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Resumo 

 

Os objetivos do presente estudo foram avaliar o efeito de diferentes concentrações da 

angiotensina II (ANG II), fator de crescimento do endotélio vascular (VEGF) e peptídeo 

intestinal vasoativo (VIP) no desenvolvimento in vitro de folículos pré-antrais caprinos e 

verificar a localização do receptor 2 do VEGF (VEGFR-2) e a expressão dos receptores da 

ANG II (AGTR1 e AGTR2) em ovários caprinos. Para investigar a localização do VEGFR-2 

e expressão do AGTR1 e AGTR2 no ovário caprino, foram empregadas as técnicas de 

imunohistoquímica e PCR em tempo real, respectivamente. Para avaliar a eficiência das 

substâncias supracitadas sobre a sobrevivência e o crescimento folicular, fragmentos de córtex 

ovariano foram cultivados in vitro por um ou sete dias em meio essencial mínimo 

suplementado (MEM
+
) adicionado de diferentes concentrações das referidas substâncias. 

Antes e após o período de cultivo, os fragmentos de córtex ovariano foram fixados e 

processados para histologia clássica. Os folículos foram classificados quanto ao grau de 

desenvolvimento em primordiais ou em desenvolvimento, e quanto à sobrevivência em 

normais ou degenerados. O diâmetro folicular foi avaliado antes e após o cultivo. As técnicas 

de microscopia de fluorescência e microscopia eletrônica de transmissão (MET) foram 

utilizadas para melhor avaliar a viabilidade e morfologia desses folículos, respectivamente. 

Após definição das melhores concentrações de VIP, foi realizado um último experimento a 

fim de quantificar a expressão dos RNAm para o VIP em ovários caprinos através da técnica 

de PCR em tempo real, e avaliar a influência do VIP isoladamente ou em associação ao FSH 

sobre a sobrevivência e o desenvolvimento de folículos secundários caprinos isolados, bem 

como sobre a expressão do RNAm para o VIP e receptor de FSH (FSH-R) nesses folículos 

cultivados por seis dias. Os resultados do cultivo in vitro mostraram que após sete dias, 10 

ng/mL de ANG II promoveu a manutenção da viabilidade e ultraestrutura de folículos pré-

antrais caprinos. Os RNAm para AGTR1 e AGTR2 foram detectados em todas categorias e 

tipos foliculares estudados. No que se refere ao VEGF, as concentrações de 10 e 200 ng/mL 

foram mais eficientes para promover o crescimento e manter a viabilidade, respectivamente. 

Além disso, o receptor VEGFR-2 foi encontrado em oócitos de folículos em todos os estágios 

de desenvolvimento e em células da granulosa de folículos em crescimento. O VIP foi mais 

efetivo em promover o crescimento e manutenção da ultraestrutura folicular após sete dias de 
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cultivo quando utilizado na concentração de 10 ng/mL. A presença de RNAm para o VIP foi 

demonstrada em todas categorias foliculares em ovários de cabras, mostrando um aumento em 

seus níveis durante a transição de folículo primordial para secundário. No entanto, a utilização 

de VIP e/ou FSH não afetou o desenvolvimento de folículos secundários e não alterou os 

níveis de RNAm para FSH-R embora tenha reduzido os níveis de RNAm para o VIP após 

cultivo in vitro de folículos pré-antrais por seis dias. Diante disso, concluiu-se que ANG, 

VEGF e VIP apresentam importantes funções no desenvolvimento in vitro de folículos pré-

antrais caprinos. 

 

Palavras-chave: ANG II. VIP. VEGF. Pré-antral. Cultivo in vitro. 
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Abstract  

 

The aims of this study were to evaluate the effect of different concentrations of angiotensin II 

(ANG II), vascular endothelial growth factor (VEGF) and vasoactive intestinal peptide (VIP) 

on the caprine preantral follicle development and to verify the localization of VEGF receptor 

2 (VEGFR-2) and the expression of ANG II receptors (AGTR1 and AGTR2) in goat ovaries. 

In order to investigate the localization of VEGFR-2 and the expression of AGTR1 and 

AGTR2 in goat ovaries, it was used the immunohistochemistry and real-time PCR techniques, 

respectively. To evaluate the effect of the substances mentioned above on the survival and 

follicular growth, fragments of ovarian cortex were cultured in vitro for one or seven days in 

minimal essential medium (MEM
+
) supplemented with different concentrations of these 

substances. Before and after the culture period, fragments of ovarian cortex were fixed and 

processed for histology. Follicles were classified according to their development as primordial 

or developing, and for survival in normal or degenerated. The follicular diameter was 

measured before and after culture. The fluorescence microscopy and transmission electron 

microscopy (TEM) techniques were used to better evaluate the viability and morphology of 

these follicles, respectively. After defining the best concentrations of VIP, a last experiment 

was conducted to quantify the expression of VIP mRNA in goat ovaries by real-time PCR, 

and evaluate the influence of VIP alone or in combination with FSH on the survival and 

development of isolated secondary follicles and on the expression of VIP and FSH receptor 

(FSH-R) mRNA in these follicles cultured for six days. The results of in vitro culture showed 

that after seven days, 10 ng/mL ANG II promoted the maintenance of viability and 

ultrastructure of goat preantral follicles. The AGTR1 and AGTR2 mRNA were detected in all 

categories and follicular types studied. With regard to VEGF, the concentrations of 10 and 

200 ng/mL were more effective to promote follicular growth and to maintain the viability, 

respectively. Furthermore, the VEGFR-2 receptor was found in oocytes of follicles at all 

stages of development and in granulosa cells of growing follicles. VIP was more effective to 

promote the growth and the maintenance of follicular ultrastructure after seven days of culture 

when it was used at 10 ng/mL. The results of real-time PCR demonstrated the presence of VIP 

mRNA in all follicular categories of goat ovaries, showing an increase in VIP mRNA levels 

during the transition from primary to secondary follicle. However, the use of VIP and/or FSH 
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did not affect the development of secondary follicles and did not alter the FSH-R mRNA 

levels, although it reduced the VIP mRNA levels after in vitro culture of preantral follicles for 

six days. According to the results, it was concluded that ANG, VEGF and VIP have important 

roles in the in vitro development of caprine preantral follicles. 

 

Keywords: ANG II. VIP. VEGF. Preantral. In vitro culture. 
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1. INTRODUÇÃO 

 

Diversas tecnologias de reprodução assistida, tais como a fecundação in vitro, a 

transferência de embriões, a transgenia e a clonagem, vêm sendo desenvolvidas com o intuito 

de aumentar a utilização do potencial reprodutivo em fêmeas mamíferas. Entretanto, a 

utilização em larga escala destes procedimentos depende da disponibilidade de oócitos 

maturos, que constituem apenas uma pequena porção dos oócitos presentes no ovário 

(MURUVI et al., 2005). 

Considerando que os folículos pré-antrais contém a grande maioria dos oócitos 

presentes nos ovários (cerca de 90%), o cultivo, a maturação e a fecundação in vitro dos 

oócitos inclusos nestes folículos abrem inúmeras possibilidades para a produção de milhares 

de embriões, bem como para a compreensão das funções ovarianas. No entanto, a maioria 

desses folículos morre durante a vida pré- ou pós-natal, enquanto estão ainda em quiescência, 

e nunca entram na complexa via de desenvolvimento, que pode, ou não, culminar com a 

ovulação (KNIGHT; GLISTER, 2006). 

Diante disso, surgiu a biotécnica de Manipulação de Oócitos Inclusos em Folículos 

Ovarianos Pré-antrais (MOIFOPA), com o objetivo de recuperar um grande número de 

oócitos inclusos nesses folículos e cultivá-los in vitro até sua completa maturação, 

prevenindo-os assim da morte (atresia) que ocorre in vivo. A MOIFOPA, também conhecida 

como ñov§rio artificialò, visa mimetizar in vitro os eventos in vivo que culminam com a 

formação do folículo pré-ovulatório. Essa biotécnica poderá contribuir, decisivamente, no 

sentido de oferecer condições para a conservação e multiplicação de animais de alto valor 

genético e/ou em via de extinção (FIGUEIREDO et al., 2008). 

Neste contexto, o desenvolvimento de um sistema de cultivo in vitro eficiente é um 

ponto crucial para permitir a obtenção de um grande número de oócitos inclusos em folículos 

pré-antrais. Entretanto, os mecanismos precisos que controlam o início e a progressão do 

crescimento folicular ainda estão sendo investigados. Dessa forma, uma melhor compreensão 

das diferentes substâncias que regulam o desenvolvimento normal dos oócitos e suas células 

foliculares circundantes é de suma importância para compreender a foliculogênese inicial e 

para o sucesso dos sistemas de cultivo in vitro, contribuindo assim para a posterior produção 

in vitro de embriões. 
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Dentre os fatores que parecem exercer influência na foliculogênese, podem-se destacar 

substâncias angiogênicas, tais como angiotensina II (ANG II) e o fator de crescimento do 

endotélio vascular (VEGF), bem como substâncias presentes em fibras nervosas, como o 

peptídeo intestinal vasoativo (VIP). Estudos têm demonstrado que esses fatores exercem 

importantes papéis no controle da foliculogênese (GIOMETTI et al., 2005; ABRAMOVICH; 

PARBOREL; TESONE, 2006; HULSHOF, 1995). Entretanto, a maioria das pesquisas 

realizadas com esses fatores é com grandes ruminantes, sendo ainda escassas as pesquisas em 

caprinos. Visto que os caprinos são considerados animais economicamente atrativos por 

serem importantes fontes de carne, leite e pele, especialmente na região Nordeste do país, o 

estudo da expressão e do efeito desses fatores no cultivo in vitro de folículos pré-antrais é de 

fundamental importância para aumentar o potencial reprodutivo desses animais. 

Para uma melhor compreensão da importância deste trabalho, a revisão de literatura a 

seguir aborda aspectos relacionados ao ovário mamífero, foliculogênese e classificação dos 

folículos ovarianos, regulação da foliculogênese, MOIFOPA, com ênfase no cultivo in vitro 

de folículos pré-antrais caprinos e técnicas para análise folicular.  
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2. REVISÃO DE LITERATURA  

 

2.1. O ovário mamífero 

 

O ovário mamífero é o órgão principal do sistema reprodutivo das fêmeas e exerce 

duas funções fisiológicas importantes, sendo responsável pela: 1) diferenciação e liberação do 

oócito maturo para posterior fecundação (função exócrina); 2) síntese de hormônios e 

diversos peptídeos (função endócrina) que são essenciais para o desenvolvimento folicular, 

ciclicidade e manutenção da gestação (BARNETT et al., 2006). Ele é composto por vários 

tipos celulares diferenciados, é circundado por uma superfície epitelial, comumente conhecida 

como epitélio germinal e possui duas regiões: cortical e medular. A medula ovariana é 

localizada na porção mais interna do ovário, com exceção dos eqüídeos, e consiste de um 

arranjo irregular de tecido conjuntivo fibroelástico e um extenso sistema nervoso e vascular. 

A região cortical contém folículos ovarianos em vários estágios de desenvolvimento ou 

regressão, bem como corpos lúteos (LIU et al., 2006). O tecido conjuntivo do córtex consiste 

de fibroblastos, colágeno e fibras reticulares (SILVA, 2005). 

 

2.2. Foliculogênese e classificação dos folículos ovarianos  

 

A foliculogênese, evento iniciado na vida pré-natal na maioria das espécies, pode ser 

definida como o processo de formação, crescimento e maturação folicular, iniciando-se com a 

formação do folículo primordial e culminando com o estágio de folículo pré-ovulatório (VAN 

DEN HURK; ZHAO, 2005). 

O folículo é considerado a unidade morfológica e funcional do ovário mamífero, cuja 

função é proporcionar um ambiente ideal para o crescimento e maturação do oócito 

(CORTVRINDT; SMITZ, 2001a), bem como produzir hormônios e peptídeos (BARNETT et 

al., 2006). O folículo é composto por um oócito circundado por células somáticas (granulosa e 

tecais), todavia, durante a foliculogênese, a morfologia folicular é alterada uma vez que o 

oócito cresce e as células da granulosa circundantes se diferenciam (BRISTOL-GOULD; 

WOODRUFF, 2006). Os folículos ovarianos podem ser classificados de acordo com o grau de 

evolução em pré-antrais (primordiais, intermediários, primários e secundários) ou antrais 

(terciários e pré-ovulatórios) (FIGUEIREDO et al., 2008).  
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2.3. Regulação da foliculogênese inicial ou fase pré-antral  

 

 

2.3.1. Formação de folículos primordiais  

 

Ainda na vida pré-natal, na maioria das espécies, os oócitos são circundados por 

células somáticas (células da pré-granulosa), formando os folículos primordiais (PEPLING; 

SPRADLING, 1998). Estes por sua vez, são constituídos por um oócito quiescente, esférico 

ou oval, circundado por células da pré-granulosa de formato pavimentoso. O núcleo do oócito 

é relativamente grande e ocupa uma posição de central a excêntrica. Nos folículos 

primordiais, a zona pelúcida ainda não é observada, verificando-se apenas uma justaposição 

do oócito e células da granulosa, sem nenhuma junção específica (LUCCI et al., 2001).  

Um fator que parece ser crucial para o início da formação de folículos primordiais é o 

Fig-Ŭ (BARNETT et al., 2006), um fator transcricional derivado do oócito. Neurotrofinas 

podem também estar envolvidas na sinalização entre células somáticas e células germinativas 

no momento da formação dos folículos primordiais. Tal informação é baseada nas mudanças 

no padrão de expressão da neurotrofina-4 ao longo de toda a formação de folículos 

primordiais e a presença de seus receptores nos oócitos de ovários humanos e de ratos 

(ANDERSON et al., 2002). Estudos in vitro sugerem que o fator de crescimento do nervo 

(NGF) pode estar envolvido não apenas na inervação ovariana, mas também na formação 

folicular em ratas e camundongas (OJEDA et al., 2000). Além disso, o NGF participa na 

diferenciação de células mesenquimais para formar folículos primordiais em camundongas 

(DISSEN et al., 2001).  

 

2.3.2. Ativação de folículos primordiais para primário  

 

A ativação dos folículos primordiais é um processo que se dá pela transição dos 

fol²culos do ñpoolò de reserva (fol²culos quiescentes) para o "pool" de folículos em 

crescimento (primário, secundário, terciário e/ou pré-ovulatório) (RÜSSE, 1983). Durante a 

ativação o folículo primordial, o qual se apresenta circundado por uma camada de células da 

granulosa de morfologia pavimentosa, transforma-se em folículo primário, circundado por 

somente uma camada de células cubóides (VAN DEN HURK; BEVERS; BECKERS,1997). 
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Além da mudança da morfologia das células da granulosa, os volumes citoplasmático e 

nuclear do oócito aumentam consideravelmente (HIRSHFIELD, 1991).  

O conhecimento sobre os fatores e mecanismos envolvidos na ativação dos folículos 

primordiais é escasso, o que pode ser devido às dificuldades de isolamento destes folículos 

(CAMPBELL, 2009). No entanto, sabe-se que um balanço entre fatores inibitórios e 

estimulatórios sistêmicos ou de origem local provavelmente regula a ativação dos folículos 

primordiais.  

Em relação aos fatores inibitórios, estudos têm demonstrado que o hormônio anti-

mileriano (AMH), membro da superfamília do fator de crescimento transformante-b (TGF-b), 

promove a inibição, mas não o bloqueio completo, do recrutamento de folículos primordiais 

para o "pool" de folículos em crescimento (DURLINGER; VISSER; THEMMEN, 2002). 

Camundongas com nocaute para o gene AMH  mostraram um aumento na taxa de 

recrutamento de folículos primordiais, resultando em uma depleção prematura da reserva 

ovariana dos animais (DURLINGER et al., 1999). O papel inibitório do AMH sobre os 

folículos primordiais tem sido reportado também em vacas (GIGLI et al., 2005) e mulheres 

(CARLSSON et al., 2006). Além disso, a observação de que a expressão de AMH é ausente 

em folículos primordiais, mas detectada nas células da granulosa de folículos primários até 

folículos antrais iniciais (DURLINGER et al., 1999), sugere que folículos em crescimento 

podem exercer uma influência inibitória sobre folículos primordiais quiescentes.  

Estudos in vitro com bovinos (BRAW-TAL; YOSSEFI, 1997), caprinos (SILVA et 

al., 2004a, CHAVES et al., 2010a), primatas (FORTUNE et al., 1998) e humanos 

(HOVATTA et al., 1997) demonstraram que a ativação de folículos primordiais ocorre 

espontaneamente, isto é, sem a adição de hormônios ou fatores de crescimento,  o que pode 

ser devido à liberação de fatores estimulatórios ou prevenção da produção de fatores 

inibitórios pelo oócito ou estroma, células da granulosa ou células pré-tecais dentro do tecido 

(SILVA et al., 2006a). 

No que se refere aos fatores estimulatórios, um candidato promissor para promover o 

início do crescimento de folículos primordiais é o kit ligand (KL). YOSHIDA et al. (1997) 

demonstraram que o bloqueio do receptor do KL (c-Kit) com anticorpos afeta o 

desenvolvimento de folículos primordiais. Estudos têm demonstrado que ambos o RNAm e a 

proteína do KL (SILVA et al., 2006b) e c-Kit (MOTRO; BERNSTEIN, 1993; CLARK et al., 
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1996) são encontrados em oócitos e células da granulosa, respectivamente, de todos os 

estágios de desenvolvimento folicular. Quando adicionado ao meio de cultivo, o KL 

promoveu a ativação folicular, ou seja, passagem dos folículos do estágio primordial para 

primário em diferentes espécies (ratas: PARROT; SKINNER, 1999; NILSSON; SKINNER, 

2004; DOLE; NILSSON; SKINNER, 2008; camundongas: HUTT; MCLAUGHLIN; 

HOLLAND, 2006; cabras: CELESTINO et al., 2010). 

Da mesma forma, as proteínas morfogenéticas ósseas (BMPs), pertecentes à 

superfamília TGF-b, têm um papel importante na ativação folicular, uma vez que seu efeito 

tem sido demonstrado sobre a transição de folículos primordiais para primários em 

camundongas (LEE et al., 2001; MOORE; SHIMASAKI, 2005) e cabras (CELESTINO et al., 

dados não publicados). Ovelhas com mutações inativadoras no gene BMP-15 são 

completamente inférteis, tendo o desenvolvimento bloqueado em estágio de folículo 

primordial (JUENGEL et al. 2002; HANRAHAN et al., 2004). Além disso, a expressão da 

BMP-15 (ovelhas: MERY et al., 2007; vacas: BODENSTEINER et al., 1999; mulheres: 

SHIMASAKI et al., 2004) e dos seus receptores (ratas: ERICKSON; SHIMASAKI, 2003; 

cabras: SILVA et al., 2004b; vacas: FATEHI et al., 2005) em folículos primordiais sugere que 

esse fator possua um papel na ativação folicular. Em roedores, a BMP-15 estimulou o 

desenvolvimento in vitro de folículos primordiais e primários (OTSUKA et al., 2000; 

FORTUNE, 2003). Outros tipos de BMPs, como a BMP-4 e -7, também podem estar 

envolvidas na ativação folicular. Células tecais/intersticiais produzem BMP-4 e a exposição 

de ovários a anticorpos neutralizantes para BMP-4 resultou em redução do volume dos 

ovários, acompanhada da perda progressiva de folículos primordiais, e aumento da apoptose 

celular (NILSSON; SKINNER, 2003). Além disso, estudos têm mostrado que injeções de 

BMP-7 na bursa ovariana de ratas reduziram o número de folículos primordiais, e 

aumentaram de forma concomitante, o número de folículos primários, secundários e antrais 

(LEE et al., 2001; 2004), suportando uma ação parácrina positiva da BMP-7 derivada da teca 

sobre as células da granulosa de folículos pré-antrais em crescimento.  

O fator de crescimento fibroblástico-2 (FGF-2), também pode influenciar 

positivamente a transição de folículos primordiais para primários. Os oócitos produzem FGF-

2 que agem sobre células da granulosa e células da teca (NILSSON ; PARROTT; SKINNER, 

2001). O FGF-2 está expresso em oócitos de folículos primordiais (NILSSON; SKINNER, 
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2004) e estudos in vitro têm mostrado que esse fator é eficiente em estimular a ativação de 

folículos primordiais de ratas (NILSSON; PARROTT; SKINNER, 2001), mulheres (GAROR 

et al., 2009) e cabras (MATOS et al., 2007a).  

