the apoptotic index found in these studies are markedly lower than
those detected during regression of O. niloticus POF and AF. This fact is possibly related to

the greater follicular area and a shorter interval between spawnings of O. niloticus in relation
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to the above mentioned species, indicating a more efficient ovarian regeneration in the Nile
tilapia to allow a new spawning, and a possible relationship between the apoptotic dynamics
and different reproductive strategies used by teleosts.

In O. niloticus ovaries, Casp3 presented a molecular weight of 20 kDa, as observed in
studies with Casp3 in mammals (Skundric et al. 2006; Sdralia et al. 2009). Casp3
immunofluorescence for this species was performed using antibodies from mammals and the
Western blotting technique was used to confirm the specificity of the reaction. Casp3
immunofluorescence was detected along follicular growth and regression, but mainly in the
granulosa cells of POFg and AFa,.. This suggests that this protein has different functions
during post-spawning ovarian remodeling, which present a more effective role in the early
steps of POF and in the final stages of AF. Casp3 activity has been identified during follicular
regression in teleosts of tropical and temperate regions (Wood and Van Der Kraak, 2003;
Santos et al. 2008a; Morais et al. 2012). In mammals, Casp3 is expressed mainly in theca and
luteal cells of healthy luteum bodies and in the granulosa of the AF (Hussein, 2005; Luz et al.
2006). Caspase-independent apoptotic pathways have also been found, including those
involving mitochondrial apoptosis-inducing factors and non-caspase proteases, such as
cathepsins, granzymes, and endonucleases (Zhang et al. 2003; Denton et al. 2012).

In O. niloticus ovaries, granulosa cells’ heterophagous activity for yolk and zona
radiata phagocytosis was detected mainly in early and advanced atresia, concomitant with a
significant reduction in follicular area, showing that heterophagy contributes largely to AF
involution. Unlike mammals, phagocytosis of the yolk and other follicle structures by
granulosa cells during follicular atresia is well documented in non-mammalian vertebrates
(Guraya 1986; Santos et al. 2005). However, some AF showed an intact zona radiata, or with
small ruptures during follicular regression, in contrast with AF whose zona radiata is

completely degraded and reabsorbed in early stages of atresia, as also reported for other
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teleosts (Santos et al. 2008b). Future studies with species that present AF with a persistent
zona radiata should be conducted to elucidate which mechanisms are involved in the
subsequent removal of this structure.

During the Nile tilapia’s follicular regression, autophagosomes or autophagic vacuoles
with degenerating organelles were abundant in POF and AF granulosa cells, especially in the
final stages of involution. The accumulation of autophagic vacuoles in the cytoplasm, filled
with organelles and cytoplasmic material, such as mitochondria, endoplasmic reticulum, and
ribosomes, is one of the main morphological markers of autophagy (Lockshin and Zakeri
2004; Nixon 2007). In fish, the formation of autophagosomes during follicular atresia was
preceded by a cathepsin-D immunoreactivity in cytoplasmic granules, indicating that this
protein is involved in triggering autophagy (Morais et al. 2012). Especially during advanced
and late atresia in O. niloticus, intense clearance promoted by autophagy became the
granulosa cells’ cytoplasm to be electron-lucid and scarce in organelles, concomitant with
increased of the apoptosis rates. In ovaries of insects, both apoptosis and autophagy operate
synergistically to achieve rapid and efficient clearance of cells that are no longer needed,
resulting in oocyte maturation without disturbances (Velentzas et al. 2007; Mpakou et al.
2011). Therefore, according to the results of the present study, autophagy may be a reduction
mechanism of cellular mass prior to caspase activation during follicular regression. In sea-
urchin embryos, autophagy may contribute with the energy for apoptotic execution through its
catabolic role in stress conditions (Chiarelli et al. 2014). In fish ovaries, the reaction of Casp3
and beclin-1 in granulosa cells associated with the accumulation of autophagosomes is
important in triggering apoptotic cell death during atresia (Morais et al. 2012).

