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Resumo

Os objetivos do presente estudo foram avaliar o efeito de diferentes tcag@es da
angiotensina 1l (ANG 1l), fator de crescimento do endotélio vascular (VEGF) e peptideo
intestinal vasoativo (VIP) no desenvolvimeritovitro de foliculos préantrais caprinos e
verificar a localizacdo do receptor 2 do VEGF (VEGEHRe a expres® dos receptores da

ANG Il (AGTR1 e AGTR2) em ovarios caprinos. Para investigar a localizacdo do VRGFR

e expressao do AGTR1 e AGTR2 no ovario caprino, foram empregadas as técnicas de
imunohistoquimica e PCRRm tempo realrespectivamente. Para avaliareficiéncia das
substancias supracitadas sobre a sobrevivéncia e o crescimento folicular, fragmentos de cértex
ovariano foram cultivadosn vitro por um ou sete dias em meio essencial minimo
suplementado (MER) adicionado de diferentes concentracbes désvidas substancias.
Antes e ap6s o periodo de cultivo, os fragmentos de coOrtex ovariano foram fixados e
processados para histologia classica. Os foliculos foram classificados quanto ao grau de
desenvolvimento em primordiais ou em desenvolvimento, e guarsmbrevivénciaem
normais ou degenerados. O diametro folicular foi avaliado antes e apés o cultivo. As técnicas
de microscopia de fluorescéncia e microscopia eletronica de transmissdo (MET) foram
utilizadas para melhor avaliarvéabilidade e morfologialesses foliculgsrespectivamente

Apos definicdo das melhores concentracBes de VIP, foi realizado um ultimo experimento a
fim de quantificar a expressdo dos RNAm para o VIP em ovarios caprinos através da técnica
de PCR em tempo real, e avaliar a influéarao VIP isoladamente ou em associagédo ao FSH
sobre a sobrevivéncia e o desenvolvimento de foliculos secundarios caprinos isolados, bem
como sobre a expressdo do RNAm para o VIP e receptor de FSHRFB¢tses foliculos
cultivados por seis dia®s resukhdos do cultivdn vitro mostraram que apoés sete ¢iad

ng/mL de ANG Il promoveu a manutencdo da viabilidade e ultraestrutura de folicos pré
antrais caprinos. ORNAm para AGTR1 e AGTR2 foram detectados em todas categorias e
tipos foliculares estudadollo que se refere ao VEGF, as concentracige$0 e 200 ng/mL

foram mais eficientes para promover o crescimento e manter a viabilidade, respectivamente.
Além disso, o receptor VEGFR foi encontrado em odcitos de foliculos em todosstégis

de desenveimento e em células da granulosa de foliculos em crescimento. O VIP foi mais

efetivo em promover o crescimento e manutencéo da ultraestrutura folicular apos sete dias de



cultivo quando utilizado na concentragédo de 10 ng/presenca de RNAm para o VIBif
demonstrada em todas categorias foliculares em ovarios de,cabsiiando um aumento em
seus niveis durante a transicao de foliculo primordialgerandario. No entanto, a utilizacéo
de VIP e/ou FSH néo afetou o desenvolvimento de foliculos semsadando alterou os
niveis de RNAm para FSR embora tenha reduzido os niveis de RNAmM para oapkhs
cultivo in vitro de foliculos préantrais por seis dias. Diante disso, coneBguque ANG,
VEGF e VIP apresentam importantes funcées no desenvolvinrenttso de foliculos pre

antrais caprinos.

Palavras-chave ANG Il. VIP. VEGF.Préantral.Cultivo in vitro.