O fator inibitório de leucemia (LIF) também pode promover o desenvolvimento de 

folículos primordiais. Células da granulosa produzem LIF que age sobre o oócito, bem como 

sobre outras células da granulosa (NILSSON; KEZELE; SKINNER, 2002), A presença do 

LIF e de seus receptores foi detectada em folículos primordiais, além de folículos primários e 

secundários (ratas: NILSSON; KEZELE; SKINNER, 2002; mulheres: ABIR et al., 2004). A 

exposição de ovários ao anticorpo neutralizante do LIF diminuiu o desenvolvimento folicular 

espontâneo (NILSSON; KEZELE; SKINNER, 2002). O LIF promoveu um aumento na 

ativação folicular após cultivo in vitro de ovários de ratas (NILSSON; KEZELE; SKINNER, 

2002) e de mulheres (ABIR et al., 2004).  

Recentemente, estudos realizados com camundongas transgênicas demonstraram que a 

mutação de genes que controlam a expressão das gonadotrofinas, bem como de seus 

receptores, afeta diretamente não só a ovulação e formação de corpo lúteo, mas também o 

processo de formação de folículos primordiais, crescimento folicular e atresia (BARNETT et 

al., 2006). Em caprinos, o FSH promoveu a ativação folicular após cultivo de folículos 

primordiais inclusos em pequenos fragmentos de córtex ovariano (MATOS et al., 2007b; 

MAGALHÃES et al., 2009a,b). Apesar dos receptores para FSH serem expressos a partir de 

folículos primários (OôSHAUGHNESSY; DUDLEY; RAJAPAKSHA, 1996; SARAIVA et 

al., 2010a), esse hormônio pode agir indiretamente estimulando a síntese e secreção de fatores 

parácrinos nos grandes folículos. Além disso, trabalhos reportaram que o FSH estimula a 

expressão do KL (EPPIG, 2001), o qual é importante na regulação da foliculogênese inicial.  

Por fim, algumas substâncias podem ainda estimular a expressão de outros fatores 

importantes para ativação folicular. Por exemplo, a insulina estimula o efeito do LIF e do KL 

e pode, portanto, ser um co-regulador na via de sinalização, controlando a transição de 

folículos primordiais, ou pode fornecer um suporte trófico e permitir que eles respondam ao 

máximo à sinalização do LIF (KEZELE; NILSSON; SKINNER 2002). Além disso, o LIF e o 

FGF-2 estimulam a expressão do RNAm do KL em células da granulosa (NILSSON; 

NILSSON; SKINNER, 2002; NILSSON; SKINNER, 2004). 
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A Figura 1 ilustra resumida e esquematicamente os diferentes fatores envolvidos na 

formação de folículos primordias e ativação folicular. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 1. Desenho esquemático ilustrando os fatores envolvidos na formação e ativação 

folicular. CG: Células da granulosa; CT: Células da teca; (+): efeito estimulatório; (-): efeito 

inibitório. Adaptado de Knight and Glister (2006). 

 

2.3.3. Progressão de folículo primário para secundário 

 

A passagem de folículo primário para secundário é caracterizada pela proliferação das 

células da granulosa e um aumento no tamanho e conteúdo protéico do oócito (VAN DEN 

HURK; ZHAO, 2005). Os folículos secundários são formados por um oócito circundado por 

duas ou mais camadas de células da granulosa de morfologia cubóide. O núcleo do oócito 

assume uma posição excêntrica e as organelas começam a mover-se para a periferia. Com o 

desenvolvimento dos folículos, também aumenta o número de microvilos e inicia-se a 

formação da zona pelúcida (LUCCI et al., 2001). Neste estágio, o oócito entra em fase de 

crescimento extensivo, as células da granulosa ao redor se tornam mais proliferativas e uma 

camada de células da teca se desenvolve em torno das células da granulosa, a partir de células 
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do estroma intersticial. Após a formação da camada da teca, já se inicia a formação de vasos 

sanguíneos. Além disso, ocorre a formação de uma extensiva rede de junções do tipo gap, que 

são canais membranários que permitem a passagem de nutrientes, íons inorgânicos, segundo 

mensageiros e pequenos metabólitos entre as células (KIDDER; MHAWI, 2002). Uma 

complexa organização citoplasmática é necessária e depende tanto da produção de produtos 

de genes novos e organelas, como da modificação e redistribuição daquelas já existentes 

(PICTON; BRIGGS; GOSDEN, 1998). Dessa forma, como consequência do aumento da 

síntese de RNAm e de proteínas, o número de ribossomos, mitocôndrias e outras organelas 

celulares aumentam nos oócitos em crescimento. Além disso, muitas organelas mudam sua 

aparência e movem-se para a periferia do oócito (VAN DEN HURK; ZHAO, 2005). Essa 

progressão parece ser controlada, tanto por peptídeos e hormônios esteróides, bem como por 

fatores de crescimento intraovarianos (FORTUNE, 2003; VAN DEN HURK; ZHAO, 2005).  

O crescimento de folículos pré-antrais in vivo ocorre independentemente das 

gonadotrofinas, uma vez que folículos pré-antrais de animais e humanos desenvolvem até o 

estágio antral com níveis mínimos de gonadotrofinas circulantes (GULYAS et al., 1977; 

HALPIN et al., 1986; HILLIER, 1994), sendo dessa forma atuante os fatores de crescimento. 

Entretanto, vários estudos in vitro têm sugerido que o FSH desempenha um importante papel 

no desenvolvimento de folículos pré-antrais (HIRAO et al., 1994; CAIN; CHATTERJEE; 

COLLINS, 1995; CORTVRINDT; SMITZ; VAN STEIRTEGHEM, 1997; SPEARS et al., 

1998; WU; BENJAMIN; CARRELL, 2001). Mais recentemente, alguns autores têm 

demonstrado que o FSH aumenta o diâmetro de folículos pré-antrais bovinos (ITOH et al., 

2002), suínos (WU; TIAN, 2007) e caprinos (MATOS et al., 2007b; MAGALHÃES et al., 

2009a) após cultivo in vitro.  

O fator de crescimento e diferenciação-9 (GDF-9) é um fator essencial para a 

formação de folículos secundários, uma vez que em ratas com nocaute de gene para o GDF-9, 

o desenvolvimento folicular além do estágio primário não foi observado (DONG et al., 1996). 

De forma semelhante, ovelhas com mutações espontâneas inativadoras do gene GDF-9 

(HANRAHAN et al., 2004) e ovelhas imunizadas ativamente contra o GDF-9 não 

apresentaram folículos pré-antrais desenvolvidos no estágio de folículos secundários 

(JUENGEL et al., 2002). Em cabras, SILVA et al. (2004b) localizaram a proteína GDF-9 em 

oócitos de todos tipos foliculares e em células da granulosa de folículos primários, 



 36 

secundários e antrais, mas não em folículos primordiais. A exposição in vitro de tecido 

ovariano ao GDF-9 em roedores (NILSSON; SKINNER, 2002, 2003; WANG; ROY, 2004), 

cabras (MARTINS et al., 2008) e mulheres (HREINSSON et al., 2002) promoveu a 

progressão do desenvolvimento de folículos primários. Além disso, outro estudo mostrou que 

100 ng/mL de GDF-9 promoveu o crescimento de folículos pré-antrais in vitro e suprimiu a 

apoptose de células da granulosa (ORISAKA et al., 2006). 

A BMP-15, outro fator derivado do oócito, parece também ser importante para o 

crescimento de folículos primários (JUENGEL et al., 2004), sendo as células da granulosa, as 

células alvo para o ligante BMP-15 (OTSUKA et al., 2000; GALLOWAY et al., 2000). A 

expressão dos genes que codificam a proteína BMP-15 são essenciais para os estágios iniciais 

de crescimento folicular e em particular para transição de folículos primários para secundários 

(MERY et al., 2007). Além disso, alguns autores têm descrito uma alta expressão de RNAm 

e/ou proteína BMP-15 em oócitos em crescimento ou completamente crescidos 

(SHIMASAKI et al., 2004; JUENGEL; MCNATTY, 2005; LI et al., 2008). TEIXEIRA et al. 

(2002) relataram que a expressão desse fator aumenta em uma correlação direta com o 

crescimento folicular. Em cabras, foi demonstrado um aumento significativo nos níveis de 

RNAm para BMP-15 durante a transição de folículos primários para secundários, bem como 

um aumento no número desses folículos após cultivo in vitro (CELESTINO et al., dados não 

publicados). 

A expressão da ativina, receptores de ativina, e folistatina (proteína ligada à ativina) 

tem sido detectada em folículos primários e secundários (RABINOVICI, 1991; MCNATTY, 

2000; PANGAS et al., 2002; DRUMMOND et al., 2002; SILVA et al., 2006a).  Sob 

condições in vitro, a ativina estimula o crescimento de folículos uni e/ou multilaminares de 

vacas (HULSHOF et al., 1997), ratas (ZHAO et al., 2001), camundongas (SMITZ et al., 

1998) e cabras (SILVA et al., 2006a).  

O fator de crescimento epidermal (EGF) é conhecido como um potente fator 

mitogênico, podendo estimular a proliferação de diferentes tipos celulares (TOYODA et al., 

2007). Estudos têm demonstrado a expressão da proteína e RNAm para o EGF e seus 

receptores em oócitos e células da granulosa de folículos pré-antrais e antrais de ratas, vacas, 

mulheres, porcas, camundongas e cabras (FENG; KNECHT; CATT, 1987; LONERGAN et 

al., 1996; QU  et al., 2000; SINGH; RUTLEDGE; ARMSTRONG, 1995; HILL et al., 1999; 
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SILVA et al., 2006c). Outros estudos com cultivo in vitro de folículos pré-antrais mostraram 

que o EGF promove a proliferação de células da granulosa de porcas, roedores e mulheres 

(MORBECK; FLOWERS; BRITT, 1993; GOSPODAROWICZ; BIALECKI, 1979) e 

aumenta o diâmetro folicular de vacas, roedores, mulheres e cabras (GUTIERREZ et al., 

2000; ROMANO et al., 1994; ROY; KOLE, 1998; SILVA et al., 2004c).  

Outro fator mitogênico também importante para a transição de folículos primários para 

secundários é o FGF-2. Tal fator é importante no controle de uma ampla variedade de funções 

ovarianas, incluindo mitose de células da granulosa (ROBERTS; ELLIS, 1999), 

esteroidogênese (VERNON; SPICER,1994), diferenciação (ANDERSON; LEE, 1993) e 

apoptose (TILLY et al., 1992). Já foi observado que o FGF-2 está expresso em oócitos de 

folículos primordiais e células da granulosa e da teca de folículos em crescimento de vacas 

(VAN WEZEL et al., 1995; YAMAMOTO et al., 1997; NILSSON; PARROTT; SKINNER, 

2001). Além disso, receptores para a proteína e RNAm para o FGF-2 têm sido demonstrados 

em folículos em crescimento de vacas (WANDJI; FORTIER; SIRARD, 1992) e ratas 

(SHIKONE; YAMOTO; NAKANO, 1992; ASAKAI et al., 1993, 1995). Wandji et al. (1996) 

mostraram que a utilização de 50 ng/mL de FGF-2 aumentou o diâmetro folicular e estimulou 

a proliferação de células da granulosa em folículos bovinos cultivados por 6 dias. Outros 

autores também observaram que o FGF-2 promoveu aumento no diâmetro folicular e a 

proliferação das células da granulosa de vacas (NUTTINCK et al., 1996), gatas 

(JEWGENOW, 1996) e ratas (NILSSON; PARROTT; SKINNER, 2001). 

 

2.3.4. Progressão de folículo secundário para antral 

 

Após o crescimento dos folículos secundários e organização das células da granulosa 

em várias camadas, ocorre a formação de uma cavidade repleta de líquido denominada antro. 

A partir deste estágio, os folículos passam a ser denominados terciários ou antrais. O fluido 

folicular que preenche esta cavidade contém água, eletrólitos, proteínas séricas e alta 

concentração de hormônios esteróides secretados pelas células da granulosa (BARNETT et 

al., 2006). Durante o desenvolvimento folicular, a produção de fluido antral é intensificada 

pelo aumento da vascularização folicular e permeabilidade dos vasos sangüíneos, os quais 

estão fortemente relacionados com o aumento do folículo antral. O desenvolvimento dos 
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folículos antrais é caracterizado por uma fase de crescimento, recrutamento, seleção e 

dominância (VAN DEN HURK; ZHAO, 2005) sendo a formação de folículos pré-ovulatórios 

um pré-requisito para a ovulação e formação do corpo lúteo (DRUMMOND, 2006). 

 Vários experimentos in vivo e in vitro têm mostrado que o número de folículos 

secundários, seu tamanho, número de células e taxa de atresia são influenciados pelas 

gonadotrofinas, das quais o FSH é o fator de sobrevivência predominante (VAN DEN HURK; 

BEVERS; BECKERS,1997; VAN DEN HURK et al., 2000). O LH também parece ser 

importante para o desenvolvimento de folículos secundários, uma vez que, através de seus 

receptores, que podem ser demonstrados na camada da teca de folículos secundários de ratas, 

ele desencadeia a biossíntese de andrógenos os quais são capazes de estimular a formação de 

receptores para FSH nas células da granulosa e assim, podem ampliar os efeitos do FSH em 

folículos secundários (VAN DEN HURK; BEVERS; DIELEMAN, 1999; VAN DEN HURK 

et al., 2000). A síntese de andrógenos estimulada pelo LH é amplificada por neurotrofinas 

(VAN DEN HURK; ZHAO, 2005). 

O hormônio do crescimento (GH) é outro fator endócrino que pode promover o 

desenvolvimento de folículos secundários. A presença de RNAm para o receptor de GH tem 

sido detectada em folículos pré-antrais de ratas (ZHAO et al., 2002). Estudos in vitro usando 

GH têm demonstrado que esse fator desempenha um importante papel controlando as fases 

iniciais do desenvolvimento folicular. A adição de GH ao meio de cultivo in vitro de folículos 

pré-antrais estimulou a produção de estradiol e a proliferação das células da granulosa e da 

teca em murinos (KOBAYASHI et al., 2000), além de promover um aumento no diâmetro de 

folículos pré-antrais de camundongas cultivados in vitro (LIU et al., 1998; KIKUCHI et al., 

2001).   

Além dos hormônios citados, a família FGF, que é composta por um grupo de fatores, 

é potencialmente importante para o crescimento folicular (BURATINI et al., 2005). McGEE 

et al. (1999) demonstraram uma supressão dose-dependente da apoptose de células da 

granulosa e estímulo do crescimento de folículos secundários de ratas cultivadas com o FGF-

7. O FGF-2, um potente fator angiogênico (REYNOLDS; REDMER, 1998; PLENDL, 2000), 

exerce um importante papel na foliculogênese, uma vez que a função ovariana é dependente 

do estabelecimento e contínuo remodelamento de um complexo sistema vascular, que 

possibilita os folículos receberem suprimento adequado de nutrientes, oxigênio e suporte 
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hormonal (ROBINSON et al., 2009). Além do FGF-2, outros fatores angiogênicos também 

parecem ser importantes para o desenvolvimento folicular nessa fase, dos quais podemos 

destacar o VEGF e a ANG II. No primeiro Capítulo desta tese, será mostrada uma revisão 

detalhada acerca da importância de fatores angiogênicos durante o desenvolvimento folicular, 

incluindo o FGF-2, VEGF e ANG II.  

Neurotrofinas e neurotransmissores, como por exemplo, NGFs e VIP respectivamente, 

também parecem ser bons candidatos para estimular o desenvolvimento folicular precoce, 

inclusive de folículos secundários. Ovários de camundongas com mutações deletérias ao NGF 

exibiram acentuada redução do número de folículos primários e secundários, enquanto a 

proliferação de células da granulosa foi visivelmente reduzida após o cultivo in vitro 

(DISSEN et al., 2001). Já o VIP tem sido apontado como um importante regulador no 

desenvolvimento de folículos secundários de ratas, bovinos e primatas (VAN DEN HURK et 

al., 2000; MCGHEE; HSUEH, 2000) e pode estar envolvido na função esteroidogênica das 

células da granulosa de roedores (VAN DEN HURK; ZHAO, 2005). O segundo Capítulo 

desta tese refere-se a uma revisão acerca do envolvimento do VIP na fisiologia ovariana. 

A Figura 2 ilustra resumida e esquematicamente os diferentes fatores envolvidos no 

crescimento folicular a partir do estágio primário até antral. 

 

Figura 2. Desenho esquemático ilustrando os fatores envolvidos no crescimento folicular a 
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partir do estágio primário até antral. CG: Células da granulosa; CT: Células da teca. Adaptado 

de Knight and Glister (2006). 

 

2.4. Biotécnica de MOIFOPA 

 

Tendo em vista que o ovário mamífero contém milhares de oócitos inclusos em 

folículos pré-antrais e que poucos destes folículos desenvolvem-se até o estágio de folículo 

pré-ovulatório, e na tentativa de utilizar de maneira eficiente o potencial de gametas 

femininos no futuro, vem sendo desenvolvida a biotécnica de MOIFOPA.  

Esta biotécnica visa o resgate de um grande número de oócitos inclusos nos folículos 

pré-antrais, seguido das etapas de conservação (resfriamento e/ou criopreservação) e/ou 

cultivo in vitro até o estágio de maturação folicular (FIGUEIREDO et al., 2008), 

representando uma alternativa para o fornecimento de uma população homogênea de oócitos 

para as biotécnicas de fecundação in vitro e clonagem (TELFER, 1996). 

Nesse contexto, o cultivo in vitro de folículos pré-antrais vem sendo largamente 

empregado com o intuito de promover a multiplicação e a posterior diferenciação das células 

da granulosa e assegurar o crescimento e a maturação de seus oócitos, para que os mesmos 

estejam aptos à produção de embriões (FIGUEIREDO et al., 2008). A secção a seguir 

abordará os diversos sistemas de cultivo in vitro empregados. 

 

2.5. Cultivo in vitro de folículos pré-antrais 

 

No que se refere aos sistemas de cultivo in vitro, os folículos ovarianos podem ser 

cultivados inclusos no próprio tecido ovariano (in situ) ou na forma isolada. O cultivo in situ é 

considerado um modelo prático uma vez que a manipulação é rápida e nesse cultivo, a 

manutenção da integridade tridimensional dos folículos e a interação destes com células do 

estroma são mantidas. Já o cultivo de folículos isolados permite uma melhor perfusão dos 

nutrientes e o acompanhamento individual dos folículos. 

Em roedores, a pequena dimensão dos ovários possibilita o cultivo do órgão inteiro, o 

que tem sido bastante útil para o estudo da foliculogênese inicial em pequenos mamíferos 

(FORTUNE, 2003). Por outro lado, em animais domésticos de médio e grande porte, devido 

às grandes dimensões dos ovários, não é possível utilizar este modelo. Para estes animais, o 
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cultivo de pequenos fragmentos de córtex ovariano, rico em folículos primordiais, tem sido 

realizado para o estudo da ativação e crescimento de folículos primários (caprinos: SILVA et 

al., 2004a; bovinos: BRAW-TAL; YOSSEFI, 1997; babuínos: WANDJI et al., 1997; 

humanos: HOVATTA et al.,1997). O cultivo de pequenos fragmentos de córtex ovariano tem 

a vantagem de manter a integridade celular e facilitar a perfusão do meio para o tecido 

ovariano (TELFER, 1996).  