In summary, the findings reported in this study indicate that autophagy and apoptosis
work cooperatively for an efficient regression of post-ovulatory and atretic follicles and are

essential mechanisms in post-spawning tissue remodeling for beginning of a new reproductive
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cycle in ovaries of Nile tilapia. Furthermore, apoptosis plays an important role in the

homeostasis of growing follicles after spawning.
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Figure captions

Fig. 1 Histological sections stained with hematoxylin-eosin (a, €) and Gomori trichrome (c),
and electron microscopy (b, d, f) of ovaries during primary and secondary follicular growth at
0-3 (a, b), 7-10 (c), 14-17 (d) and 21-24 (e, f) days after spawning of O. niloticus. a, c, e
Spawned ovaries presenting PGeg and PG, SGeg and SG_ follicles along the germinal
epithelium (GE). b PGg follicle presenting oocyte (O) surrounded by squamous granulosa
cells (GC), thick basal membrane (BM) and developing theca (T). d SG, follicle showing two
layers in ZR, cuboidal GC, BM and T. f Apoptotic cell in theca layer of SG_ follicle
presenting nucleus with compacted chromatin underling the nuclear envelope (white arrows),

surface blebbing (B) and loss of cell adhesion (asterisk). Bars 100 um (a, c, €), 1 um (b, d, f)

Fig. 2 Histological sections stained with Gomori trichrome (a, e), and electron microscopy (b-
d, f-h) of ovaries during early (a-d) and advanced (e-h) regression of the POF after spawning
of O. niloticus. a At 0-3 days post-spawning, POFg presented hypertrophied granulosa cells
(GC), thin theca cells (T) and a broad convoluted follicular lumen (L). b POFg showing
hypertrophied GC with numerous mitochondria (M) and endoplasmic reticulum (ER) in the
cytoplasm, and T detaching (asterisk) to a rippled basement membrane (BM). Granulocyte
(inset) in the follicular layer. ¢ GC presenting double-membrane autophagosomes (AF)
containing organelles debris (thin white arrows), autolysosomes (AL), lysosomes (L),
vacuoles (V), Golgi (G), residual bodies (RB), M and ER in cytoplasm, and intact nucleus
(N). d GC showing fragmentation of the nuclear envelope (white arrows), electron-dense
granules (EG), large V, L, AL and degenerating organelles (thin white arrow). e At 7-10 days
post-spawning, POF4 exhibited hypertrophied T, GC in regression and smaller L. f POFa with
AL, AF with organelles debris (thin white arrow), few M and dilated ER in GC cytoplasm. g

GC showing N with compacted chromatin coupled to nuclear membrane, and cytoplasm with
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L, AL and large V with accumulation of AF and lamellar structures (thin arrow). h Apoptotic
body, adjacent to granulosa layer, containing AL, V and degenerating organelles (thin white

arrows). Bars 200 um (a, €), 1 um (b-d, f-h)

Fig. 3 Histological sections stained with hematoxylin-eosin (a, e, p), PAS-hematoxylin (i, m)
and Gomori trichrome (n, 0), and electron microscopy (b-d, f-h, j-I) of ovaries during early
(a-d), advanced (e-h) and late (i-1) regression of the AF after spawning of O. niloticus. a AFg
with irregular shape, ripples in the zona radiata (ZR) and yolk (Y) at the beginning of
liquefaction. b AFg presenting granulosa cells (GC) with euchromatin in the nucleus (N) and
cytoplasm filled of electron-dense granules (EG) and lysosomes (L). ¢, d Numerous
endoplasmic reticulum (ER), mitochondria (M), Golgi (G), L, multilamellar bodies (MB) and
EG in the cytoplasm of GC. Adhesion junctions connect healthy GC (d-inset). e In AFa, the
ZR breakdown and also liquefies, and along with the Y, were phagocyted by GC; lipid vesicle
(LV). f AFa showing GC with disorganized cytoplasm, containing many degenerating
organelles (thin white arrow) and membranous structures (white asterisk), as well as
granulocytes in the follicular layer (inset). g, h GC with chromatin attached to the nuclear
envelope (arrow) and electron-lucid cytoplasm with few organelles, including some ER, large
L and autophagosomes (AF), containing EG, M debris and other cytoplasmic materials. i AF_
presenting residual Y and GC in regression. j AF_ showing GC containing large MB,
multivesicular bodies (VB), membranous structures (asterisk) and few organelles, such as ER
and M. k Highly electron-lucid cell with degenerated organelles (thin white arrow) and
multiple smaller compartments in cytoplasm, euchromatin in the nucleus (N) and
fragmentation of the nuclear envelope (arrows). | GC showing electron-lucid cytoplasm with
membranous structures (asterisk), MB and an apoptotic body (AB) with degenerate nucleus

and other organelles debris (thin white arrow). m-o Some AF showing highly convoluted ZR
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relatively intact or with small slits (arrows). p Yellow bodies (YB) in ovaries. Bars 100 um