Abstract

The aims of this study were to evaluate the effect of different concentrations of angiotensin Il
(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 (VEGFR2) and the expression of ANG Il receptors (AGTR1 and AGTR2) in goat gvarie

In order to investigate the localization of VEGRRand the expression of AGTR1 and
AGTR2 in goat ovaries, it was used the immunohistochemistry antimeaPCR techniques,
respectively. To evaluate the effect of h#stances mentioned abowe the sirvival and
follicular growth, fragments of ovarian cortex were cultuireditro for one or seven days in
minimal essential medium (MEN supplemented with different concentrations of these
substances. Before and after the culture period, fragments vamowrtex were fixed and
processed for histology. Follicles were classified according to their development as primordial
or developing, and fosurvival in normal or degenerated. The follicular diameter was
measured before and after culture. The fluaase microscopy and transmission electron
microscopy (TEM) techniques were used to better evaluateidabdity and morphologyof

these follicles respectively After defining the best concentrations of VIP, a last experiment
was conducted to quantify trexpression of VIP mRNA in goat ovaries by réale 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
(FSHR) mRNA in thesdollicles cultured for six days. The resultsiofvitro culture showed

that after seven days, 10 ng/mL ANG Il promoted the maintenance of viability and
ultrastructure of goat preantral follicles. TAGTR1 and AGTR2ZnRNA were detected in all
categories rad 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 VEGFERreceptor was found in oocytes of follicles at al
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-tema¢ PCR demorisated 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



did not affect the development of secondarljidies and did not alter the FSR mRMA
levels, although it reduced the VIP mRNA levels aiftevitro culture of preantral follicles ...
six days. According to the results, it was concluded that ANG, VEGF and VIP have important

roles in then vitro devdopment of caprine preantral follicles.

Keywords: ANG IlI. VIP. VEGF.Preantralln vitro culture.
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1. INTRODUCAO

Diversas tecnologias deeprodigdo assistidatais como a fecundacda vitro, a
transferéncia de embrides, a transgensaclonagenvém sendo desenvolvidas com o intuito
de aumentar a utilizacdo do potencial reprodutivo em fémeas mamiferas. Entretanto, a
utilizagdo em larga escala destes procedimentos depende da disponibilidade de odcitos
maturos, que constituem apenasau pequena porcdo dos 00citos presentes no ovario
(MURUVI et al, 2005).

Considerando que os foliculos fagtrais contém a grande maioria dos odcitos
presentes nos ovarios (cerca de 90%), o cultivo, a maturacdo e a fecundeitém dos
oocitos inclusosestes foliculos abrem inimeras possibilidades para a producdo de milhares
de embrides, bem como para a compreensdo das fun¢des ovarianas. No entanto, a maioria
desses foliculos morre durante a vida pré pésnatal, enquanto estdo ainda em quiescéncia,

e nunca entram na complexa via de desenvolvimento, que pode, ou ndo, culminar com a
ovulacdo (KNIGHT; GLISTER, 2006).

Diante disso, surgiu a biotécnica de Manipulacdo de Odcitos Inclusos em Foliculos
Ovarianos Praéantrais (MOIFOPA), com o objetivo de reewpr um grande numero de
odcitos inclusos nesses foliculos e cuHiv& in vitro até sua completa maturacao,
prevenindeos assim da morte (atresia) que ocamrgivo. A MOIFOPA, também conhecida
como AovE8ri o artiihvitoioa évenis in wivogae cuminamecom ez a r
formacdo o foliculo préovulatério. Essa biotécnica podera contribuir, decisivamente, no
sentido de oferecer condi¢cdes para a conservacao e multiplicacdo de animais de alto valor
genético e/ou em via de extincdo (FIGUEIRED@Iet2008).

Neste contexto, o desenvolvimento de um sistema de ciutdtiviro eficiente € um
ponto crucial para permitir a obtencdo de um grande nimero de odcitos inclusos em foliculos
préantrais. Entretanto, 0s mecanismos precisos que controlami@ énéc progressao do
crescimento folicular ainda estdo sendo investigados. Dessa forma, uma melhor compreenséo
das diferentes substanciaise regulam o desenvolvimento normal dos odcitos e suas células
foliculares circundantes € de suma importancia pamgpoeender a foliculogénese inicial e
para o sucesso dos sistemas de cultivatro, contribuindo assim para a posterior producao