Grande progresso já tem sido observado no cultivo in vitro de folículos pré-antrais em 

diferentes espécies animais. Em felinos (JEWGENOW; STOLTE, 1996) e marsupiais 

(BUTCHER; ULLMAN, 1996), observou-se o crescimento de folículos pré-antrais isolados, 

porém, sem a formação de antro. Em humanos, bovinos e caninos, folículos secundários 

isolados cresceram in vitro o estágio antral (ROY; TREACY, 1993; GUTIERREZ et al., 

2000; SERAFIM et al., 2010). Resultados mais satisfatórios foram obtidos com suínos (WU; 

TIAN, 2007), bubalinos (GUPTA et al., 2008), ovinos (ARUNAKUMARI; 

SHANMUGASUNDARAM; RAO, 2010) e caprinos (SARAIVA et al., 2010b; 

MAGALHÃES et al., 2011), em que se alcançou a produção de embriões após cultivo in vitro 

de grandes folículos secundários. Entretanto, os melhores resultados do cultivo folicular 

foram obtidos em roedores, sendo observada a obtenção de crias viáveis a partir do cultivo de 

oócitos provenientes de folículos pré-antrais de camundongas, nos quais o oócito adquiriu 

competência para maturação, fertilização e desenvolvimento embrionário (EPPIG; 

SCHROEDER, 1989; OôBRIEN; PENDOLA; EPPIG, 2003). Tal crescimento foi obtido 

através do sistema de cultivo em dois passos: (1) cultivo de ovários inteiros para obtenção da 

transição de folículo primordial para primário e (2) isolamento e posterior cultivo de folículos 

primários e secundários.  

Como pode-se observar, um grande número de sistemas de cultivo in vitro têm sido 

desenvolvidos para promover o crescimento de folículos de diferentes espécies. Além das 

diferenças dos sistemas de cultivo, existem também muitas diferenças espécies-específicas, 

como: i) o período para a conclusão da foliculogênese e oogênese; ii) o tamanho dos folículos 

ovulatórios e oócitos maduros, e iii) as diferenças na natureza, concentrações e efeitos dos 

fatores de crescimento que influenciam o folículo e produção de oócitos in vivo. Essas 

diferenças são altamente relevantes no desenvolvimento de sistemas que suportam o 

crescimento in vitro completo e maturação do oócito (PICTON et al., 2008). No entanto, em 
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todos os protocolos, algumas características são vitais para otimizar o crescimento in vitro: o 

fornecimento de nutrientes, eletrólitos, antioxidantes, aminoácidos, substratos energéticos, 

vitaminas, hormônios e fatores de crescimento (PICTON et al., 2008). Diante disso, nossa 

equipe vem testando uma série de substâncias no cultivo in vitro de folículos pré-antrais 

caprinos. 

 

2.6. Cultivo in vitro de folículos pré-antrais caprinos in situ 

 

Os primeiros estudos do LAMOFOPA foram realizados com o intuito de se obter um 

meio de base para o cultivo in vitro de folículos pré-antrais caprinos. SILVA et al. (2004a) ao 

comparar a solução à base de água de coco (SBAC) com o Meio Essencial Mínimo (MEM), 

verificaram que o MEM apresentou melhores taxas de sobrevivência e ativação folicular. 

Esses resultados foram reforçados por MARTINS et al. (2005), em que foi observado uma 

elevada taxa de degeneração folicular após utilização de SBAC. Além disso, SILVA et al. 

(2004a) observaram que a adição de suplementos ao meio de base MEM, como hipoxantina e 

substratos energéticos, tais como piruvato e glutamina, e ITS (Insulina, Transferrina e 

Selênio) foram considerados importantes para manter a sobrevivência de folículos pré-antrais 

caprinos cultivados in vitro. 

Existiu ainda uma clara necessidade de verificar a temperatura e tempo de transporte 

ideal para ovários caprinos para posterior cultivo in vitro. Então, CHAVES et al. (2008) ao 

testar diferentes tempos e temperaturas de transporte, verificaram que os fragmentos 

ovarianos resfriados a 4º C por 4 h durante o transporte são melhores para manter a 

viabilidade e aumentar o crescimento folicular durante o cultivo in vitro. 

 Nossa equipe testou ainda o efeito de alguns hormônios. No que se refere à utilização 

do FSH (MATOS et al., 2007b; MAGALHÃES et al., 2009a,b) e do estradiol (LIMA -

VERDE et al., 2010a), estes apresentaram efeitos positivos na sobrevivência, isto é, 

percentagens de folículos pré-antrais morfologicamente normais superiores ao controle 

cultivado (MEM
+
), bem como na manutenção da integridade ultraestrutural. Tais hormônios 

tiveram ainda um efeito adicional sobre a ativação e o crescimento folicular. No que se refere 

ao LH, embora ele tenha mantido a integridade ultraestrutural dos folículos quando 

adicionado ao meio de cultivo, as percentagens de folículos pré-antrais morfologicamente 
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normais foram similares ao controle cultivado após sete dias (SARAIVA et al., 2008). Dentre 

os hormônios testados, o GH na concentração de 10 ng/mL, além de apresentar efeito 

benéfico para sobrevivência, também foi eficiente para a transição de folículos primordiais 

para primários (MARTINS et al., 2010). Por outro lado, a androstenediona não apresentou 

nenhum efeito adicional sobre a sobrevivência de folículos pré-antrais caprinos (LIMA-

VERDE et al., 2010b). 

Quando os fatores de crescimento foram testados, foi obsevado que dois membros da 

família FGF, o FGF-10 (CHAVES et al., 2010b) e o FGF-2 (MATOS et al., 2007a), 

aumentaram a percentagem de folículos normais e promoveram a ativação folicular em 

relação ao controle cultivado, respectivamente. No entanto, fatores como o KL e a BMP-15, 

não apenas se destacaram em relação ao controle cultivado, como também apresentaram 

valores de sobrevivência similares ao controle fresco (CELESTINO et al., 2010; 

CELESTINO et al., dados não publicados). Todos esses fatores foram também eficientes em 

manter a integridade ultraestrutural dos folículos após sete dias de cultivo. No que se refere ao 

crescimento, a ativina A (SILVA et al., 2006a), o FGF-10 (CHAVES et al., 2010b) e a BMP-

15 (CELESTINO et al., dados não publicados) aumentaram o diâmetro de folículos pré-

antrais caprinos após cultivo in vitro. Alguns fatores de crescimento, tais como EGF, KL, 

BMP-15 e IGF-1 aumentaram a percentagem de folículos primários (CELESTINO et al., 

2009; 2010; dados não publicados; MARTINS et al., 2010). No entanto, apenas a BMP-15 e o 

GDF-9 aumentaram a percentagem de folículos secundários após sete dias de cultivo 

(CELESTINO et al., dados não publicados; MARTINS et al., 2008), porém com taxas 

relativamente baixas (~ 20%).   

 Dentre os antioxidantes testados, pode-se citar o Ŭ-tocoferol e a ternatina, no entanto, 

quando utilizados nas concentrações de 5, 10 ou 15 µM, não foram eficientes para o 

desenvolvimento de folículos pré-antrais caprinos (LIMA -VERDE et al., 2009). Por outro 

lado, o ácido ascórbico (50 µg/mL) associado ao FSH (50 ng/mL) obteve elevadas 

percentagens de folículos pré-antrais normais, os quais ainda mantiveram a integridade 

ultraestrutural, bem como promoveram a ativação e o crescimento de folículos pré-antrais 

caprinos (ROSSETTO et al., 2009). Outras interações também foram benéficas, tais como o 

FSH com FGF-2; e FSH com EGF, as quais aumentaram o diâmetro folicular (MATOS et al., 
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2007c; SILVA et al., 2004c) e IGF-1 com GH, os quais promoveram a transição de folículos 

primordiais para intermediários (MARTINS et al., 2010). 

Por outro lado, outros fatores testados (BMP-7: ARAÚJO et al., 2010a; NGF: 

CHAVES et al., 2010a), não foram eficazes em melhorar a percentagem de folículos pré-

antrais morfologicamente normais em relação ao controle cultivado, apesar de terem mantido 

a ultraestrutura dos folículos após análise por microscopia eletrônica de transmissão (MET). 

Substâncias, tais como o ácido 3-indol-acético (IAA) (MATOS et al., 2006) e soro fetal 

bovino (BRUNO et al., 2008), nem mesmo foram capazes de manter a ultraestrutura dos 

folículos cultivados. 

 Como se pode observar, apesar de folículos inclusos em tecido ovariano serem 

mantidos saudáveis, ativarem e crescerem, poucos desses folículos progridem até o estágio de 

primário e secundário. Na tentativa de melhorar tais resultados, outras substâncias, 

isoladamente ou em associação, vêm sendo testadas.  

  

2.7. Cultivo in vitro de folículos pré-antrais caprinos isolados 

 

Simultaneamente aos experimentos com cultivo in vitro de fragmentos ovarianos, 

experimentos voltados para o cultivo de folículos pré-antrais isolados vêm sendo realizados, 

com o objetivo de manter a viabilidade, promover a formação da cavidade antral, estimular o 

crescimento e capacitar os oócitos inclusos nesses folículos a serem maturados e fecundados 

in vitro. 

Outros pesquisadores, trabalhando com essa mesma espécie, desenvolveram um 

sistema de cultivo de folículos secundários isolados, capaz de promover a formação do antro 

(ZHOU; ZHANG, 2000), bem como manter a sobrevivência e aumentar o diâmetro folicular 

(ZHOU; ZHANG, 2005). Nosso grupo também foi capaz de obter tais resultados, uma vez 

que a utilização do meio de base foi capaz de manter a sobrevivência e atingir estágio antral, e 

a adição de FSH no meio ainda promoveu um aumento na taxa de crescimento folicular 

(RODRIGUES et al., 2010). 

Um grande progresso foi alcançado por nosso grupo, o qual além de estabelecer um 

sistema de cultivo capaz de estimular o crescimento e formação antral assegurou a retomada 

da meiose (SILVA et al., 2010). Nesse experimento foram testadas duas concentrações de 

oxigênio (5 e 20%), em que a concentração de 20% foi mais eficiente  em promover o 
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crescimento folicular e a retomadada da meiose (16,7%) de oócitos oriundos de folículos pré-

antrais crescidos in vitro.  

MAGALHÃES et al. (2010), ao avaliar o efeito de diferentes intervalos de troca de 

meio (troca a cada 2 ou 6 dias) sobre o desenvolvimento de folículos pré-antrais caprinos 

isolados, verificaram que sob as mesmas condições, o intervalo de troca de meio a cada 2 dias 

foi mais eficiente sobre a viabilidade folicular e ainda proporcionou a retomada da meiose 

(12,5%).  

Ainda no que se refere à troca de meio, ARAÚJO et al (2010b) avaliaram a influência 

de três diferentes protocolos de troca de meio. Nesse trabalho, a adição periódica de meio (5 

ɛl de meio fresco a cada dois dias) foi recomendada por ser mais prática, manter a viabilidade 

e promover o desenvolvimento in vitro de folículos pré-antrais caprinos. 

Outras formas de cultivo também foram testadas, como o cultivo de folículos de forma 

individual ou em grupos. DUARTE et al. (2010) observaram que o co-cultivo de folículos 

antrais com folículos pré-antrais afetou negativamente o desenvolvimento folicular. Por outro 

lado, o cultivo de folículos pré-antrais em grupo mostrou taxas superiores de sobrevivência e 

crescimento em relação aos folículos cultivados individualmente, além de estimular a 

retomada da meiose em 9,09%. No entanto, essa percentagem também foi muito baixa, o que 

refletiu a necessidade de melhorar tal sistema de cultivo. 

Na tentativa de melhorar tal sistema, e sabendo que os folículos possuem diferentes 

níveis de exigências nos diferentes estágios de desenvolvimento, foi desenvolvido um meio de 

cultivo seqüencial utilizando FSH. Esse hormônio foi utilizado em concentrações aumentadas 

ao longo do cultivo (FSH 100 ng/mL do dia 0 a 6; FSH 500 ng/mL do dia 6 a 12; FSH 1000 

ng/mL do dia 12 a 18), promovendo altas percentagens de retomada da meiose 

(aproximadamente 62%) (SARAIVA et al., 2010a). Diante desse resultado promissor, novos 

experimentos foram realizados utilizando tal sistema de cultivo. 

 De fato, a partir da utilização de um meio de base que continha FSH seqüencial 

suplementado com LH e EGF (SARAIVA et al., 2010b) ou GH (MAGALHÃES et al., 2011), 

foi possível a obtenção dos primeiros embriões caprinos oriundos de folículos secundários 

isolados cultivados in vitro.  

Apesar dos grandes avanços obtidos pela nossa equipe, o rendimento referente à 

produção de oócitos maturos, bem como a obtenção de embriões a partir de folículos pré-
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antrais caprinos ainda é extremamente baixo, o que reforça a necessidade de melhorar tal 

sistema de cultivo.  

 

2.8 Técnicas para análise folicular  

 

 Diferentes técnicas podem ser utilizadas para análise folicular após o cultivo in vitro 

de folículos pré-antrais. Dentre elas, podemos destacar aquelas que permitem a avaliação da 

qualidade folicular, como por exemplo, a histologia clássica (HC), a microscopia eletrônica de 

transmissão (MET) e a microscopia de fluorescência. Além disso, existem ainda as técnicas 

de biologia molecular que permitem o estudo da expressão de genes que codificam ligantes 

e/ou receptores de diferentes substâncias importantes para a foliculogênese, contribuindo para 

uma melhor elucidação desse processo. A seguir, será abordada brevemente cada uma dessas 

técnicas. 

 

2.8.1 Histologia Clássica 

 

 A HC é uma técnica importante para avaliação de folículos pré-antrais após cultivo in 

vitro, pois além de permitir uma análise quantitativa, ou seja, de um grande número de 

folículos cultivados, permite ainda verificar a mudança na morfologia das células da 

granulosa de pavimentosa para cúbica, por ocasião da ativação folicular, além de analisar a 

integridade morfológica do oócito e das células da granulosa. Tal técnica permite, portanto a 

classificação dos folículos quanto ao seu estágio de desenvolvimento (primordial, 

intermediário, primário ou secundário), e ainda quanto às suas características morfológicas 

(normais ou atrésicos). Entretanto, a HC possui como desvantagens não permitir a avaliação 

da integridade de membranas e das organelas citoplasmáticas. Vale salientar que tal técnica 

pode ser realizada tanto em folículos isolados, como naqueles inclusos em fragmentos de 

córtex ovariano (MATOS et al., 2007d). 

  

2.8.2 Microscopia Eletrônica de Transmissão 

 

A MET é considerada uma técnica qualitativa e acurada, capaz de permitir a avaliação 
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da integridade de membranas celulares e organelas citoplasmáticas (SALEHNIA; 

MOGHADAM; VELOJERDI, 2002). Ela se mostra como uma ferramenta valiosa para 

detectar modificações morfológicas iniciais devido à atresia, as quais podem ser observadas 

apenas em nível ultraestrutural, antes de se tornarem mais visíveis e possíveis de serem 

identificadas por microscopia óptica. Tal técnica é, portanto, capaz de verificar a qualidade do 

oócito e das células da granulosa (LUCCI et al., 2001; LOPES et al., 2009). Com esta técnica, 

é possível ainda avaliar a atresia, ou seja, a morte do folículo tanto por apoptose 

(STALDEMANN; LASSMAN, 2000) como pelo processo degenerativo de necrose 

(MARTINEZ-MADRID et al., 2007).  

  

2.8.3 Microscopia de Fluorescência 

 

Outra técnica empregada para avaliar a viabilidade folicular após o cultivo in vitro é a 

microscopia de fluorescência, a qual utiliza marcadores fluorescentes, que quando excitados 

com radiação de baixo comprimento de onda, absorvem energia e emitem luz de comprimento 

de onda maior (JUNQUEIRA; CARNEIRO, 2005). A microscopia de fluorescência é 

considerada uma técnica confiável, prática e rápida (CORTVRINDT; SMITZ, 2001b; LOPES 

et al., 2009). Recentemente, estudos vêm sendo realizados empregando a técnica de 

fluorescência para avaliar a viabilidade folicular após o cultivo in vitro (ROSSETTO et al., 

2009; SILVA et al., 2010; MAGALHÃES et al., 2010). Nesses trabalhos, os folículos foram 

analisados por fluorescência com base na detecção simultânea de células vivas e mortas 

marcadas por calceína-AM e pelo etídio homodímero-1, respectivamente. Enquanto a 

primeira sonda detecta atividade da esterase intracelular, enzima característica de células 

viáveis, a outra cora ácidos nucléicos em células não-viáveis, com ruptura na membrana 

plasmática (LOPES et al., 2009).   

   

2.8.4 Biologia Molecular 

 

A identificação e quantificação dos níveis de RNAm de diferentes substâncias 

(ligantes e receptores) que atuam durante a foliculogênese também é considerada uma 

importante ferramenta para auxiliar na compreensão desse processo, uma vez que permite 
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detectar alterações nos padrões de expressão gênica que ocorrem em resposta a fenômenos 

relacionados à sobrevivência, ao crescimento e à diferenciação celular. Desta forma, a 

capacidade de quantificar os níveis de transcrição de genes específicos é fundamental para 

garantir a completa investigação das funções foliculares (ZAMORANO; MAHESH; BRANN, 

1996). Dentre as técnicas de biologia molecular, podem ser citadas aquelas que detectam, 

localizam ou identificam os ácidos nucléicos (hibridização in situ Southern e Northern 

Blotting) ou proteínas (Western Blotting e imunohistoquímica), as que podem efetuar a 

quantificação do DNA (Reação em Cadeia de Polimerase - PCR) ou do RNA (Reação de 

Transcriptase Reversa de Cadeia da Polimerase - RT-PCR), as que permitem a quantificação 

da expressão do RNAm mesmo em uma mistura complexa de RNA total (ensaios de proteção 

de ribonuclease) ou que possibilitem a análise da expressão de milhares de genes 

simultaneamente (Microarranjos de DNA). 

  Atualmente, a técnica mais utilizada para quantificar a expressão de RNAm é a RT-

PCR em tempo real (qRT-PCR) (KREUZER; MASSEY, 2002). A qPCR,  uma variante da 

RT-PCR convencional, permite uma análise precisa da quantificação da expressão gênica em 

determinado tecido ou amostra biológica. Esse método utiliza um sistema fluorescente em 

plataforma, capaz de detectar a luz oriunda da reação de amplificação de um determinado 

gene no momento real da amplificação (BUSTIN, 2002).  

 

2.8.5 Imunohistoquímica 

  

 A imunohistoquímica também vem sendo utilizada com freqüência para avaliar a 

expressão de fatores de crescimento e hormônios, bem como seus receptores, presentes nos 

ovários, além de ser utilizada também para verificar a proliferação das células da granulosa.  

Esta técnica representa um conjunto de procedimentos diagnósticos que utilizam anticorpos 

(policlonais ou monoclonais) como reagentes de grande especificidade para a detecção de 

antígenos que marcam estruturas em cortes histológicos ou em células cultivadas (ABIR et al., 

2006).   
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3. JUSTIFICATIVA  

 

Os folículos primordiais representam cerca de 90% de todos os folículos presentes no 

ovário. Entretanto, os mecanismos responsáveis pelo seu crescimento ainda não são 

completamente elucidados. Além disso, cerca de 99,9% dos folículos ovarianos sofrem 

atresia, o que reduz significativamente o potencial reprodutivo das fêmeas. Neste contexto, 

com o intuito de evitar a grande perda folicular que ocorre in vivo, surge a biotécnica de 

MOIFOPA que permite a recuperação de dezenas a milhares de folículos primordiais a partir 

de um único ovário. Tais folículos poderiam ser criopreservados para posterior utilização e/ou 

cultivados in vitro.  

Dessa forma, sabendo-se da grande relevância social e econômica que a espécie 

caprina representa para várias regiões do mundo, especialmente o Nordeste Brasileiro, e da 

escassez de informações sobre as condições necessárias e os fatores envolvidos no 

crescimento e na maturação oocitária in vitro, é de extrema importância o desenvolvimento de 

um sistema de cultivo in vitro capaz de manter a sobrevivência folicular, ativar esses folículos 

e assegurar o seu posterior crescimento, otimizando o aproveitamento do potencial oocitário 

desses animais e incrementando a eficiência da reprodução animal. 