(a, i, m, n), 200 um (e, o, p), 1 um (b-d, f-h, j-1), 0.5 um (d-inset)

Fig. 4 TUNEL reaction (left column), immunofluorescence to caspase-3 (Casp3) (middle
column) and merge layers to Casp3 (right column and r-inset) of ovaries during post-
spawning ovarian remodeling of O. niloticus. a, b TUNEL-positive reaction (arrowheads) in
granulosa cells (GC) and theca cells (T) of SGg and SG,_ follicles. ¢, d Immunofluorescence
for Casp3 (white arrowheads) in GC of SG, follicles and germinal epithelium cells (inset);
zona radiata (ZR). e TUNEL-positive reaction (arrowheads) in apoptotic cells and apoptotic
bodies (white arrows) in GC of POFe. f, g Intense immunofluorescence for Casp3 (white
arrowheads) in GC of POFg, with wide lumen (L). h TUNEL-positive cells (arrowheads) and
apoptotic bodies (white arrows) were observed in GC and T layers of POFa. i, j Discrete
immunoreaction for caspase-3 (white arrowheads) in GC of POFa. k GC labeled (arrowheads)
by TUNEL reaction in AFg. I, m Discrete immunofluorescence for Casp3 (white arrowheads)
in GC of AFg; natural immunofluorescence of the liquefied yolk (). n TUNEL-positive cells
(arrowheads) and apoptotic bodies (white arrow) were observed in GC and T of AFj,;
basement membrane (MB). o, p GC of AFa moderately immunofluorescent for Casp3 (white
arrowheads). Q) TUNEL reaction (arrowheads) was observed in GC of AF_. r Moderate
immunoreaction for Casp3 in the remaining GC of AF.. s Representative Western blotting of

the Casp3 expression and respective PCNA loading control. Bars 200 um (a-r), 100 um (e, h)
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Table 1
Click here to download Table: Table 1.docx

Table 1 Follicular area (Fa 10® um?) and TUNEL-positive relative proportion (%) of early (PGg) and late (PG,) primary, early (SGg) and
late (SG.) secondary growth follicles and the height of the granulosa cells (GCy pm) of SG follicle during post-spawning ovarian

remodeling in O. niloticus

Primary growth Secondary growth
Days
PGe PGL % SGe % SGL % GCq
0-3 1.58 +0.58" 8.43 + 2.58" - 81.25 + 47.96° - 400.95 + 106.55° 14.6 3.73 +0.68°
7-10 214 +£0.75%°  11.23 +4.60° 2.6 87.42+4287* 53 918.97 + 239.36" 21.0 3.85 + 0.66°

14-17 2.17+0.96° 10.21£3.32® 27 84.13 +33.65° 6.7 1068.78 £ 772.50°  22.8 3.95+0.75°

21-24 254+1.12% 11.74+3.73# 3.5 98.58 +47.52* 11.8  1369.15 +361.44° 27.2 4.08 + 0.76°

Values represent means + S.D. In same column, different letters indicate significant differences (p < 0.05)
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Table 2
Click here to download Table: Table 2.docx

Table 2 Regression of post-ovulatory (POF) and atretic (AF) follicles during post-
spawning ovarian remodeling in O. niloticus: follicular area (Fa 103 um2), height of the

granulosa cells (GCy pm) and apoptotic index of the follicular cells (1a %)

Regression Fa GCq Ia

Early POF (0-3 days) 108.83 £ 39.63*  8.55 + 1.06 39.08 + 1.54
Advanced POF (7-10 days) 30.29 + 3.09° 3.93+0.76" 14.71 £ 1.71°
Early AF 628.34 +211.43°  8.15 + 1.90° 491 +1.03°
Advanced AF 310.69 +56.88°  7.35+1.78° 9.89 + 1.08°
Late AF 155.09 £ 59.94°  5.25+1.26" 15.83 + 1.70°

Values represent means = S.D. During regression of POF or AF, different letters in
same column indicate significant differences (p < 0.05)
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5. DISCUSSAO

Estudos sobre a dindmica de regeneracdo dos ovarios apos desova em peixes,
especialmente em espécies de importancia comercial como O. niloticus, sdo essenciais por
fornecer subsidios para aquicultura. Esta abordagem também permite conhecer melhor os
mecanismos celulares envolvidos na remodelagdo tecidual ovariana para inicio de um novo
ciclo reprodutivo. Em condi¢des ambientais e/ou de cultivo adequadas para reproducdo, a
tildpia-do-nilo apresenta desenvolvimento ovariano assincronico com um curto intervalo (> 1
més) entre desovas, fecundidade baixa, ovos com grande diametro e cuidado parental (Little
& Hulata, 2000; Coward & Bromage, 2000), configurando uma estratégia reprodutiva
peculiar que lhe permite desovar quase continuamente em diferentes ambientes. Estas
caracteristicas tornam a tildpia-do-nilo um importante modelo experimental para estudos
morfofisiologicos da reproducdo, além de tornar o seu cultivo mais eficiente e rentavel,
apesar da baixa fecundidade. Entretanto, esta estratégia reprodutiva também lhe confere um
alto potencial invasor nas bacias hidrograficas onde ¢ introduzida, especialmente em
ambientes lénticos como reservatorios e lagos naturais, o que pode acarretar alguns impactos
negativos sobre fauna de peixes nativos e o ecossistema local (Arthur et al., 2010; Martin et
al., 2010).

Logo ap6s a desova, ovarios de O. niloticus apresentaram foliculos ovarianos em
todos os estadios de desenvolvimento e predominancia de foliculos em crescimento primario,
enquanto mais de 20% dos foliculos ja se encontravam na vitelogénese. Apds 21 dias de
recuperagdo ovariana, todos os foliculos em crescimento aumentaram significativamente de
tamanho e os foliculos de crescimento completo ja predominavam nos ovarios, representando
35% dos foliculos. As fémeas de O. niloticus também mantiveram um estoque estavel de
ovogonias e foliculos primarios durante a remodelacdo ovariana. Estas caracteristicas

reprodutivas mostraram um rapido crescimento folicular ap6s desova da tildpia-do-nilo, e que
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estoques de foliculos em crescimento estdo constantemente disponiveis para o recrutamento,
permitindo, assim, uma répida recuperacdo ovariana para a proxima desova. Entretanto,
existem tildpias com regeneracdo ovariana mais eficiente, como Tilapia zillii, cujos foliculos
vitelogé€nicos ocuparam cerca de 70% dos ovérios 8 dias ap6s desova, € o menor intervalo
entre desovas foi registrado em apenas 7 dias (Coward and Bromage, 1999). Estas diferencas
temporais na remodela¢do ovariana entre espécies de Tilapiine podem estar relacionadas as
diferentes estratégias reprodutivas adotadas pelas espécies, visto que 7. zillii geralmente
desova e cuida da prole no substrato, possui alta fecundidade, ovos menores e ciclo
reprodutivo mais curto que espécies que incubam a prole na boca, como a tilapia-do-nilo
(Coward and Bromage, 2000).

Ao longo do crescimento folicular em ovérios de O. niloticus, as células foliculares
foram pavimentosas no crescimento primario e cibicas no crescimento secundario. Isto se
deve ao aumento da atividade de sintese das células foliculares e constante interagdo com o
ovocito durante o desenvolvimento dos foliculos, além de participagdo no desenvolvimento
da zona radiata. Estudos mostram que, durante o desenvolvimento ovariano de teledsteos,
altas taxas de apoptose sdo observadas em condi¢des desfavoraveis para reprodugdo (Janz
and Van Der Kraak, 1997; Drevnick et al., 2006; Thomé et al., 2012). No presente estudo,
uma baixa ocorréncia de apoptose nas células foliculares e tecais foi detectada durante o
crescimento folicular, indicando que as condi¢des de cultivo utilizadas foram apropriadas ao
desenvolvimento gonadal e reproducdo da tildpia-do-nilo. Deste modo, sugere-se que a
apoptose registrada durante o crescimento folicular tenha um papel fisioldgico para controlar
o numero de células, eliminando células ndo desejaveis, assim como também observado no
teledsteo Prochilodus argenteus (Thomé et al., 2010).

Durante a remodelagdo ovariana pos-desova da tilapia-do-nilo os FPO e FA exibiram

significativa regressdo da éarea folicular. Assim como relatado em outros vertebrados nao
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mamiferos (Guraya, 1986; Santos et al., 2008a), a atividade heterofagica das células
foliculares para fagocitose do vitelo e da zona radiata contribuiu para redugdo da area
folicular durante a atresia de O. niloticus. A hipertrofia das células foliculares observada nos
FPO e FA esta possivelmente relacionada com a intensa atividade de sintese durante as etapas
iniciais da regressio destes foliculos. E importante ressaltar que organelas, como
mitocondrias, reticulo endoplasmatico e Golgi, estdo envolvidas na maquinaria autofagica e
no aporte energético para o processo apoptético (Lamb et al., 2013; Chiarelli et al., 2014). A
altura das células foliculares dos FPO e FA reduziu gradativamente ao longo da regressdo
folicular, acompanhada pela diminuicdo das organelas de sintese e por um aumento da
atividade autofagica no citoplasma.