Alguns estudos têm investigado o efeito de diversos hormônios e fatores de 

crescimento no cultivo in vitro de folículos pré-antrais de animais de laboratórios e animais 

domésticos. Entretanto, os efeitos de diferentes concentrações de ANG II, VEGF e VIP ainda 

não foram avaliados no cultivo in vitro de folículos pré-antrais caprinos. Para este fim, as 

técnica de histologia clássica, microscopia de fluorescência e MET foram empregadas para 

determinar a qualidade de folículos pré-antrais caprinos cultivados in vitro e, 

conseqüentemente, melhor avaliar a eficiência dos meios de cultivo testados. Além disso, 

foram utilizados ensaios imunohistoquímicos e ferramentas da biologia molecular, com 

intuito de se conhecer a expressão dessas substâncias no ovário caprino, bem como após 

cultivo in vitro. 
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4. HIPÓTESE CIENTÍFICA  

 

 Diante do exposto, formularam-se as seguintes hipóteses: 

 

1) O receptor para VEGF, bem como o RNAm para os receptores da ANG II (AGTR1 e 

AGTR2) e para o VIP são expressos de forma diferenciada em folículos ovarianos 

caprinos; 

 

2) A ANG II, o VEGF e o VIP influenciam a sobrevivência, a ativação e o crescimento in 

vitro de folículos pré-antrais caprinos inclusos em tecido ovariano; 

 

3) O VIP afeta a sobrevivência, a formação de antro, o crescimento e a expressão do RNAm 

para VIP e receptor de FSH (FSHR) em folículos pré-antrais caprinos isolados. 
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5. OBJETIVOS 

  

5.1. Objetivo geral 

 

1) Verificar a localização da proteína para o receptorde VEGF- 2  (VEGFR-2) e a expressão 

do RNAm para os receptores da ANG II (AGTR1 e AGTR2) e para o VIP em folículos 

ovarianos caprinos. 

 

2) Avaliar o efeito da ANG II, VEGF e VIP sobre o desenvolvimento in vitro de folículos pré-

antrais caprinos inclusos em tecido ovariano. 

 

3) Avaliar o efeito do VIP sobre o desenvolvimento in vitro de folículos pré-antrais caprinos 

isolados, bem como sobre a  expressão do RNAm para o VIP e receptor de FSH (FSHR) em 

folículos pré-antrais caprinos isolados após cultivo in vitro. 

 

5.2. Objetivos específicos 

 

1) Investigar nos compartimentos foliculares (oócitos, células da granulosa, células da teca e 

células do cumulus) a localização do receptor de VEGF (VEGFR-2), bem como a expressão 

do RNAm para os receptores da ANG II (AGTR1 e AGTR2) e para o VIP, em folículos 

caprinos;  

 

2) Avaliar os efeitos da ANG II, VEGF e VIP sobre a sobrevivência, a ativação e o 

crescimento de folículos pré-antrais caprinos durante o cultivo in vitro de fragmentos de 

córtex ovariano por 1 ou 7 dias; 

 

3) Avaliar o efeito do VIP sobre o a sobrevivência, formação de antro e crescimento de 

folículos pré-antrais caprinos isolados, bem como sobre a expressão do RNAm para VIP e 

receptor de FSH (FSHR) em folículos pré-antrais caprinos isolados após cultivo in vitro. 

 

 Nas páginas seguintes, serão apresentados os resultados desta tese na forma de seis 
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capítulos referentes a dois artigos de revisão e quatro artigos técnicos. Vale salientar que uma 

revisão foi publicada em periódico incluso no Qualis CAPES ñB3ò, dois artigos técnicos já foram 

publicados em peri·dicos Qualis ñA1ò e outros tr°s encontram-se em fase de julgamento.  
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6. CAPÍTULO 1  

 

 

 

 

 

 

 

 

 

 

 

 

Fatores angiogênicos e o desenvolvimento folicular ovariano  

 

 

(Angiogenic factors and ovarian follicle development) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Periódico: Animal Reproduction v. 6, n. 2, p. 371-379, 2009 
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Resumo 

 

Os folículos requerem um suprimento sanguíneo adequado de oxigênio, nutrientes e 

hormônios, além de remover o excesso de CO2 e outros metabólitos. A aquisição de uma 

oferta vascular adequada é provavelmente um passo limitante na seleção e maturação do 

folículo dominante. Desta forma, há um progressivo interesse no estudo dos fatores de 

crescimento envolvidos no processo de angiogênese. Além disso, uma melhor compreensão 

sobre os mecanismos que regulam a expressão e a ação desses fatores poderia ser um ponto 

chave para aumentar o desempenho reprodutivo das fêmeas. Portanto, esta revisão visa 

resumir os dados atuais sobre a importância dos fatores de crescimento pró e anti-angiogênico 

que regulam a angiogênese no desenvolvimento folicular ovariano. 

 

Palavras-chave: Angiogênese. Folículo. Fatores de crescimento. Ovário. 
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Abstract 

 

Ovarian follicles require an adequate blood supply for oxygen, nutrients and 

hormones, in addition to eliminating CO2 and other metabolites. Acquisition of an adequate 

vascular supply is probably a limiting step in the selection and maturation of the dominant 

follicle. In this way, there is a progressive interest in the study of the growth factors involved 

in the angiogenic process. In addition, a better understanding about the mechanisms that 

regulate the expression and action of these factors could be a key point to increase the 

reproductive performance in females. Therefore, this review aims to summarize current data 

on the importance of the pro- and anti-angiogenic growth factors which regulate angiogenesis 

in ovarian follicle development. 

 

Keywords: angiogenesis, follicle, growth factors, ovary. 

 

Introduction  

 

During embryo development, blood vessels differentiate from endothelial precursors 

by a process called vasculogenesis. Angiogenesis is the process of new blood vessel 

development from pre-existing vasculature that occurs in embryos and adults (Stouffer et al., 

2001). In the last two decades, there was a progressive interest in the study of angiogenesis 

due to the association of this process with pathological conditions in adult tissues, such as 

tumoral growth and inflammation (Smith, 2001). In addition, several aspects of human and 

animal reproduction, such as clinical alterations that occur in the ovary and in the female 
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reproductive tract depend on angiogenesis (Acosta et al., 2003). This process occurs 

throughout follicular development, allowing adequate nutritional and hormonal supply for 

ovarian follicle growth and oocyte development, as well as corpus luteum formation (Fraser 

and Lunn, 2000).  

A wide range of growth factors have been identified that promote (pro-angiogenic) or 

inhibit (anti-angiogenic) angiogenesis (Stouffer et al., 2001). However, modulation of the 

expression and action of these factors can be a key point to increase female reproductive 

performance. In this review, aspects related to the importance of angiogenesis in ovarian 

follicle development, as well as the role of the regulatory pro- and anti-angiogenic growth 

factors, will be discussed. 

 

Blood vessels formation 

 

The vascular system is developed based on two distinct processes: vasculogenesis and 

angiogenesis. While blood vessels differentiate from endothelial precursors by a process 

called vasculogenesis during embryo development, in adults further vessel development from 

pre-existing vasculature occurs by intussusception or sprouting by a process called 

angiogenesis. Angiogenesis is characterized by a cascade of events that starts with capillary 

proliferation and culminates with the formation of a new microcirculation composed of 

arterioles, capillaries and venules (Redmer and Reynolds, 1996). During the development of 

new blood vessels, some features can be observed such as enzymatic degradation of the basal 

membrane of the pre-existing vessels, migration of endothelial cells marked by angiogenic 

stimulus and finally, endothelial cell proliferation (Redmer et al., 2001). This 

neovascularization is completed with the formation of a capillary network and differentiation 

of new capillaries into arterioles and veins (LeCouter et al., 2002).  

Studies have demonstrated that circulating endothelial precursor cells, i.e., originated 

from bone marrow, may contribute to angiogenesis in adults (Carmeliet and Jair, 2000). In 

addition, recent studies indicated the presence of mitogenic endothelial cells, which are the 

primary components of capillaries, in specific organs, modulating angiogenic responses in a 

variety of organs (LeCouter et al., 2002).  
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It is important to note that in several adult tissues, capillary growth rarely occurs and 

the vascular endothelium represents a stable population of cells with low mitogenic rates 

(Klagsbrun and D`Amore, 1996). An exception is the rapid growth and regression that occurs 

in the female genital organs, associated with equivalent changes in its vascular network 

(Reynolds and Redmer, 1995). The mature ovary shows a highly developed vasculature, 

reflecting its high metabolic rate, which turns this organ into a unique model for studies of 

angiogenesis regulation during growth, differentiation and regression of normal tissues in 

adults (Redmer and Reynolds, 1996). 

 

Follicular angiogenesis 

 

The ovarian follicle is the structural and functional unit of the mammalian ovary, 

which supplies the necessary environment for oocyte growth and maturation (Telfer, 1996). 

The follicles are surrounded by somatic cells (granulosa and theca cells) and can be classified 

in preantral (primordial, primary and secondary) and antral (tertiary and preovulatory) 

follicles (Hulshof et al., 1994). It is known that vasculature is not equally distributed among 

the population of follicles of the adult ovary, since only theca cell layers, present in later 

follicular stages, have vessels. Quiescent primordial follicles and slow growing preantral 

follicles do not have a vascular supply of their own, but instead rely on vessels in the 

surrounding stroma. Thus, Martelli et al. (2009) showed that an autonomous vascular supply 

starts to be evident in preantral follicles with diameter from 110 ɛm. However, as a follicular 

antrum develops, the thecal layer acquires a vascular sheath consisting of two capillary 

networks located in the theca interna and externa, respectively (Stouffer et al., 2001).  

Acquisition of an adequate vascular supply is probably a limiting step in the selection 

and maturation of the dominant follicle destined to ovulate (Stouffer et al., 2001). Some 

studies have shown that angiogenesis is followed by a vasodilatation, a functional adaptation 

for the occurrence of ovulation, as well as by the development of theca endocrine function 

(Jiang et al., 2003). Thus, there are evidences that theca cells angiogenesis have a primary 

role in follicular development (Tamanini and De Ambrogi, 2004).  

The development and growth of the theca vascular network are probably controlled by 

paracrine and angiogenic factors produced by granulosa cells. In addition to those factors, 
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Vascular Endothelial Growth Factor (VEGF), whose levels increase according to follicular 

growth, can induce the formation of a primitive capillary network during the early phases of 

antral follicle development. Moreover, the regulation of angiogenesis seems to be dependent 

on the interaction among other growth factors that can act in different moments, some of them 

stimulating growth, while others, mediating endothelial cell reorganization in more complexes 

vascular structures (Grasselli et al., 2003).  

The degeneration of the capillary network is a relevant phenomenon that causes 

follicular atresia through the interruption of the metabolic supply for follicular cells. In 

addition, an increase in vascular density around antral follicles contributes to the inhibition of 

atresia. However, some studies have suggested that microvascular changes of atretic follicles 

are a consequence and not the cause of atresia (Macchiarelli et al., 1993).  

As the corpus luteum begins its formation, thecal capillary sprouts begin to migrate 

towards and grow into the folds of the stratum granulosum. The growth of new capillaries 

during luteal angiogenesis follows a cascade of events including changes in the basement 

membrane, migration and proliferation of endothelial cells and development of capillary 

lumina (Plendl, 2000). 

 

Pro-angiogenic growth factors 

 

A variety of parameters, including oxygen tension, aging and endocrine or local 

factors can modulate the expression of angiogenic factors. It is generally believed that a 

decline in local oxygen concentrations (hypoxia) is a primary initiator of angiogenesis in 

normal and pathologic tissues (Hazzard and Stouffer, 2000). In the ovary, pro-angiogenic 

factors promote vascular permeability, supporting antrum formation and the events that 

induce follicular rupture (Tamanini and De Ambrogi, 2004). Several pro-angiogenic factors 

are well-known, such as fibroblast growth factor-2 (FGF-2), VEGF, angiotensin II (ANG II), 

insulin like growth factor-1 (IGF-1), epidermal growth factor (EGF), angiopoietin (ANPT) 

and endothelin-1 (ET-1). However, those that seem to be most important in angiogenesis are 

FGF-2, VEGF and ANG II (Redmer et al., 2001). Table 1 and Fig. 1 summarize the effects of 

pro-angiogenic factors on ovarian follicular development.  
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Table 1. Summary of the effects of angiogenic factors on ovarian follicular development. 

Angiogenic factors Effects on ovarian follicular development  

FGF-2 Oocyte and granulosa cells survival 

Primordial follicles activation 

Granulosa and theca cells proliferation  

 

VEGF Primordial follicles survival  

Mitogenic effect in granulosa cells 

Transition from primary to secondary follicles 

 

ANG II Regulates oocyte maturation, ovulation and steroidogenesis  

IGF-1 Follicular growth and survival 

Increases steroidogenesis 

 

 

Figure 1. Angiogenic growth factors act in different stages of follicular development. 
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Fibroblast growth factor-2 (FGF-2) 

 

FGF-2, also known as basic FGF (bFGF), was the first angiogenic factor indentified in 

the ovary (Gospodarowicz et al., 1985). The localization of FGF-2 in endothelial cells 

suggests that it is an important factor for endothelial growth (Gospodarowicz et al., 1985).  

FGF-2 is also found in ovarian follicles (rat: Nilsson et al., 2001; human: Ben-haroush 

et al., 2005) and corpus luteum (rat: Asakai et al., 1993; bovine: Schams et al., 1994), while 

its receptors are expressed in growing follicles (Wandji et al., 1995). In medium and large 

swine follicles, mRNA for FGF-2 and its receptor FGFR-2 was detected in granulosa and 

theca cells, respectively. In the bovine ovary, the expression of the mRNA for FGF-2 in inner 

theca significantly increases during final follicular growth; however this expression was weak 

in granulosa cells (Shimizu et al., 2002). This factor exerts an antiapoptotic effect in 

granulosa cells, favoring the production of other angiogenic factors (Grasselli et al., 2002).  

Some in vitro studies have shown that addition of FGF-2 to the culture medium 

promoted primordial and primary follicles growth (Nilsson et al., 2001), granulosa and theca 

cell proliferation (Wandji et al., 1996), as well as oocyte survival (Zhou and Zhang, 2005). 

Recently, Matos et al. (2007) demonstrated that FGF-2 at 50 ng/mL, stimulated goat 

primordial follicle activation after 5 days of in vitro culture. 

 

Vascular Endothelial Growth Factor (VEGF) 

 

VEGF, also known as vascular permeability factor (VPF), is a potent mitogenic factor 

that stimulates endothelial cell migration. It has also a role in the structural maintenance, 

increase of capillary permeability (Redmer et al., 2001) and a survival factor for endothelial 

cells of microvessels (Stouffer et al., 2001). The VEGF family is composed of at least six 

members (VEGF A, B, C, D, E and F), and the human VEGF-A gene is organized in eight 

exons, separated by seven introns. Alternative exon splicing results in the generation of four 

different isoforms, having 121, 165, 189, and 206 amino acids, respectively, after signal 

sequence cleavage (VEGF121, VEGF165, VEGF189, VEGF206; Stouffer et al., 2001; 

Ferrara, 2004). VEGF A expression was demonstrated in preantral follicles. The protein 

VEGF A has been identified in oocytes of human primordial follicles (Otani et al., 1999; 
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Harata et al., 2006) and human and rat primary follicles (Celik- Ozenci et al., 2003). In swine 

and bovine follicles, VEGF A is weakly expressed during early development and this 

expression becomes higher in granulosa and theca cells of dominant follicles (Barboni et al., 

2000; Greenaway et al., 2005). Expression of mRNA for VEGF in the granulosa and theca 

cells, as well as the protein for VEGF in all follicle compartments and follicular fluid 

significantly increase according to the stage of follicular development (Yamamoto et al., 

1997; Greenaway et al., 2004; Taylor et al., 2004). Recently, VEGF A expression in rats was 

occasionally observed in early preantral follicles and was always detected in preantral 

follicles during the late stages of development (Abramovich et al., 2009; Martelli et al., 

2009). Furthermore, there are two known VEGF receptors (VEGFR-1 and VEGFR-2) that 

bind to VEGF-A. VEGFR-1 is expressed in quiescent and proliferative endothelial cells 

(Berisha et al., 2000) and induced the formation of vessels by VEGF (Boonyaprakob et al., 

2003). VEGFR-2 is expressed specially in angiogenic endothelial cells and regulates the 

effects of VEGF on the proliferation and migration of these cells (Celik- Ozenci et al., 2003).  

High VEGF concentrations cause a destabilization of the blood vessels, resulting in a 

new vascular network development, while VEGF deficiency results in blood vessel regression 

(Hanahan, 1997). Furthermore, Hazzard et al. (1999) demonstrated that gonadotropins 

stimulated VEGF secretion in primate preovulatory follicles and can act as regulatory factors 

of VEGF production. In this way, modulation of the hormones that influence VEGF 

expression, such as human (hCG) and equine (eCG) chorionic gonadotrophin, luteinizing 

hormone (LH) and follicle stimulating hormone (FSH), as well as their levels in the follicle, 

are possibly one of the keys to control ovarian follicular angiogenesis. There are also in vitro 

(Pepper et al., 1992) and in vivo (Asahara et al., 1995) indications of synergistic effects 

between angiogenic growth factors. In bovine, association between VEGF and FGF-2 induced 

an in vitro angiogenic response, which was stronger and faster than the effect produced by 

these two factors individually.  

Recent in vitro studies suggested that VEGF has a mitogenic effect in granulosa cells 

and can stimulate follicular growth in rats (Otani et al., 1999). In this species, Kezele et al. 

(2005) identified that the gene encoding for VEGF-A is an important regulator of primordial 

follicle development. In addition, Danforth et al. (2003) showed that VEGF increases the 

number of primary and secondary follicles in rat ovaries. Recently, a study verified that 
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VEGF promoted the transition from primary to secondary follicles in bovine (Yang and 

Fortune, 2007). Furthermore, a study associated VEGF production and the increase of blood 

vessel content to follicular activation, i.e., the transition from the primordial to primary 

follicle stage (Mattioli et al., 2001). Another study showed that endogenous VEGF is essential 

to rodent primordial follicle survival (Roberts et al., 2007). Moreover, the inhibition of VEGF 

activity produced an increase in ovarian apoptosis through an unbalance in the pro and 

antiapoptotic protein rate, leading to a great number of atretic follicles (Abramovich et al., 

2006). Other authors observed that the direct injection of VEGF into the ovary increases 

vasculature (Shimizu, 2006), the number of antral follicles and inhibits apoptosis (Quintana et 

al., 2004). 

 

Endocrine gland-derived vascular endothelial growth factor (EG-VEGF) 

 

Endocrine gland-derived vascular endothelial growth factor (EG-VEGF) was 

identified as a novel human endothelial cell mitogen, through a bioassay assessing the ability 

of a library of purified human secreted proteins to promote the growth of primary adrenal 

cortex capillary endothelial cells (LeCouter et al., 2001). EG-VEGF does not belong to the 

VEGF family or other known families of endothelial mitogens but instead is a member of a 

structurally related class of peptides including the digestive enzyme colipase, the Xenopus 

headorganizer, Dickkopf (Glinka et al., 1998), venom protein A (VPRA; Joubert and 

Strydom, 1980) or mamba intestinal toxin-1 óóMIT-1ôô (Schweitz et al., 1999), a non-toxic 

component of Dendroaspis polylepis polylepis venom, and the secreted proteins from 

Bombina variegata designated Bv8 (Mollay et al., 1999). Its receptors were designated EG-

VEGFR-1 and EG-VEGFR-2 (Masuda et al., 2002). EG-VEGF selectively promoted 

proliferation, survival and chemotaxis of endothelial cells isolated from steroidogenic tissues 

(Lin et al., 2002). Indeed, exogenous EG-VEGF in the ovary (LeCouter et al., 2001) or testis 

(LeCouter et al., 2003) can dramatically affect vascular leakage. Northern blot analysis of a 

panel of RNAs from a variety of human tissues revealed EG-VEGF expression in ovary, 

testis, adrenal and placenta (LeCouter et al., 2001). In situ hybridization analysis 

demonstrated that steroidogenic cells within these glands are the source of EG-VEGF 

(LeCouter et al., 2001). Granulosa cells in primordial and primary follicles express EG-VEGF 
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strongly. As the secondary follicle matures, EG-VEGF expression in granulose cells declines 

(Ferrara et al., 2003). At approximately 5 days post-ovulation, both VEGF-A and EG-VEGF 

are strongly expressed in a portion of granulosa lutein cells, whereas 8 days post-ovulation 

EG-VEGF expression is intense in the theca lutein cells, while VEGF expression has 

diminished to the point where only weak signal remains in the peripheral thecal cells (Corner, 

1956). 

 

Angiotensin II (ANG II)  

 

ANG II is a potent vasoactive peptide, which is converted from ANG I by angiotensin 

conversion enzyme, and induces neovascularization in rabbit retina (Fernandez et al., 1985), 

mouse and human endometrium (Hu et al., 1996; Li and Ahmed, 1996; Walsh et al., 1997), as 

well as in the bovine corpus luteum (Walsh et al., 1997). ANG II acts by its binding to a 

group of receptors, classified as ANG receptor type 1 (AT-1) and 2 (AT-2). Both receptors are 

expressed in the ovary, and their presence and distribution differ significantly among the 

species and follicular development stages (Pucell et al., 1991; Obermüller et al., 1998). In 

rabbit ovaries, AT-2 receptor is expressed predominantly in granulosa cells of preovulatory 

follicles, while AT-1 is located in theca and stroma cells (Yoshimura et al., 1996). In mouse, 

AT-2 is expressed exclusively in granulosa cells of large atretic follicles, while AT-1 is 

expressed in all structures of ovarian follicles (Pucell et al., 1991). The presence of ANG II 

receptors in the ovary suggests a possible role of this peptide on this organ. Mitsube et al. 

(2003) reported that only the blockage of AT-2 increases blood flow in the mouse ovary, 

suggesting that vasoconstriction occurs specifically through this receptor. In addition, another 

study observed high ANG II levels during proestrous in the mouse, and this fact may be 

associated with the high vascular proliferation that occurs in this phase of the estrous cycle 

(Costa et al., 2003). Moreover, ANG II improves angiogenic activity of VEGF in bovine 

microvascular cells (Otani et al., 2000).  

ANG II regulates oocyte maturation (Kuo et al., 1991), ovulation (Yoshimura et al., 

1996) and steroidogenesis (Yoshimura et al., 1993) through the modulation of ovarian blood 

flow (Mitsube et al., 2003). ANG II is well known for its vasoconstrictor action; however this 

effect was not observed in the ovary after treatment with ANG II (Costa et al., 2003). The 
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vasodilatation was observed in rabbit ovaries perfused in vitro with ANG II and this effect can 

be due to the release of gonadotropins stimulated by ANG II (Kuo et al., 1991). In addition, 

Shuttleworth et al. (2002) suggested a possible role of ANG II in swine early folliculogenesis 

and steroidogenesis. In bovine, ANG II restored the inhibitory effect of follicular cells on 

oocyte maturation (Giometti et al., 2005; Stefanello et al., 2006) and stimulated nuclear and 

cytoplasmic maturation of swine oocytes (Li et al., 2004). In addition, ANG II appears to 

regulate the induction of several autocrine growth factors, such as platelet derived growth 

factor, transforming growth factor-ɓ, FGF-2 and IGF-1, and induces the angiogenic activity 

through the paracrine function of VEGF in microvascular cells (Otani et al., 2000). 

 

Insulin like growth factor -1 (IGF-1) 

 

The IGF system appears to have indirect effects on angiogenesis through stimulatory 

action for VEGF production in luteal cells, as well as through the stimulus of endothelial cell 

proliferation and differentiation (Schams et al., 2001). In bovine, a high expression of IGF-1 

in theca interna was observed before the phase of follicular selection, while the expression 

increased in granulosa cells after this phase. In addition, mRNA for IGF-1 receptor (IGFR-1) 

was present in theca interna and granulosa cells with increased levels during final follicular 

development (Schams et al., 2002).  

In association with FSH, addition of IGF-1 to the in vitro culture medium of preantral 

follicles stimulated follicular growth in several species (human: Louhio et al., 2000; bovine: 

Gutierrez et al., 2000; rats: Zhao et al., 2001; mouse: Liu et al., 1998). Experiments 

performed by Zhou and Zhang (2005) showed that IGF- 1 promoted the growth and 

maintained the viability of oocytes from caprine preantral follicles. In swine, 50 ng/mL of 

IGF-1 promoted follicular growth, stimulated granulosa cell proliferation and prevented 

apoptosis of preantral follicles cultured for 4 days in the presence of serum (Mao et al., 2004). 

Furthermore, different concentrations of IGF-1 (10, 50 and 100 ng/mL) increased follicular 

diameter and steroidogenesis of mouse preantral follicles cultured in vitro for 6, 10 and 12 

days (Demeestere et al., 2004). In a recent study, Thomas et al. (2007) showed that follicular 

diameter was increased over control levels by addition of 50 ng/ml of IGF-I during 6 days of 

culture. 
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Anti -angiogenic growth factors 

 

Angiogenesis is also modulated by inhibitory factors, such as thrombospodin, 

angiostatin, endostatin, 2-metoxiestradiol, hyaluronic acid, platelet factor-4, tumoral necrose 

factor Ŭ and interferon ɔ. These substances blocked endothelial cell proliferation and 

migration, as well as in vitro capillary formation (Espinosa-Cervantes and Rosado-Garcia, 

2002).  

Regarding thrombospodin 1 and 2, they bind to their receptor CD36 and inhibit 

angiogenesis, inducing endothelial cell apoptosis. In rat ovaries, the expression of 

thrombospondin 1 and CD36 mRNA is high in granulosa cells of preantral and antral follicles 

and is limited in theca cells. Nevertheless, there is no expression of mRNA for thrombospodin 

2 in ovarian follicles. Furthermore, thrombospodin 1 is strongly expressed in small follicles 

where the vascularization is absent, showing that expression of thrombospodins decreases 

during follicular maturation together with the increase in VEGF levels (Petrik et al., 2002).  

Platelet factor-4 inhibits angiogenesis both in vivo and in vitro and the inhibitory 

effects are due to the formation of complexes with FGF-2, inhibiting FGF-2 binding to its 

receptors (Perollet et al., 1998). 

 

Final considerations 

 

Increasing evidence suggests that physiological angiogenesis in ovarian follicles and 

corpus luteum are fundamental features of mammalian reproduction. Failures in vascular 

development in these structures may be the reason for several ovarian dysfunctions observed 

during the estrous cycle and pregnancy. Therefore, it is necessary to evaluate both in vivo and 

in vitro influences of the angiogenic factors, alone or in association, on the survival (anti-

apoptotic effects) of ovarian cells in different species. This information will provide novel 

opportunities for therapeutic interventions and improvement of the efficiency of assisted 

reproduction in humans and animals in the future. 
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Resumo 

 

Além do sistema nervoso central, fibras nervosas contendo peptídeo intestinal vasoativo 

(VIP), foram descritas ao longo do trato genital feminino. Existem crescentes evidências de 

que o VIP e seus receptores desempenham um papel importante na regulação local da 

fisiologia ovariana via AMPc. Tem sido relatado que o VIP regula a sobrevivência e 

crescimento do folículo ovariano, maturação do oócito, ovulação e a esteroidogênese. 

Portanto, esta revisão visa resumir os dados atuais sobre a importância do VIP na fisiologia 

ovariana. 

 

Palavras-chave: VIP. Folículos ovarianos. Foliculogênese. Ovulação. Esteroidogênese. 
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Abstract  

 

In addition to the central nervous system, vasoactive intestinal peptide (VIP) containing 

nerves have been described throughout the female genital tract. There is growing evidence 

that VIP and their receptors play important roles in the local regulation of ovarian physiology 

through cAMP pathway. It has been reported that VIP regulates the ovarian follicle survival 

and growth, oocyte maturation, ovulation and steroidogenesis. Therefore, this review aims to 

summarize current data on the importance of VIP on ovarian physiology. 

 

Keywords: VIP, ovarian follicles, ovulation, steroidogenesis. 

 

Introduction  

 

Ovarian activity is regulated not only by gonadotropins and steroids, but also by a 

number of neural inputs and paracrine regulatory mechanisms. The mammalian ovary is 

innervated by extrinsic nerves, which are both catecholaminergic and peptidergic in nature 

(Burden, 1985; Ojeda and Lara, 1989; Ojeda et al., 1989). Peptidergic innervation of the 

ovary was verified, among other ways, by the presence of vasoactive intestinal peptide (VIP) 

(Ahmed et al., 1986).  

In addition to the central nervous system, VIP containing nerves have been described 

throughout the human female genital tract being most abundant in the vagina, cervix and 

clitoris and less numerous in the uterine body, oviduct and ovary (Ottesen and Fahrenkrug, 

1995), which suggests that such peptides may not play an exclusively neuroendocrine role. 

There is growing evidence that VIP plays an important role in the female reproductive system 

by acting as a potential local regulator of ovarian physiology, such as regulation of 

steroidogenesis, cAMP accumulation, plasminogen activator production and oocyte 

maturation (Ahmed et al., 1986; Tornell et al., 1988; Johnson and Tilly, 1988). This review 

will focus on the role of VIP and their receptors in ovarian physiology. 
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Expression of VIP and their receptors in the ovary 

 

VIP is a member of the structurally related neuropeptide family including pituitary 

adenylate cyclase-activating polypeptide (PACAP)/secretin/glucagons (Arimura, 1992; Gozes 

et al., 1999; Miyata et al., 1989). VIP and PACAP act by binding to three types of G protein-

coupled VIP/PACAP receptors. PAC1-R binds specifically to both PACAPs and VIP, though 

with very low affinity; VPAC1-R and VPAC2-R bind to PACAP and VIP with equal affinity 

(Lutz et al., 1993).  

In ovaries, VIP is reported to be produced by nerves fibers innervating follicles at all 

stages of development of rodent (Ahmed et al., 1986) and avian (Johnson et al., 1994). 

Hulshof et al. (1994) showed that bovine ovary is innervated by VIP-positive nerve fibers, 

beginning at the onset of follicular development and increasingly with age. Furthermore, VIP 

and their receptors immunoreactivity has been found in close association with the ovarian 

vasculature (Hulshof et al., 1994; Vaccari et al., 2006). 

Despite the presence of mRNA for VIP has been detected in ovaries of rats (Gozes and 

Tsafriri, 1986), its presence was not observed in mice (Barberi et al., 2007). These authors 

suggested such results due to the fact that this peptide has been originated in extrinsic 

innervations. In fact, the lack of radioimmunoassayable VIP levels following the transection 

of the ovarian nerves indicates that ovarian VIP derives mostly from extrinsic innervation of 

the gland. However, in goats, the presence of mRNA for VIP was detected in all follicular 

categories (primordial, primary, secondary and antral follicles) and cellular types studied 

(granulosa and theca cells) (Bruno et al., unpublished data), suggesting a local synthesis of 

this peptide.   

Barberi et al. (2007) showed that the three VIP receptors are expressed in mouse 

granulosa cells in vivo. Furthermore, other authors have shown that VPAC1-R is the most 

abundant receptor in ovaries from juvenile mice, and that VPAC2-R levels are lower, while 

those of PAC1-R are very low (Cecconi et al., 2004). In the rat preovulatory follicles, PAC1-

R and VPAC2-R are expressed by granulosa cells, whereas theca/interstitial cells exclusively 

express VPAC1-R e VPAC2-R (Vaccari et al., 2006). PAC1-R was the main receptor present 

in the ovary of rat, followed by VPAC2-R and VPAC1-R (Latini et al., 2010).  
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Signaling pathways and effects of VIP on follicle survival  

 

VIP has been shown to protect several cell types from apoptosis, including 

thymocytes, prostate cancer and neural cells (Delgado et al., 1996; Said, 1996; Gutierrez-

Canas, et al., 2003; Sastry et al., 2006). In the ovary, previous in vitro studies also 

demonstrated that VIP inhibits apoptosis of rat follicles (Flaws et al., 1995; Lee et al. 1999). 

Moreover, it has been demonstrated that PACAP and VIP were able to prevent granulosa cell 

apoptosis of follicles cultured in serum free medium (Vaccari et al., 2006; Barberi et al., 

2007). Recently, VIP maintained the ultrastructural integrity of goat preantral follicles after 

seven days of ovarian tissue culture (Bruno et al., 2010). 

It is possible that VIP maintained cell viability through the cAMP pathway. The 

stimulation of cAMP formation by VIP is probably a transient response that occurs early after 

culture initiation. In support of this, the ability of VIP to suppress apoptosis was mimicked by 

treatment of follicles with the adenylyl cyclase activator (forskolin), and this substance 

increased cAMP production and accumulation within cultured follicles (Flaws et al., 1995). 

These findings along with previous reports on the role of the cAMP-protein kinase A (PKA) 

second messenger system in mediating the effects of VIP in target cells (Ojeda et al., 1989; 

Johnson and Tilly, 1988; Davoren and Hsueh, 1986) provide evidence that VIP, potentially 

acting at least in part via the cAMP pathway, functions as a novel inhibitor of apoptosis.  

Other studies have shown that the neuroprotective effects of VIP are mediated 

partially via activation of PKA through PKC (Vaudry et al., 2000) and cAMP response 

element binding protein phosphorylation (Walton and Dragunow, 2000). The effect or 

mechanisms include inhibition of caspase-3 activity, upregulation of Bcl-2 and suppression of 

cytoplasmic cytochrome c translocation (reviewed by Filippatos et al., 2001). On the other 

hand, it is plausible that mechanisms independent of PKA activity also partly mediate the 

actions of VIP on follicle survival. This possibility is supported by previous studies using a 

mouse pituitary cell line that demonstrated activation of voltage-sensitive calcium channels 

after VIP stimulation (Schecterson and McKnight, 1991).  
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In vitro effects of VIP on follicle growth 

 

There are only few papers dealing with VIP effects on the ovarian follicles. In vitro 

studies revealed that VIP stimulates the development of isolated bovine primary and early 

secondary follicles (Hulshof, 1995). We have recently demonstrated that VIP is an important 

factor for the growth of small preantral follicles enclosed in caprine ovarian tissue (Bruno et 

al., 2010). In addition to the increase of VIP immunoreactivity with the appearance of 

secondary and antral follicles in bovine ovaries (Hulshof et al., 1994), the contemporary 

presence of VIP and its receptors around preantral and antral follicles (Vaccari et al., 2006) 

may explain the role of VIP in follicle growth. Nevertheless, in mice, VIP did not affect 

follicular development and caused inhibition of follicular growth, antrum formation, 

granulosa cell proliferation, as well as estradiol production of follicles stimulated by FSH 

(Cecconi et al., 2004). These conflicting results may be due to study design, differences 

related to species, culture conditions and different follicular stages analyzed. 

 

Influence of VIP on maturation and ovulation  

 

Studies have shown that VIP stimulates maturation in follicle-enclosed oocytes, but 

could transiently inhibit or not affect spontaneous maturation of cumulus-enclosed oocytes 

(Tornell et al., 1988; Apa et al., 1997). Culture of bovine cumulus oocyte complexes in the 

presence of VIP did not affect nuclear maturation or cumulus expansion, but it retarded 

cytoplasmic maturation as reflected by delayed cortical granule migration (Beker et al., 2000). 

Moreover, the addition of VIP to the culture medium did not improve in vitro maturation and 

fertilization of sheep (Ledda et al., 1996) and buffalo (Nandi et al., 2003) oocytes.  

Two possible explanations for the limited response to VIP in events of maturation can 

be suggested: First, depending on the experimental conditions, cAMP can either stimulate or 

inhibit meiosis (Hillensjo et al., 1978). It is possible that high doses of VIP sustain high levels 

of cAMP in the oocyte and prevent meiosis. Such a phenomenon is believed to occur in the 

presence of forskolin (Ekholm et al., 1984), dbcAMP, or phosphodiesterase inhibitors 

(Hillensjo et al., 1978). A second explanation for the limited response could be that VIP 

affects only one subpopulation of follicles or subpopulation of granulosa cells within each 
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follicle. In fact, Kasson et al. (1985) have shown one predominantly VIP-sensitive and one 

FSH-sensitive subpopulation of granulosa cells.  

Nevertheless, although VIP did not influence maturation, it has been shown to 

stimulate ovulation in perfused rat ovaries (Schmidt et al., 1990). In mammalian system, VIP 

or LH, acting via the adenylyl cyclase system, induce an increase in plasminogen activator 

activity (Beers et al., 1975; Wang and Leung, 1983; Liu et al., 1987), a serine protease that 

has been implicated in the process of follicular rupture at the time of ovulation (Beers, 1975; 

Reich et al., 1985) and in the process of follicular cumulus cell expansion and dispersion (Liu 

et al., 1986).  

In addition, the localization of VIP and its receptors in association with blood vessels 

(Hulshof et al., 1994; Vaccari et al., 2006) suggests that this neuropeptide might be involved 

in the regulation of ovarian blood flow. In fact, VIP contributes to the increase in blood flow 

around preovulatory follicles observed after the LH surge (Acosta et al., 2003). This increased 

ovarian stromal blood flow may, in turn, lead to a greater delivery of gonadotrophins to the 

granulosa cells of preovulatory follicles (Redmer and Reynolds, 1996), which will be 

important for the generation of a normal follicle and competent oocyte. The gonadotrophin 

would consequently stimulate the production of PACAP in the preovulatory follicle. The fact 

that PACAP induces genes related to ovulation and luteinization, and mediates some of the 

effects of LH on granulosa cell differentiation at the time of ovulation (Gras et al., 1999; Lee 

et al., 1999, Park et al., 2000), suggests that PACAP may serve as an ovarian physiological 

mediator of gonadotrophins in the ovulatory process. This is in agreement with previous 

demonstration that provides direct evidence of the presence of PAC1-R and the absence of 

VPAC1-R and VPAC2-R on germinal vesicles oocytes (Vaccari et al., 2006). Further studies 

are warranted to evaluate the respective roles of PACAP and VIP in ovulatory process. 

 

VIP stimulates ovarian steroidogenesis 

 

Studies have shown that in the periphery, the denervation of ovaries during the early 

luteal phase of the estrus cycle leads to changes in their morphology and impairs 

steroidogenic activity in pigs (Jana et al., 2005). Similarly, inhibition of ovarian secretory 

function and delayed pubertal onset were observed in rats after denervation (Ojeda et al., 
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1983; Lara et al., 1990; Forneris and Aguado, 2002). The alterations in gonadal endocrine 

function are attributed to the loss of the peptidergic supply (for example, VIP) of neuronal 

fibers (Jana et al., 2005; Ojeda et al., 1983; Lara et al., 1990; Forneris et al., 2002). Therefore, 

these studies show that VIP is implicated in ovarian steroidogenesis. 

In addition, VIP is involved in the regulation of steroidogenic activity, stimulating 

estradiol and progesterone release from cultured granulosa cells and whole ovaries in vitro 

(Davoren and Hsueh, 1985; Ahmed et al., 1986; Parra et al., 2007; Kowalewski et al., 2010), 

progesterone release in vivo (Fredericks et al., 1983), and androgen release from ovarian 

fragments in vitro (Ahmed et al., 1986). These effects may be related to the ability of VIP to 

enhance the synthesis of the cholesterol side-chain cleavage enzyme complex (Trzeciak et al., 

1986), the rate-limiting step in progesterone biosynthesis and the activity of the aromatase 

enzyme complex (George and Ojeda, 1987). Studies have provided evidence that VIP is 

capable of inducing aromatase activity before the ovary became responsive to gonadotropins 

(George and Ojeda, 1987; Mayerhofer et al., 1997). A possibility to consider is that VIP 

induction of estradiol release during the estrus cycle may also come from immature follicles. 

If true, this would suggest that VIP plays a complementary role to that of FSH, the primary 

mediator of estradiol biosynthesis, in determining the magnitude of estradiol increase under 

varying physiologic conditions (Parra et al., 2007). These findings strongly suggest a 

physiological role for this peptide in ovarian steroid biosynthesis.  

 Little is known about the molecular mechanisms of VIP-mediated steroidogenesis. It is 

known that VIP increases the levels of cAMP (Tornell et al., 1988, Apa et al., 1997; Vaccari 

et al., 2006) and subsequently leads to PKA activation, which in turn induces steroidogenesis 

in granulosa cells. The cAMP/PKA pathway is the major route in the trophic hormone-

stimulated regulation of steroidogenic acute regulatory protein (StAR) expression and 

function. StAR mediates the rate-limiting step in steroidogenesis, the transfer of cholesterol 

from the outer to the inner mitochondrial membrane, and it is the hormonal regulation of 

StAR expression and activity that allows tissues to accurately control their steroid production 

(Kowalewski et al., 2010). A reduction of StAR and 3ɓ-hydroxysteroid dehydrogenase 

expression, enzyme converting pregnenolone to progesterone, accompanied by decreased 

serum levels of FSH was demonstrated in young VIP knockout mice (Lacombe et al., 2007). 
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Additional signaling pathways may be involved because the receptors activate multiple 

intracellular pathways (Spengler et al., 1993; Lutz et al., 1993). 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic illustration of the signaling pathways for the effect of VIP in granulosa 

cells. VIP binds through two G-protein-coupled receptors (VPAC1-R and VPAC2-R). 