Autofagossomas ou vacuolos autofidgicos com organelas em degeneracdo foram
abundantes nas células foliculares dos FPO e FA durante a remodelacdo ovariana da tildpia-
do-nilo. Especialmente durante a atresia avancada e final de O. niloticus, a intensa depuragdo
celular promovida pela autofagia tornou o citoplasma das células foliculares eléctron-licido e
escasso em organelas, concomitante ao aumento das taxas de apoptose. Em ovérios de
insetos, apoptose e autofagia atuam sinergicamente para alcangar uma depuracdo répida e
eficiente de células que ndo sdo mais necessarias, resultando em uma maturacdo ovocitaria
sem distlrbios (Velentzas et al., 2007; Mpakou et al., 2011). Em embrides de ouri¢o-do-mar,
a autofagia pode contribuir com energia para execucdo apoptdtica através do seu papel
catabolico em condigdes de stress (Chiarelli et al., 2014). Portanto, de acordo com os
resultados do presente estudo, autofagia pode ser um mecanismo de reducdo de massa celular
anterior a ativa¢do das caspases durante a involucao folicular em ovarios de tilapia-do-nilo.

A morte celular apoptotica nos FPO e FA foi detectada principalmente nas células
foliculares e, posteriormente, na teca pela reacdo de TUNEL que mostrou fragmentag¢do do

DNA, pela imunohistoquimica para caspase 3 e também pelos principais marcadores
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morfologicos de apoptose. Eventos pro-apoptoticos também foram observados durante a
involugdo folicular em diversas espécies de teledsteos (Drummond et al., 2000; Santos et al.,
2005; Thomé et al., 2009; Morais et al., 2012), indicando que a apoptose folicular possui um
papel fundamental na remodelacdo ovariana pos-desova em peixes, assim como em outros
vertebrados, como aves (Murdoch et al., 2005; Sundaresan et al., 2007) ¢ mamiferos (Rolaki
et al., 2005; Luz et al., 2006). Uma alta taxa de apoptose foi observada nas células foliculares
dos FPO iniciais, ao contrario dos FA que apresentaram aumento de apoptose folicular nas
etapas finais da regressdo. Estes resultados sdo corroborados por estudos envolvendo os
teledsteos P. argenteus e Leporinus taeniatus, que mostraram um aumento progressivo da
apoptose folicular nos FPO até 3 dias pos-desova e um posterior decréscimo (Santos et al.,
2008b), enquanto nos FA a apoptose aumentou durante a regressdo final, que geralmente
ocorre de 4 a 6 meses apds desova (Santos et al., 2008a). Entretanto, os valores do indice
apoptotico encontrados nestes estudos sdo inferiores aos detectados durante a regressao dos
FPO e FA de O. niloticus. Este fato estd possivelmente relacionado a maior area folicular e
menor intervalo entre desovas de O. miloticus em relacdo a estas espécies (Santos et al.,
2008a,b), indicando uma participagdo mais intensa da apoptose na involucao folicular da
tilapia-do-nilo e uma possivel relagdo entre a dindmica apoptotica e as diferentes estratégias

reprodutivas utilizadas pelos teledsteos.
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6- CONCLUSOES

1. Na tilapia-do-nilo ocorre um rapido crescimento folicular e rapida recuperagdo
ovariana apos desova em 21 dias a 29,5 °C;

2. A maior intensidade dos mecanismos e interacdes celulares nos ovarios da tilapia-do-
nilo apos desova esta associada com a sua estratégia reprodutiva, que promove uma rapida e
eficiente recuperacao ovariana;

3. Apoptose exerce um importante papel no controle das células foliculares e tecais dos
foliculos ovarianos em crescimento apoOs a desova;

4. Autofagia e apoptose atuam cooperativamente para regressdo e eliminagdao dos
foliculos pos-ovulatorios e atrésicos nos ovarios, exercendo um papel fundamental na

remodelagado tecidual apos desova em ovarios de tilapia-do-nilo.
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