Binding of the peptide to the receptors in the cell membrane results in activation of adenylate 

cyclase (AC) with increased intracellular formation of cAMP, which in turn activates protein 

kinase A (PKA). The reactions culminate in activation of cAMP response element binding 

protein (CREB) via its phosphorylation, followed by upregulation of the StAR and 

antiapoptotic protooncogene Bcl-2.  

 

Final considerations 

 

Collectively, these results underline the crucial role of VIP and their receptors in the 

control ovarian folliculogenesis. VIP and its receptors, through cAMP/PKA pathway, regulate 

the follicle survival and growth, oocyte maturation and ovulation, as well as ovarian 

steroidogenesis. Further research in this field will greatly advance our understanding of 

ovarian physiology. 
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Resumo  

 

Esse estudo investigou os níveis de RNAm para os receptores de ANG II (AGTR1 e AGTR2) 

em ovários de cabras e avaliou o efeito da ANG II sobre a sobrevivência e o crescimento de 

folículos pré-antrais caprinos. Fragmentos ovarianos foram cultivados por um ou sete dias em 

Ŭ-meio essencial m²nimo (ŬMEM
+
) com ANG II (0, 1, 5, 10, 50 ou 100 ng/mL) e analisados 

por histologia, microscopia de fluorescência e microscopia eletrônica de transmissão. Os 

níveis de RNAm para AGTR1 foram similares nos diferentes tipos de folículos pré-antrais; 

folículos primordiais apresentaram maiores níveis de RNAm para AGTR2 que folículos 

secundários. Células da granulosa/teca de pequenos ou grandes folículos antrais apresentaram 

níveis significativamente superiores de RNAm para AGTR1 que seus respectivos COCs. Por 

outro lado, COCs de grandes folículos antrais tinham níveis de RNAm para AGTR2 que 

foram significativamente maiores que suas respectivas células da granulosa/teca. ANG II (10 

and 50 ng/mL) aumentou a percentagem de folículos pré-antrais normais após sete dias de 

cultivo comparado com ŬMEM
+
. Estudos de fluorescência e ultra-estrutural confirmaram a 

integridade folicular após sete dias em ANG II (10 ng/mL). Em conclusão, RNAm para 

AGTR1 e AGTR2 foram detectados em todas categorias foliculares. ANG II (10 ng/mL) 

manteve a viabilidade de folículos pré-antrais caprinos por sete dias. 

 

Keywords: Angiotensina II. Folículo pré-antral. Cultivo. Caprinos. 
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Abstract  

 

This study investigated the levels of ANG II receptor (AGTR1 and AGTR2) mRNA in goat 

ovaries and evaluated the effect of ANG II on the in vitro survival and growth of caprine 

preantral follicles. Ovarian fragments were cultured for one or seven days in Ŭ-Minimum 

Essential Medium (ŬMEM
+
) with ANG II (0, 1, 5, 10, 50 or 100 ng/mL) and analyzed by 

histology, fluorescent microscopy and transmission electron microscopy. The levels of 

AGTR1 mRNA were similar in the different types of preantral follicles; primordial follicles 

had higher levels of AGTR2 mRNA than secondary follicles. Granulosa/theca cells from 

either small or large antral follicles had significantly higher levels of AGTR1 mRNA than 

their respective COCs. Conversely, COCs from large antral follicles had AGTR2 mRNA 

levels that were significantly higher than their respective granulosa/theca cells. ANG II (10 

and 50 ng/mL) increased the percentages of normal preantral follicles after seven days of 

culture compared with ŬMEM
+
. Fluorescence and ultrastructural studies confirmed follicular 

integrity after seven days in ANG II (10 ng/mL). In conclusion, AGTR1 and AGTR2 mRNAs 

were detected in all follicular categories. ANG II (10 ng/mL) maintained caprine preantral 

follicle viability for seven days. 

 

Keywords: angiotensin II; preantral follicles; culture; caprine. 

 

1. Introduction 

 

The formation, growth and maturation process of ovarian follicles is known as 

folliculogenesis and is influenced by various substances, including hormones and growth 

factors (Figueiredo et al. 2008). Of these substances, Angiotensin II (ANG II) plays an 

important role in folliculogenesis. ANG II and its receptors are part of a system known as the 

renin-angiotensin system (RAS) (Yoshimura, 1997). The RAS plays important roles in the 

synthesis and secretion of prostaglandins and estrogen, the regulation of ovarian follicle 

development, ovulation and atresia (Pellicer et al. 1988; Yoshimura et al. 1993). 

ANG II acts through two main types of membrane receptors, AGTR1 and AGTR2. 

ANG II receptors have been detected in the granulosa and inner theca cells of rat antral 
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follicles (Husain et al. 1987). Furthermore, rabbit granulosa cells express high levels of 

AGTR2 receptors in preovulatory follicles (Yoshimura et al. 1996). In bovines, Schauser et 

al. (2001) observed that only theca cells have ANG II receptors, and a predominance of 

AGTR2 was noted in the outer theca. Recently, Portela et al. (2008) detected AGTR1 and 

AGTR2 mRNA in both the theca and granulosa cells of bovine antral follicles. However, 

quantification of the steady-state level of AGTR1 and AGTR2 mRNAs during different stages 

of goat follicular development has not yet been performed. 

The activity of ANG II has been related to oocyte maturation, ovulation and 

steroidogenesis in rabbits (Yoshimura et al. 1993; Yoshimura et al. 1992; Feral et al. 1995) 

and to meiosis resumption (Giometti et al. 2005; Stefanello et al. 2006), follicular growth 

(Nielsen et al. 1994) and steroidogenesis (Acosta et al. 1999) in cows. Li et al. (2004) 

observed that 100 ng/ml of ANG II stimulated nuclear and cytoplasmic maturation of porcine 

oocytes. Giometti et al. (2005) found that oocytes cultured for 12 h in medium conditioned 

with follicular cells had inhibited nuclear maturation, and the majority of oocytes remained in 

the germinal vesicle stage. However, after the addition of ANG II to the medium, this effect 

was reversed. 

The role of ANG II in late folliculogenesis, especially in the processes of ovulation 

and maturation, is of great interest. However, the effect of this substance on early 

folliculogenesis is not currently known. Thus, the present study was designed to investigate 

the influence of different concentrations of ANG II (1, 5, 10, 50 or 100 ng/ml) on the survival, 

activation (transition from primordial to primary follicles) and growth of preantral follicles 

enclosed in caprine ovarian tissue cultured for one or seven days. 

 

2. Materials and methods 

 

2.1 Steady-state level of AGTR1 and AGTR2 mRNA in goat ovarian follicles  

 

To evaluate the steady-state level of mRNA, 30 ovaries from 15 goats (Capra hircus) 

were collected at a local slaughterhouse and rinsed in Minimum Essential Medium (MEM) 

containing antibiotics (100 µg/mL penicillin and 100 µg/mL streptomycin). After this 

preparation, 10 ovaries from 5 goats were used to isolate primordial, primary and secondary 



 96 

follicles. The remaining ovaries were used to collect cumulusïoocyte complexes (COCs), 

mural granulosa cells, and theca cells from small and large antral follicles. Primordial, 

primary, and secondary follicles were isolated using a previously described mechanical 

procedure (Lucci et al. 1999). After isolation, these follicles were washed several times to 

completely remove the stromal cells and were then placed by category into separate 

Eppendorf tubes in groups of 10. This procedure was completed within 2 h, and all samples 

were stored at -80̄ C until the RNA was extracted. From a second group of ovaries (n=15), 

COCs aspirated from small (1ï3 mm) and large (3ï6 mm) antral follicles were recovered. 

Compact COCs were selected from the follicle content as described by van Tol and Bevers 

(1998). Thereafter, groups of 10 COCs were stored at -80̄ C until RNA extraction. To collect 

the mural granulosa and theca cell complex, small (n=10) and large antral follicles (n=10) 

were isolated from the ovaries (n=5) and dissected free from the stromal tissue with forceps as 

previously described (van Tol and Bevers, 1998). The follicles were then bisected, and the 

granulosa and theca cell complexes were collected and stored at -80̄ C. 

Total RNA isolation was performed using a Trizol Plus RNA Purification Kit 

(Invitrogen, S«o Paulo, Brazil). According to the manufacturerôs instructions, 1 mL of Trizol 

solution was added to each frozen sample, and the lysate was aspirated through a 20-gauge 

needle before centrifugation at 10,000 x g for 3 min at room temperature. All lysates were 

then diluted 1:1 with 70% ethanol and subjected to a mini-column. After the binding of the 

RNA to the column, DNA digestion was performed using RNAse-free DNAse (340 Kunitz 

units/mL) for 15 min at room temperature. After washing the column three times, the RNA 

was eluted with 30 µL RNAse-free water. 

Prior to reverse transcription, the eluted RNA samples were incubated for 5 min at 

70̄ C and chilled on ice. Reverse transcription was then performed in a total volume of 20 µl, 

which comprised 10 µl of sample RNA, 4 µl 5X reverse transcriptase buffer (Invitrogen), 8 U 

RNAseOUT, 150 U Superscript III reverse transcriptase, 0.036 U random primers 

(Invitrogen), 10 mM DTT, and 0.5 mM of each dNTP. The mixture was incubated for 1 h at 

42̄ C, followed by 5 min at 80̄C, then it was stored at -20̄ C. Negative controls were 

prepared under the same conditions but without the inclusion of the reverse transcriptase. 

Quantification of the AGTR1 and AGTR2 mRNAs was performed using SYBR 

Green. PCR reactions were composed of 1 µL cDNA as a template in 7.5 µL of SYBR Green 
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Master Mix (PE Applied Biosystems, Foster City, CA), 5.5 µL of ultra-pure water, and 0.5 

µM of each primer. The primers were designed to amplify AGTR1 and AGTR2 mRNA. 

Glyceraldehyde-2-phosphate dehydrogenase (GAPDH) and ɓ-actin were used as endogenous 

controls to normalize the steady-state mRNA level of the genes (Table 1). The thermal 

cycling profile for the first round of PCR was as follows: initial denaturation and activation of 

the polymerase for 15 min at 94̄C, followed by 40 cycles of 15 s at 94̄C, 30 s at 60̄C, and 

45 s at 72̄C. The final extension was for 10 min at 72C̄. All reactions were performed in a 

real-time PCR Mastercycler (Eppendorf, Germany). The delta-delta-CT method was used to 

transform CT values into normalized relative steady-state mRNA levels. 

 

Table 1. Primer pairs used for real-time PCR analyses. 

Target 

gene 

Primer sequence (5"́ 3´)   Sense Position GenBank accession nº 

GAPDH TGTTTGTGATGGGCGTGAACCA  

                           

s 287-309 GI:27525390 

ATGGCGTGGACAGTGGTCATAA  

 

as 440-462 

ɓ-actin ACCACTGGCATTGTCATGGACTCT 

 

s 187-211 GI:28628620 

TCCTTGATGTCACGGACGATTTCC  

     

as 386-410 

AT1 

 

 

 

AT2 

AGCATTGACCGCTACCTGGCTATT 

 

TAGTTGGCAAACTGGCCAAACCTG 

s 

 

as 

367-390 

 

490-513 

GI: 57619242 

 

 

 

GI: 148277605 
 

TACATCTTCAACCTCGCTGTGGCT 

 

TCACAGGTCCAAAGAGCCAGTCAT 

 

s 

 

as 

 

244-267 

 

346-369 

s,sense; as, antisense 
 

 

2.2 In vitro culture of preantral follicles  

 

Ovarian cortical tissues (n=8 ovaries) were collected at a local slaughterhouse from 4 

adult (1-3 years old) mixed-breed goats (Capra hircus). Immediately postmortem, the ovaries 

were washed once in 70% alcohol for 10 s and twice in MEM supplemented by HEPES and 

antibiotics (100 µg/ml penicillin and 100 µg/ml streptomycin). Ovary pairs were transported 

within 1 h to the laboratory in MEM at 4°C (Chaves et al. 2008). Unless otherwise stated, the 
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culture media, synthetic human ANG II, and other chemicals used in the present study were 

purchased from Sigma Chemical Co. (St Louis, MO, USA). 

The organ culture system used herein was previously described in detail (Matos et al. 

2007). In the laboratory, ovarian cortex tissue samples from each ovarian pair were cut into 13 

slices (approximately 3 x 3 mm with a 1-mm thickness) using a needle and scalpel under 

sterile conditions. The tissue pieces were then either directly fixed for histological and 

ultrastructural analysis (fresh control) or placed in culture for one or seven days. Ovarian 

pieces were incubated in 1 ml of culture media consisting of MEM supplemented with ITS 

(10 µg/mL insulin, 5.5 µg/mL transferrin and 5 ng/mL selenium), 2 mM glutamine, 2 mM 

hypoxanthine and 1.25 mg/mL bovine serum albumin (BSA) in the absence (cultured control) 

or presence of 1, 5, 10, 50 or 100 ng/mL ANG II in 24-well plates at 39̄C in 5% CO2. Each 

treatment was repeated four times, and the ovaries of four different animals were 

consequently used. The culture media were replenished every other day.  

 

2.3 Morphological analysis and assessment of in vitro follicular growth 

 

Before culture (fresh control) and after one or seven days in culture, all of the pieces 

cultured with or without ANG II were fixed in Carnoyôs solution for 12 h and then 

dehydrated in increasing concentrations of ethanol. After paraffin embedding (Synth, São 

Paulo, Brazil), the caprine tissue pieces were cut into 7-mm sections, and each section was 

mounted on a glass slide and stained by periodic acid-Schiff and hematoxylin. Follicle stage 

and survival were assessed microscopically on serial sections. Coded slides were blindly 

examined using a microscope (Nikon, Japan) under 400X magnification.  

The developmental stages of follicles have been defined previously (Silva et al. 

2004a) as primordial (one layer of flattened granulosa cells around the oocyte) or growing 

(intermediate: one layer of flattened to cuboidal granulosa cells; primary: one layer of 

cuboidal granulosa cells; secondary: two or more layers of cuboidal granulosa cells around 

the oocyte). Individual follicles were further classified as histologically normal when an 

intact oocyte surrounded by well-organized granulosa cells in one or more layers without a 

pyknotic nucleus was observed. Atretic follicles were defined as those with a retracted 

oocyte, pyknotic nucleus, and/or disorganized granulosa cells that were detached from the 
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basement membrane. Overall, 120 follicles were evaluated for each treatment (30 follicles per 

treatment for one repetition x four repetitions=120 follicles).  

To evaluate follicular activation, the percentages of healthy primordial and growing 

follicles were calculated before (fresh control) and after culture in each medium. In addition, 

follicle and oocyte diameters were measured only in morphologically normal follicles. The 

follicle diameter was recorded as the length from edge to edge of the basement membrane or 

from the outside edge of the theca cell layer when present. Oocyte diameter was recorded as 

the length from edge to edge of the oocyte membrane. Two perpendicular diameters were 

recorded for each parameter, and the average of these two values was reported. Furthermore, 

each follicle was examined in every section in which it appeared and matched with the same 

follicle on adjacent sections to avoid double counting. This ensured that each follicle was 

only counted once, regardless of its size. 

 

2.4 Viability assessment of follicles cultured in vitro 

 

Based on the morphological analysis, the viability of the follicles cultured with the 

ANG II concentrations that promoted the highest percentages of normal follicle growth was 

further analyzed using fluorescent probes. Additional pairs of goat ovaries (n=2) were 

collected from a slaughterhouse and cut into fragments at the laboratory. One of these 

fragments was immediately processed for follicle isolation, and the remaining fragments were 

cultured for seven days with ANG II (10 and 50 ng/mL) as described above. After the culture 

period, fragments were processed for mechanical isolation using the methods described by 

Lucci et al. (1999).  

Thereafter, the viability of isolated preantral follicles was assessed through a two-color 

fluorescence cell viability assay based on the simultaneous determination of live and dead 

cells using calcein-AM and ethidium homodimer-1, respectively. The first probe detected the 

intracellular esterase activity of viable cells, and the second labeled nucleic acids of non-

viable cells that had plasma membrane disruption. The test was performed by adding 4 ɛM 

calcein-AM and 2 ɛM ethidium homodimer-1 (Molecular Probes, Invitrogen, Karlsruhe, 

Germany) to the suspension of isolated follicles and incubating at 37°C for 15 min. After 

labeling, follicles were washed once by centrifugation at 100 × g for 5 min, resuspended in 
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MEM and mounted on a glass microscope slide in 5 mL anti-fading medium (DABCO, 

Sigma, Deisenhofen, Germany) to prevent photobleaching. Finally, follicles were examined 

using a DMLB fluorescence microscope (Leica, Germany). The emitted fluorescence signals 

of calcein-AM and ethidium homodimer-1 were collected at 488 and 568 nm, respectively. 

Oocytes and granulosa cells were considered alive if the cytoplasm stained positively with 

calcein-AM (green) and the chromatin was not labeled with ethidium homodimer-1 (red).  

 

2.5 Ultrastructural analysis of caprine preantral follicles 

 

For a more detailed evaluation of follicular morphology after histological analysis, 

ultrastructural studies were performed on the fragments of fresh control and treated with the 

lowest concentration that maintained their viability (10 ng/mL). A section with a maximum 

dimension of 1 mm
3
 was cut from each fragment of the ovarian tissue and fixed in Karnovsky 

solution (4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer 

at pH 7.2) for 3 h at room temperature (approximately 25°C). After three washes in sodium 

cacodylate buffer, specimens were post-fixed in 1% osmium tetroxide, 0.8% potassium 

ferricyanide and 5 mM calcium chloride in 0.1 M sodium cacodylate buffer for 1 h at room 

temperature. The samples were then dehydrated using a gradient of acetone solutions and then 

embedded in SPIN-PON resin (Sigma Company, St Louis, MO). Subsequently, semi-thin 

sections (3 µm) were cut, stained with toluidine blue and analyzed using light microscopy at 

400 × magnification. Ultra-thin sections (60ï70 nm) were obtained from preantral follicles, 

which were classified as morphologically normal in semi-thin sections according to the 

criteria adopted in histology. Subsequently, the ultra-thin sections were contrasted with uranyl 

acetate and lead citrate and examined under a Morgani-FEI transmission electron microscope 

operating at 80 kV. The following parameters were evaluated: the density and the integrity of 

ooplasmic and granulosa cell organelles, vacuolization and the integrity of the basement and 

nuclear membranes. 

 

2.6 Statistical analysis  
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mRNA expression data from primordial, primary and secondary follicles were 

analyzed using the Kruskal-Wallis test, and the t test was used for paired comparisons of 

mRNA expression in small and large antral follicles (P<0.05). Percentages of the surviving 

follicles at both stages (i.e., primordial and developing) and follicle and oocyte diameters 

were calculated for one or seven days of the various treatments. These data were initially 

analyzed using KolmogorovïSmirnov and Bartlettôs tests to confirm a normal distribution and 

homogeneity of variance, respectively. Analysis of variance was then performed using the 

GLM procedure of SAS (1999), and Dunnettôs test was applied to compare ANG II-treated 

groups with the control and ŬMEM
+ 

groups (Steel et al. 1997). To avoid type II errors that 

may result from the high coefficient of variation, Duncanôs test was applied to compare 

results for cultures with different ANG II concentrations, and Studentôs t-test was used to 

compare the means between one and seven days of culture. Data obtained from fluorescence 

microscopy, which was used to validate the histological findings, were also pooled and 

analyzed by a Chi-square test. Differences were considered to be significant when P<0.05, 

and results are expressed as means ± standard error of the mean (SEM). 

 

3. Results 

 

3.1. Steady-state level of AGTR1 and AGTR2 mRNA in goat ovarian follicles 

 

The quantification of AGTR1 receptor mRNA expression did not demonstrate 

differences among the preantral follicles, i.e., primordial, primary and secondary follicles 

(P>0.05 ï Figure 1A). Primordial follicles had significantly higher levels of AGTR2 receptor 

mRNA than the secondary follicle stages (P<0.05), but the levels did not differ significantly 

from those of primary follicles (P>0.05 ï Fig. 1B). 

No differences were observed in the AGTR1 and AGTR2 receptor mRNA levels for 

COCs or granulosa/theca cells collected from small and large antral follicles (P>0.05 ï Figure 

1C, D, E, F). Granulosa/theca cells from either small or large antral follicles had significantly 

higher levels of AGTR1 mRNA than their respective COCs (P<0.05 ï Figure 1G, H). 

Conversely, COCs from large antral follicles had AGTR2 mRNA levels that were 

significantly higher than their respective granulosa/theca cells (P<0.05 ï Figure 1I, J). 
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Figure 1. Steady-state levels of AGTR1 and AGTR2 mRNAs in goat ovarian follicles (means 

+ SEM). A, B) Primordial, primary and secondary follicles. C, E) COCs from small and large 

antral follicles. D, F) Granulosa/theca cells from small and large antral follicles. G, I) COCs 

and granulosa/theca cells from small antral follicles. H, J) COCs and granulosa/theca cells 

from large antral follicles.
 a,b

 (P<0.05). 

 

3.2 Effect of ANG II on follicular survival after in vitro culture 

The present study analyzed a total of 1,560 caprine preantral follicles. Figure 2 shows 

histological sections of primordial (A), intermediate (B) and primary (C) morphologically 

normal follicles after seven days of culture in 10 ng/mL ANG II. As shown in Figure 3, a 

significant reduction (P<0.05) in the percentage of morphologically normal follicles was 

observed in all treatments when compared to the fresh control (90.82%), except when the 

fragments were cultured for one day in 10 ng/mL ANG II (81.67%; P>0.05). Furthermore, 

after seven days, a significantly higher percentage of normal follicles (P<0.05) was observed 

in tissues that were cultured with 10 or 50 ng/mL ANG II than those cultured with 100 ng/mL 

ANG II or the control (ŬMEM
+
). The percentage of follicles with normal morphology was 

similar on days 1 and 7 of culture for all treatments, except for the ŬMEM
+
 and 100 ng/ml 

ANG II treatments (P<0.05).  
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Figure 2. Histological sections, stained with periodic-acid-Schiff hematoxylin, showing 

primordial (A), intermediate (B) and primary (C) normal follicles after culture in 10-ng/mL 

ANG II for 7 days. o: oocyte; n: oocyte nucleus; gc: granulosa cells. Magnification was at 

400x. 

 

 

Figure 3. Percentage (mean ° S.E.M.) of morphologically normal caprine preantral follicles 

in the fresh control and after in vitro culture for one or seven days in the absence or presence 

of ANG II. *: differs significantly from control follicles (P<0.05); Í: differs significantly 

from ŬMEM
+
 alone for each day of culture (P<0.05); a, b, c: differs significantly between 

ANG II at different concentrations (P<0.05); Ø: differs significantly between days of culture 

within a single treatment (P<0.05). 
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3.3 Assessment of preantral follicle viability by fluorescence  

 

Based on the results of the morphological analysis, a viability trial was performed 

using the treatments that promoted a higher percentage of normal follicles. Caprine preantral 

follicles (n=30) were analyzed after seven day culture in ŬMEM
+
 supplemented with 10 

(Figure 4A, B) or 50 ng/mL ANG II (Figure 4C, D). The results of this quantitative analysis 

showed that the percentage of viable follicles was similar in the fresh control group (85%) and 

those cultured in 10 and 50 ng/mL ANG II (93.33% and 90%, respectively) (P>0.05). 

 

Figure 4. Viability of caprine preantral follicles as determined using fluorescent probes. 

Isolated preantral follicles after culture in 10 (A) and 50 (C) ng/mL ANG II were classified as 

viable if cells were labeled by calcein-AM (green fluorescence) (B, D) (B). Scale bars=50 

ɛm. 
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3.4 Ultrastructural analysis of caprine preantral follicles  

TEM studies were performed in non-cultured follicles (fresh control) and in follicles 

that were cultured for seven days in the lowest concentration of ANG II (10 ng/mL), which 

showed the best results for follicular survival and viability. The ultrastructural characteristics 

of follicles from the fresh control (Figure 5A) and those cultured with ANG II were similar 

(Figure 5B). The follicles showed intact basement and nuclear membranes and a large oocyte 

nucleus. In addition, vesicles and organelles were uniformly distributed in the ooplasm, 

especially the mitochondria. Granulosa cells were ultrastructurally normal and showed an 

elongated and large nucleus with an irregular membrane.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Ultrastructural analysis of non-cultured (fresh control) (A) and cultured caprine 

preantral follicles (B), which were cultured for seven days in medium containing 10 ng/mL 

ANG II. o, oocyte; n, oocyte nucleus; gc, granulosa cells; m, mitochondria; arrow, oocyte 

membrane. (A, B: bar=2 µm; C: bar=1 µm). Three to five follicles per group were examined, 

and the photomicrographs are representative examples. 

 

3.5 Follicular activation and growth after culturing with ANG II 

 

Figure 6 (A and B) shows the percentage of primordial and growing follicles, 

respectively, in ovarian cortical tissue before and after in vitro culture. After one or seven 

days of culture, a significant reduction (P<0.05) in the percentage of primordial follicles was 
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observed in all treatments and was associated with an increase (P<0.05) in the percentage of 

growing follicles compared to the fresh control.  

 

 

Figure 6. Percentage (mean ° S.E.M.) of primordial (A) and growing (B) follicles in the 

fresh control and after in vitro culture for one or seven days in the absence or presence of 

ANG II. *: differs significantly from control follicles (P<0.05). 

 

Table 2 shows the diameter of follicles and oocytes after one or seven days culture in 

the presence or absence of ANG II. Regarding the follicular diameter, tissues cultured with 
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ANG II for seven days showed values similar to the fresh control and the cultured control 

(P>0.05). Furthermore, with progression of the culture period, only the treatments that 

contained ANG II maintained their follicular diameter (P>0.05). This result was not found 

with ŬMEM
+
, in which there was a significant decrease in diameter (P<0.05). Oocyte 

diameter was similar between 10 and 50 ng/mL ANG II and the fresh control. This was not 

observed in the other treatments, which demonstrated a significant decrease in diameter 

(P<0.05). Similar to follicular diameter, ŬMEM
+
 alone decreased the oocyte diameter with 

the progression of culture (P<0.05). 

 

Table 2. Caprine oocyte and follicle diameters (mean ° SEM) in the fresh control (non-

cultured) and after culture for one or seven days at different concentrations of ANG II. 

 

 Follicular diameter (mm) Oocyte diameter (mm) 

Control 54.04 ° 4.09
 
 43.47 ° 6.12 

Treatments  Day 1 Day 7 Day 1 Day 7 

ŬMEM
+
 57.84 ° 6.38 Ø    49.03 ° 8.08 

  
 43.10 ° 6.21 Ø    35.41 ° 5.27 

*
  

 
  

ANG II 1 51.04 ° 7.84Í 50.89 ° 7.20    40.23 ° 5.14    38.00 ° 6.43
 *
 

ANG II 5 49.23 ° 7.42Í 48.09 ° 7.71 38.37 ° 5.89*Í      36.43 ° 5.65
*
 

ANG II 10 52.09 ° 6.24Í 55.10 ° 7.75    39.95 ° 4.14 39.76 ° 5.65 
 
  

ANG II 50 54.51 ° 7.62  52.01 ° 8.30    39.67 ° 5.08 38.74 ° 6.30  

ANG II 100 52.02 ° 6.76  51.71 ° 7.66 40.58 ° 6.45 37.35 ° 4.93
*
 

 

*: differs significantly from control follicles (P<0.05); Í: differs significantly from ŬMEM
+
 

alone for each day culture (P<0.05); Ø: differs significantly between days of culture within a 

single treatment (P<0.05). 
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4. Discussion  

 

This study showed, for the first time, the AGTR1 and AGTR2 mRNA levels in goat 

follicles and examined the effects of ANG II on the survival and development of preantral 

follicles after in vitro culture of caprine ovarian tissue for seven days.  

Analysis of the steady-state level of mRNA encoding AGTR1 demonstrated similar 

levels in preantral follicles. Primordial follicles had higher AGTR2 mRNA levels than 

secondary follicles. Contrary to our results, in mice, Yoon et al. (2006) observed an increase 

in the AGTR2 mRNA expression using microarray analysis during the transition from 

primary to secondary follicle. The discrepancy may reflect a physiological difference between 

species. 

In the present study, the AGTR1 mRNA levels were higher in granulosa/theca cells 

from small and large antral follicles when compared to their respective COCs. However, 

COCs from large antral follicles showed significantly higher AGTR2 mRNA levels than their 

respective granulosa/theca cells. The effects of ANG II on blood pressure regulation are 

mediated by AGTR1, whereas the physiological roles of the AGTR2 receptor are still 

uncertain (Paul et al. 2006). Increasing evidence supports a role of AGTR2 in the regulation 

of growth and differentiation of neuronal tissue (Steckelings et al. 2005). Therefore, in late 

folliculogenesis, we suggest that AGTR1 regulates blood flow while AGTR2 controls oocyte 

growth. Some studies using RT-PCR have demonstrated the presence of AGTR1 and AGTR2 

mRNA in both the granulosa and theca cells of bovine antral follicles (Berisha et al. 2002; 

Portela et al. 2008). It is difficult to compare the results of these studies with our results 

because the mRNA was measured and compared in different cell types (granulosa and theca 

cells).  

We observed high rates of follicular survival after seven days in tissues that were 

cultured in medium supplemented with 10 and 50 ng/mL ANG II when compared to the 

cultured control. These preantral follicles were further analyzed using a viability assessment, 

which suggested that these treatments were efficient in maintaining caprine preantral follicle 

viability. The fluorescent probes calcein-AM and ethidium homodimer-1 have been used to 

successfully assess the viability of bovine and caprine early-staged follicles (Schotanus et al. 

1997; van den Hurk et al. 1998; Rossetto et al. 2009). This method can be used to analyze the 
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viability of follicles, thus offering a new approach for investigating the metabolic and 

developmental aspects of folliculogenesis in vitro. Furthermore, after the ultrastructural 

analysis, important structures in addition to the basement and nuclear membranes, such as the 

mitochondria and granulosa cells, were preserved even after seven days of culture in the 

presence of 10 ng/ml ANG II. The beneficial effect of ANG II on follicular viability may have 

occurred directly through receptor binding or indirectly through an interaction with other 

substances. As previously mentioned, we did not verify differences in AGTR1 receptor 

expression in preantral follicles in this work. However, AGTR2 mRNA levels were 

significantly higher in primordial follicles than in secondary follicles, but they did not differ 

from the primary stage. The ovarian fragments consisted mostly of early preantral follicles 

(i.e., primordial and intermediate). Thus, it is possible that ANG II mediates its effect on 

viability through AGTR2. A recent study showed that AGTR2 expression in the granulosa 

cells of bovine antral follicles is also related to the maintenance of follicular viability because 

ANG II concentration and AGTR2 expression were higher in healthy follicles compared to 

atretic follicles (Portela et al. 2008). Moreover, Stefanello et al. (2006) found that when ANG 

II was associated with insulin-like growth factor-1 (IGF-1), it reversed the inhibitory effect of 

follicular cells on the nuclear maturation of bovine oocytes, resulting in a higher rate of 

embryo development. In addition to IGF-I, ANG II appears to regulate the induction of other 

autocrine growth factors, such as fibroblast growth factor-2 (FGF-2) (Itoh et al. 1993). Thus, 

IGF-1 and/or FGF-2 may have functioned as a survival factor for the follicles in the current 

study. The importance of IGF-1 (unpubl. data) and FGF-2 (Matos et al. 2007) in maintaining 

the morphology of caprine preantral follicles after in vitro culture for seven days has also been 

demonstrated.  

After seven days of culture in the current study, a high percentage of growing follicles 

was observed in all treatments when compared to the fresh control. However, no difference 

between ANG II-treated and ŬMEM
+
 follicles was found, which indicates that ANG II did not 

affect caprine follicular activation. These results agree with those obtained by Harata et al. 

(2006) in humans. This study found ANG II immunolocalization to be weak in oocytes of 

primordial, primary and secondary follicles. Nevertheless, medium composition is known to 

be an important factor for success during the in vitro culture of preantral follicles. The ŬMEM 

that was used in our study is one of the richest formulations of medium for cellular culture 
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and is composed of 21 essential amino acids, B-vitamin complexes, vitamins C and D, 

inorganic salts and pyruvate. This medium was also supplemented with glutamine, 

hypoxanthine, BSA and ITS, which are substances essential for follicular development (Silva 

et al. 2004b). The supplements made the medium more complex and nutrient-rich, which may 

be responsible for the efficiency of follicular activation that was observed in all treatments. In 

other studies, spontaneous activation was also described after culturing preantral follicles in 

ŬMEM
+
 without the addition of hormones and growth factors (Lima-Verde et al. in press; 

Chaves et al. 2010).  

Although ANG II maintained follicle and oocyte diameters throughout the culture 

period, it did not affect follicle or oocyte diameter. Shuttleworth et al. (2002) also found no 

significant effect of ANG II (10
-10

 mol/l) on the diameter of pig preantral follicles or antrum 

formation after 16 or 30 days of culture. Furthermore, Portela et al. (2008) observed that the 

addition of ANG II to bovine granulosa cells in culture did not affect cell proliferation or 

estradiol secretion, but it inhibited mRNA that encoded serine protease inhibitor E2, a protein 

that is involved in tissue remodeling. We believe that the lack of effect on diameter was 

associated with a low mitogenic stimulation caused by ANG II during the initial categories of 

follicular development. 

In conclusion, this study demonstrated that only AGTR2 was expressed differently in 

the preantral follicle categories and that AGTR1 and AGTR2 were differently expressed in 

the different compartments of the antral follicles. In addition, 10 ng/mL ANG II improved the 

survival of caprine preantral follicles after seven days of in vitro culture. These findings 

suggest that ANG II plays an important role in early follicular viability and that it could have 

a significant application in improving the quality of oocytes that are used for in vitro 

maturation and fertilization.  
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Resumo 

Os objetivos do presente estudo foram avaliar o efeito do fator de crescimento endotelial 

vascular (VEGF) sobre a sobrevivência e crescimento de folículos pré-antrais caprinos após 

cultivo in vitro, bem como verificar a expressão de receptor do VEGF (VEGFR)-2 em ovários 

caprinos. Fragmentos ovarianos foram cultivadas por um dia ou 7 dias em meio essencial 

mínimo (MEM) isoladamente ou suplementado com diferentes concentrações de VEGF (1, 

10, 50, 100 e 200 ng mL-1). Tecidos não-cultivados (controle fresco) e cultivados foram 

processados para estudos histológico e ultraestrutural. Os resultados mostraram que 200 ng 

mL-1 de VEGF resultou em percentagem similar de folículos pré-antrais normais após 1 e 7 

dias de cultivo comparado com o controle. Comparado ao meio base de cultivo sozinho, um 

aumento nos diâmetros folicular e oocitário foi observado na presença de 10 ng mL
ï1

 VEGF 

após 7 dias de cultivo. A análise ultraestrutural confirmou a integridade folicular após 7 dias 

de cultivo na presença de 200 ng mL
ï1

  de VEGF. Estudo imunohistoquímico demonstrou a 

expressão de VEGFR-2 em oócitos e células da granulosa de todos estágios foliculares, 

exceto em células da granulosa de folículos primordiais. Em conclusão, o presente estudo 

mostrou que o VEGF manteve a integridade ultraestrutural folicular e promoveu o 

crescimento folicular. Além disso, VEGFR-2 foi detectado em oócitos de folículos ovarianos 

caprinos em todos estágios de desenvolvimento e em células da granulosa de folículos em 

desenvolvimento. 

 

Palavras-chave: VEGF. Cultivo in vitro. Folículos pré-antrais. Caprinos. 
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Expression of vascular endothelial growth factor (VEGF) receptor in goat ovaries and 

improvement of in vitro caprine preantral follicle survival and growth with VEGF  
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Abstract. The aim of the present study was to evaluate the effect of vascular endothelial 

growth factor (VEGF) on the survival and growth of goat preantral follicles after in vitro 

culture and to verify the expression of VEGF receptor (VEGFR)-2 in goat ovaries. Ovarian 

fragments were cultured for 1 or 7 days in minimal essential medium (MEM) with different 

concentrations of VEGF (1, 10, 50, 100 or 200 ng mL
ī1

). Non-cultured (fresh control) and 

cultured tissues were processed for histological and ultrastructural studies. The results showed 

that 200 ng mL
ī1

 VEGF resulted in a similar percentage of normal preantral follicles after 1 

and 7 days of culture compared with control. Compared with basic culture medium alone, an 

increase in follicular and oocyte diameters was observed in the presence of 10 ng mL
ī1

 VEGF 

after 7 days culture. Ultrastructural analysis confirmed follicular integrity after 7 days culture 

in the presence of 200 ng mL
ī1

 VEGF. Immunohistochemical studies demonstrated the 

expression of VEGFR-2 in oocytes and granulosa cells of all follicular stages, except in 

granulosa cells of primordial follicles. In conclusion, the present study has shown that VEGF 

maintains follicular ultrastructural integrity and promotes follicular growth. In addition, 

VEGFR-2 is expressed in oocytes of caprine ovarian follicles at all developmental stages and 

in granulosa cells of developing follicles. 

Additional keyword: culture. 
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Introduction  

 

Preantral follicles, which consist of primordial, primary and secondary follicles, have 

no vascular supply of their own and depend on vessels in the surrounding stroma (Stouffer et 

al. 2001). However, during antrum development, the thecal layer acquires a vascular sheath 

consisting of two capillary networks located in the theca interna and externa. These newly 

formed ovarian blood vessels provide an increased supply of gonadotropins, growth factors, 

oxygen and steroid precursors, as well as other substances, to the growing follicle. The 

acquisition of an adequate vascular supply is possibly a rate-limiting step in the selection and 

maturation of the dominant follicle destined to ovulate (Stouffer et al. 2001). Both the ovarian 

follicle and corpus luteum have been shown to produce several angiogenic factors. Of these 

factors, vascular endothelial growth factor (VEGF) is thought to play a pivotal role in the 

regulation of angiogenesis in the ovary (Tamanini and De Ambrogi 2004).  

In addition to being a potent mitogenic factor, VEGF (also known as óvascular 

permeability factorô) has an important role in regulating vascular structure and increasing 

capillary permeability (Redmer et al. 2001). Moreover, there is evidence that VEGF is a 

survival factor for endothelial cells in certain types of microvessels (Stouffer et al. 2001). In 

the ovary, VEGF appears to be involved in several processes, including follicular survival and 

growth (Danforth et al. 2003; Quintana et al. 2004; Roberts et al. 2007). Some studies have 

demonstrated that in the follicle and follicular fluid, the expression of VEGF protein increases 

significantly according to the stage of follicular development (Barboni et al. 2000; Greenaway 

et al. 2005). Others have demonstrated the expression of VEGF in oocytes of primordial 

follicles (in humans; Otani et al. 1999; Harata et al. 2006), in primary follicles of rats (Celik-

Ozenci et al. 2003) and humans (Harata et al. 2006) and in granulosa and theca cells of 

secondary follicles (in the bovine; Yang and Fortune 2007). It has been shown that VEGF acts 

via two tyrosine kinase family receptors, namely flt-1 (VEGF receptor (VEGFR)-1) and flk-

1/KDR (VEGFR-2; Shibuya 1995; Ferrara and Davis-Smyth 1997), which are expressed in 

theca cells of swine ovaries (Shimizu et al. 2003). The intraovarian VEGF/VEGFR-2 pathway 

seems to be critical for follicular development because blockade of VEGFR-2 function alters 

the secretion of follicular hormones, indicating that the intraovarian effects of VEGF are 

mediated by this receptor (Zimmermann et al. 2002). The mRNAs encoding VEGF and its 
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receptors have been shown to be expressed in granulosa and theca cells, respectively, of swine 

antral follicles (Shimizu et al. 2002); more recently, expression of VEGF and its receptors has 

been localised to the bovine fetal ovarian cortex (Yang and Fortune 2007). 

 In vivo studies have shown that direct administration of VEGF into the rat ovary 

increases vascularisation (Shimizu 2006) and the number of primary, secondary (Danforth et 

al. 2003) and antral follicles, and reduces apoptosis (Quintana et al. 2004). Moreover, 

inhibition of VEGF activity reduces the survival of primordial follicles from rodents (Roberts 

et al. 2007) and increases follicular apoptosis (Abramovich et al. 2006). Iijima et al. (2005) 

treated rats with different isoforms of VEGF and observed angiogenesis, follicular 

development and an increase in the number of ovulated oocytes, which were fertilised and 

showed competent normal development. Recently, an in vitro study showed that 10 ng mL
ī1

 

VEGF promoted the transition from primary to secondary follicles in bovine ovaries (Yang 

and Fortune 2007). It is important to note that most of the studies with VEGF have been 

performed in rodents and have concentrated on the final stages of follicular development. 

Moreover, in vivo studies have been performed using a single concentration of VEGF, with 

the results based only on histological evaluation.  

Thus, the aims of the present study were to: (1) verify the expression of VEGFR-2 at 

different follicular stages in goat ovaries; (2) investigate the effects of different concentrations 

of VEGF on survival, initiation of primordial follicle growth (activation) and further follicular 

growth after in vitro culture of caprine ovarian tissue; and (3) evaluate the ultrastructure of 

caprine preantral follicles cultured in vitro in the absence or presence of VEGF. 

 

Materials and methods 

 

Chemicals 

Unless mentioned otherwise, the culture media, VEGF and other chemicals used in the 

present study were purchased from Sigma Chemical (St Louis, MO, USA). 

 

Source of ovaries 

Ovarian cortical tissues (n=18 ovaries) were collected at a local slaughterhouse from nine 

adult (1ï3 years old) mixed-breed goats (Capra hircus). Immediately postmortem, ovaries 
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were washed once in 70% alcohol for 10 s and twice in minimum essential medium (MEM) 

supplemented with 100 ɛg mL
ī1

 penicillin and 100 ɛg mL
ī1

 streptomycin. Pairs of ovaries 

were transported within 1 h to the laboratory in MEM at 4ǓC. 

 

Experimental protocol 

The organ culture system used in the present study has been described in detail elsewhere 

(Matos et al. 2007). Briefly, ovarian tissue samples from each ovarian pair were cut into 13 

slices (3×3×1 mm) using a needle and scalpel under sterile conditions. The tissue pieces were 

then either directly fixed for histological and ultrastructural analysis (fresh control) or placed 

in culture for 1 or 7 days. Caprine tissues were transferred to 24-well culture dishes 

containing 1 mL culture medium. Culture was performed at 39ǓC in 5% CO2 in a humidified 

incubator and all media were incubated for 1 h before use. The basic culture medium 

(cultured control) was called MEM
+
 and consisted of MEM (pH 7.2ï7.4) supplemented with 

ITS (insulin 6.25 ng mL
ī1

, transferrin 6.25 ng mL
ī1

 and selenium 6.25 ng mL
ī1

), 0.23 mm 

pyruvate, 2 mm glutamine, 2 mm hypoxanthine and 1.25 mg mL
ī1

 bovine serum albumin 

(BSA). For the different experiments, this medium was supplemented with different 

concentrations of recombinant human VEGF (1, 10, 50, 100 or 200 ng mL
ī1

). Each treatment 

was repeated four times and the culture medium was replenished every other day.  

 

Morphological analysis and assessment of in vitro follicular growth 

Before culture (fresh control) and after 1 or 7 days in culture, all tissue pieces were fixed in 

Carnoyôs solution for 12 h and then dehydrated in increasing concentrations of ethanol. After 

paraffin embedding (Synth, São Paulo, Brazil), the tissues pieces were cut into 7 ɛm sections 

and each section was mounted on glass slides and stained with periodic acid-Schiff (PAS)ï

haematoxylin. Follicle stage and survival were assessed microscopically on serial sections. 

Coded slides were examined under a microscope (Nikon, Japan) at ×400 magnification with 

the observer blinded to treatment group.  

The developmental stages of the follicles have been defined previously (Silva et al. 

2004) as primordial (one layer of flattened granulosa cells around the oocyte) or growing 

(intermediate, one layer of flattened to cuboidal granulosa cells; primary, one layer of 

cuboidal granulosa cells; and secondary, two or more layers of cuboidal granulosa cells 
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around the oocyte). These follicles were classified individually as histologically normal when 

an intact oocyte was present and was surrounded by granulosa cells that were well organised 

in one or more layers and had no pyknotic nuclei. Atretic follicles were defined as those with 

a retracted oocyte, pyknotic nucleus and/or disorganised granulosa cells detached from the 

basement membrane. Overall, 120 follicles were evaluated for each treatment (30 follicles per 

treatment in one repetition × 4 repetitions = 120 follicles).  

To evaluate follicular activation, the percentage of healthy primordial and growing 

follicles was calculated before (fresh control) and after culture in each medium. In addition, 

follicle and oocyte diameters were measured in healthy follicles only. Follicle diameter was 

recorded as the length from edge to edge of the basement membrane or from the outside edge 

of the theca cell layer when present. Oocyte diameter was recorded as the length from edge to 

edge of the oocyte membrane. Two perpendicular diameters were recorded for each parameter 

and the average of these two values was reported. Care was taken to count each follicle only 

once, as we have done in our earlier studies (Matos et al. 2007). Each follicle was examined 

in every section in which it appeared and matched with the same follicle on adjacent sections 

to avoid double counting, thus ensuring that each follicle was only counted once, regardless of 

its size. 

 

Ultrastructural analysis 

For better evaluation of follicular morphology, ultrastructural studies were performed on 

fragments of fresh control tissues (non-cultured) and those with the best results during the 

histological analysis after 7 days culture. Briefly, small pieces (1 mm
3
) of caprine ovarian 

tissues were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 m sodium 

cacodylate buffer (pH 7.2) for 4 h at room temperature. After fixation, fragments were post-

fixed in 1% osmium tetroxide, 0.8% potassium ferricyanide and 5 mm calcium chloride in 0.1 

m sodium cacodylate buffer for 1 h. Samples were dehydrated through an acetone gradient 

and tissues were embedded in Spurrôs resin. Semithin sections (3 ɛm) were cut on an 

ultramicrotome (Reichert Supernova, Heidelberg, Germany) for light microscopy studies and 

stained with Toluidine blue. The ultrathin sections (60ï70 nm) were contrasted with uranyl 

acetate and lead citrate and examined under a Jeol 1011 (Jeol, Tokyo, Japan) transmission 
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electron microscope (TEM). Parameters such as the density and integrity of ooplasmic and 

granulosa cell organelles, vacuolisation and basement membrane integrity were evaluated. 

 

Viability assessment of follicles cultured in vitro  

Based on the results of histological analysis, the viability of follicles cultured with the 

concentration of VEGF that provided the best outcome was further analysed using a more 

accurate method of assessment based on fluorescent probes.  

Caprine preantral follicles from ovarian fragments cultured for 7 days with VEGF 

(200 ng mL
ī1

) were isolated by the mechanical method of Lucci et al. (1999). Briefly, using a 

tissue chopper (Mickle Laboratory Engineering, Gomshal, Surrey, UK) adjusted to a 

sectioning interval of 75 ɛm, samples were cut into small pieces, which were placed in MEM 

and suspended 40 times using a large Pasteur pipette (diameter approximately 1600 ɛm) and 

then subsequently 40 times with a smaller Pasteur pipette (diameter approximately 600 ɛm) to 

dissociate preantral follicles from the stroma. The material obtained was passed through 500- 

and 100-ɛm nylon mesh filters, resulting in a suspension containing preantral follicles smaller 

than 100 ɛm in diameter. This procedure was performed within 10 min at room temperature. 

Thereafter, the viability of preantral follicles was assessed through a two-colour 

fluorescence cell viability assay based on the simultaneous determination of live and dead 

cells using calcein-AM and ethidium homodimer-1, respectively. Whereas the first probe 

detected the intracellular esterase activity of viable cells, the second probe labelled nucleic 

acids of non-viable cells with plasma membrane disruption. The test was performed by adding 

4 ɛm calcein-AM and 2 ɛm ethidium homodimer-1 (Molecular Probes, Invitrogen, Karlsruhe, 

Germany) to the suspension of isolated follicles and incubating them at 37ǓC for 10 min. 

After being labelled, follicles were washed three times in MEM and mounted on a glass 

microscope slide in 5 ɛL antifading medium (DABCO; Sigma, Deisenhofen, Germany) to 

prevent photobleaching and were finally examined using a DMLB fluorescence microscope 

(Leica, Wetzlar, Germany). The fluorescent signals of calcein-AM and ethidium homodimer 

emitted were collected at 488 and 568 nm, respectively. Oocytes and granulosa cells were 

considered live if the cytoplasm was stained positively with calcein-AM (green) and the 

chromatin was not labelled with ethidium homodimer (red).  
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Immunohistochemical localisation of VEGFR 2  

Localisation of VEGFR-2 was performed on serial 5-ɛm sections cut from the ovaries of five 

different goats. These sections were mounted on poly-L-lysine-coated slides, dried overnight 

at 37ǓC, deparaffinized in xylene and rehydrated in a graded ethanol series. Endogenous 

peroxidase was blocked by incubating the deparaffinized sections in 3% (v/v) hydrogen 

peroxide in methanol for 10 min. The sections were then washed with 1× phosphate-buffered 

saline (PBS) and the epitopes were activated by microwaving the sections for 7 min at 900 W 

in 0.01 m citrate buffer (pH 6.0). After microwave treatment, the sections were washed in 

PBSï0.05% (v/v) Tween (PBS-T) before being incubated for 30 min with 5% normal goat 

serum in PBS to minimize non-specific binding. Then, sections were incubated with mouse 

monoclonal anti-VEGFR-2 antibodies (clone KDR-1) diluted 1 : 20. After incubation with the 

antibody, sections were washed three times with PBS and incubated for 45 min with 

biotinylated secondary antibody (anti-mouse IgG; Santa Cruz Biotechnology, Santa Cruz, CA, 

USA) diluted 1 : 200 in PBS containing 5% normal goat serum. Next, sections were washed 

three times in PBS-T before being incubated for 45 min with an avidinïbiotin complex (1 : 

600; Vectastain Elite ABC kits; Vector Laboratories, Burlingame, CA, USA). The sections 

were then washed three times in PBS and stained with diaminobenzidine (DAB; 0.05% (w/v) 

DAB in 10 mm TRIS-HCl, pH 7.6, 0.03% (v/v) H2O2) for a maximum of 10 min. The stained 

sections were rinsed in PBS and water and counterstained for 10 s in Mayerôs haematoxylin. 

Finally, the sections were washed for 10 min under running tap water and subsequently 

dehydrated in a graded ethanol series. This was followed by xylene treatment and mounting in 

Pertex (Cellpath, Hemel, Hempstead, UK). Staining intensity was scored as absent (ī), weak 

(+), moderate (++) or strong (+++). Controls for non-specific staining were performed by: (1) 

replacing the primary antibody with IgGs from the same species in which the specific 

antibody was raised, at the same concentration; and (2) incubation with DAB reagent alone to 

exclude the possibility of non-suppressed endogenous peroxidase activity. For 

immunohistochemical analysis, follicles were classified as described earlier for culture. 

 

Statistical analysis 

The percentage of surviving follicles at both stages (i.e. primordial and developing) obtained 

after 1 or 7 days of various treatments, as well as data regarding follicle and oocyte diameters, 
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were initially submitted to KolmogorovïSmirnov and Bartlettôs tests to confirm normal 

distribution and homogeneity of variance, respectively. Analysis of variance was then 

performed using the GLM procedure of SAS (1999) and Dunnettôs test was applied to 

compare VEGF-treated groups with the control and MEM
+
 groups (Steel et al. 1997). In order 

to avoid Type II error because of the high coefficient of variation, Duncanôs test was applied 

to compare different VEGF concentrations and Studentôs t-test was used to compare means 

between 1 and 7 days of culture. Differences were considered significant when P <0.05. 

Results are expressed as the mean ± s.e.m. 

 

Results 

Effect of VEGF on follicular survival after in vitro culture 

 In the present study, 1800 caprine preantral follicles were analysed. As shown in Fig. 1, after 

7 days culture, the percentage of normal follicles was similar to that of the fresh control only 

for cells cultured in the presence of 200 ng mL
ī1

 VEGF (83.3% v. 65.5%, respectively; P 

>0.05). In addition, compared with tissues cultured in the presence of MEM
+
, a significantly 

higher percentage of normal follicles (P <0.05) was observed after culture in the presence of 

50, 100 and 200 ng mL
ī1

 VEGF for 7 days. These same concentrations of VEGF resulted in a 

significantly greater (P <0.05) percentage of normal follicles than did other concentrations (1 

and 10 ng mL
ī1

 VEGF) after 1 or 7 days culture. 

Fig. 1. Percentage (mean ± s.e.m.) of  healthy caprine preantral follicles in the fresh control 

and after in vitro culture for 1 or 7 days in the absence or presence of vascular endothelial 
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growth factor (VEGF). *P <0.05 compared with control follicles; ÍP <0.05 compared with 

minimum essential medium (MEM) alone on each day of culture. Different superscript letters 

indicate significant differences between different concentrations of VEGF (P <0.05). 

 

Follicular activation and growth after culture with VEGF 

The percentage of primordial and growing follicles in fresh tissues was 35.1% and 64.9%, 

respectively. In all treatments, after 1 or 7 days culture, there was no significant effect of 

VEGF on follicular activation (i.e. we did not observe any significant reduction in the 

percentage of primordial follicles or any increase in the percentage of growing follicles; P 

>0.05).  

With regard to follicular growth, tissues cultured in the presence of 200 ng mL
ī1

 

VEGF had significantly larger (after 1 day) and smaller (after 7 days) follicular and oocyte 

diameters than the fresh control (non-cultured). When compared with MEM
+
, a significant 

increase (P <0.05) in follicular and oocyte diameters was observed following treatment with 

10 ng mL
ī1

 VEGF for 7 days. In addition, over the same period, 10 ng mL
ī1

 VEGF was more 

efficient than 50, 100 and 200 ng mL
ī1

VEGF in increasing oocyte diameter (P <0.05; Table 

1). 

 

Ultrastructural analysis of caprine preantral follicles cultured with VEGF 

The ultrastructural features of follicles from fresh control and 200 ng mL
ī1

 VEGF-treated 

groups were similar. These follicles showed intact basement and nuclear membranes and a 

large oocyte nucleus. In addition, the organelles were uniformly distributed in the ooplasm, 

especially the mitochondria. Both the smooth and rough endoplasmic reticula were present, 

either as isolated aggregations or as complex associations with mitochondria and vesicles. 

Granulosa cells were ultrastructurally normal and well organised around the oocyte, showing 

an elongated and large nucleus with an irregular membrane (Fig. 2). Microvillar extensions of 

the plasma membranes of oocyte and granulose cells were visible in the space between these 

compartments. 
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Table 1. Caprine oocyte and follicle diameters (mean ± s.e.m.) in fresh control (non-cultured) 

and after culture for 1 or 7 days in the absence or presence of vascular endothelial growth 

factor. 

 

 Follicular diameter (mm) Oocyte diameter (mm) 

Control 66.90 ° 9.26
 
 53.92 ° 8.88 

Treatments   Day 1 Day 7 Day 1 Day 7 

MEM
+
 69.22 ° 8.99        57.32 ° 11.45 

*  
   55.77 ° 5.97       45.58 ° 9.71 

*
   

   
   

VEGF 1 65.66 ° 13.85
 b
   64.43 ° 10.90 

a
      52.36 ° 9.86 

b
       50.52 ° 9.26 

ab
       

   
   

VEGF 10 66.90 ° 12.04
 b
 68.96 ° 11.52Í

a
   52.68 ° 8.53

 b
           55.29 ° 9.93 Í

a
 
  
   

VEGF 50 73.70 ° 8.87
 b
 63.19 ° 11.58

 a
      57.44 ° 8.54 

ab
      48.05 ° 7.40

 bc
 
   
   

VEGF 100 67.36 ° 15.52
 b
 63.52 ° 12.59 

a
        52.37 ° 10.44 

b
       45.62 ° 7.37

* bc
 
   
   

VEGF 200 82.35 ° 12.73
*Ía

 55.93 ° 5.75 
*b

       62.26 ° 6.89 
*a

       42.49 ° 6.86 
*c  

   

 

VEGF1, 10, 50, 100 or 200 represent VEGF at 1, 10, 50, 100 or 200 ng mL
ī1

, respectively. 

MEM
+
, minimum essential medium (pH 7.2ï7.4) supplemented with ITS (insulin 6.25 ng 

mL
ī1

, transferrin 6.25 ng mL
ī1

 and selenium 6.25 ng mL
ī1

), 0.23 mm pyruvate, 2 mm 

glutamine, 2 mm hypoxanthine and 1.25 mg mL
ī1

 bovine serum albumin. *P <0.05 

compared with control follicles; ÍP <0.05 compared with MEM
+
 alone on each day of 

culture. Different superscript letters indicate significant differences between different 

concentrations of VEGF (P <0.05) 
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Fig. 2. Ultrastructural analysis of (a) non-cultured (fresh control) and (b) cultured caprine 

preantral follicles, cultured for 7 days in medium containing 200 ng mL
ī1

 vascular endothelial 

growth factor (VEGF). o, oocyte; n, oocyte nucleus; gc, granulosa cells; m, mitochondria; v, 

vesicles; er, endoplasmic reticulum; mv, microvilli; arrow, oocyte membrane. Scale bars = 

2ɛm. 

 

Viability of follicles cultured with VEGF 

In the present study, five caprine preantral follicles were analysed after 7 days culture with 

200 ng mL
ī1

 VEGF. After this qualitative analysis, all follicles (100%) remained viable, as 

assessed by calcein-AMïethidium homodimer assays, the percentage of normal follicles was 

similar to that seen in the fresh control group (Fig. 3). 

 

Immunohistochemical localisation of VEGFR-2 in caprine preantral follicles 

Immunohistochemical analysis was performed to localize VEGFR-2 in caprine preantral and 

antral follicles. The results demonstrated a moderate reaction for VEGFR-2 in oocytes of 

follicles from all developmental stages. Granulosa cells of primordial follicles showed a 

negative response for VEGFR-2, but a weak and moderate immunoreaction was observed in 

granulose cells of primary and secondary follicles, respectively. In addition, cumulus and 

mural granulose cells showed a weak reaction for VEGFR-2. Nevertheless, theca cells did not 
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show a positive reaction for VEGFR-2. No staining was observed in negative controls 

incubated with VEGFR-2 (Table 2; Fig. 4). 

  

Fig. 3. Viability of caprine preantral follicles, as determined using fluorescent probes. An 

isolated preantral follicle after culture in 200 ng mL
ī1

 vascular endothelial growth factor 

(VEGF) that was classified as viable (a) because cells were labelled by calcein-AM (green 

fluorescence; b). Scale bars = 25ɛm.  

 

Table 2. Relative intensity of immunohistochemical staining for vascular endothelial growth 

factor receptor-2 in goat ovarian follicles (ī) absent; (+) weak; (++) moderate; NA, not 

applicable  

 Follicular categories  

Follicular 

compartments  

Primordial  Primary  Secondary  Antral  

Oocyte ++ ++ ++ ++ 

Granulosa - + ++ + 

Theca NA NA - - 

Cumulus NA  NA NA + 
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Fig. 4. Vascular endothelial growth factor receptor-2 immunoreactivity in different structures 

found within goat ovaries: (a) primordial follicle, (b) primary follicle, (c) secondary follicle, 

(d) antral follicle, (e) mural granulosa and theca cells from an antral follicle and (f) negative 

control. o, oocyte; gc, granulose cells; mgc, mural granulosa cells; cc, cumulus cells; tc, theca 

cells. Scale bars=50ɛm (a, c, d, f); 25ɛm (b, e). 

 

Discussion 

The present study demonstrated the importance of VEGF in the survival and growth of 

preantral follicles after in vitro culture of caprine ovarian tissue. The concentrations of VEGF 