in vitro de embrides.
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Dentre os fatores que parecem exercer influéncia na foliculogénese,-pediEstacar
substancias angy@nicas, tais como angiotensina Il (ANG Il) e o fator de crescimento do
endotélio vascular (VEGF), bem como substancias presentes em fibras nervosas, como o
peptideo intestinal vasoativo (VIPEstudos tém demonstrado que esses fatores exercem
importantegpapéis no controle da foliculogénese (GIOMETTI et al., 2005; ABRAMOVICH
PARBOREL; TESONE,2006; HULSHOF, 1995). Entretanto, a maioria das pesquisas
realizadas com esses fatores € com grandes ruminantes, sendo ainda escassas as pesquisas ¢
caprinos. Vistoque os caprinos sdo considerados animais economicamente atrativos por
serem importantes fontes de carne, leite e pele, especialmente na regido Nordeste do pais, 0
estudo da expresséao e do efeito desses fatores no ¢ultito de foliculos préantraisé de
fundamental importancia para aumentar o potencial reprodutivo desses animais.

Para uma melhor compreensao da importancia deste trabalho, a revisao de literatura a
seguir aborda aspectos relacionados ao ovario mamifero, foliculogénese e classifisacao d
foliculos ovarianos, regulacao da foliculogénese, MOIFQE énfase naultivo in vitro

defoliculos préantrais caprinos e técnicas para analise folicular.
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2. REVISAO DE LITERATURA

2.1. O ovario mamifero

O ovario mamifero € o orggmrincipal do sistema reprodutivo das fémeas e exerce
duas funcdes fisiologicas importantes, sendo responsavel pela: 1) diferenciacéo e liberacéo do
oocito maturo para posterior fecundacdo (funcdo exdcrina); 2) sintese de hormonios e
diversos peptideos (figdo enddcrina) que sdo essenciais para o desenvolvimento folicular,
ciclicidade e manutencao da gestacao (BARNET &I, 2006). Ele € composto por varios
tipos celulares diferenciados, € circundado por uma superficie epitelial, comumente conhecida
como @itélio germinal e possui duas regides: cortical e medular. A medula ovariana é
localizada na por¢do mais interna do ovario, com excec¢do dos equideos, e consiste de um
arranjo irregular de tecido conjuntivo fibroelastico e um extenso sistema nervosalarvasc
A regido cortical contém foliculos ovarianos em vargssagie de desenvolvimento ou
regressao, bem como cordageos (LIUet al, 2006). O tecido conjuntivo do cértex consiste
de fibroblastos, coldgendfieras reticulares (SILVA, 2005).

2.2. Folculogénese e classificacdo dos foliculos ovarianos

A foliculogénese, evento iniciado na vida jmgtal na maioria das espécies, pode ser
definida como o processo de formagé&o, crescimento e maturacgao folicular, insgacaln a
formacéao do foliculo pmordial e culminando com estagiode foliculo préovulatorio Y AN
DEN HURK; ZHAO, 2005.

O foliculo é considerado a unidade morfolégica e funcional do ovario mamifero, cuja
funcdo € proporcionar um ambiente ideal para o crescimento e maturacdo do odcito
(CORTVRINDT; SMITZ, 20018), bem como produzir hormonios e peptideos (BARNETT
al., 2006). O foliculo € composto por um odcito circundado por células somaticas (granulosa e
tecais), todavia, durante a foliculogénese, a morfologia folicular é alteradaemue o
o0cito cresce e as células da granulosa circundantes se diferenciam (BFRE®IQID;
WOODRUFF, 2006). Os foliculos ovarianos podem ser classificados de acordo com o grau de
evolucdo em prantrais (primordiais, intermediarios, primarios e secundfrou antrais
(terciarios e pré@vulatorios) (FIGUEIREDO et al., 2008).
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2.3. Regulacéo da foliculogénese inicial ou fase paétral

2.3.1. Formacéao de foliculos primordiais

Ainda na vida prénatal, na maioria das espécies, 0s 00citos sdo circungados
células sométicas (células da-grédnulosa), formando os foliculos primordiais (PEPLING
SPRADLING, 1998). Estes por sua vez, sado constituidos por um odcito quiescente, esférico
ou oval, circundado por células da{gm@nulosa de formato pavimento§bnucleo do odcito
€ relativamente grande e ocupa uma posicdo de central a excéNmgafoliculos
primordiais, azona pellcida ainda nao é observada, verificaedapenas uma justaposicdo
do odcito e células da granulosa, sem nenhuma juncéo esp@dific@l et al.,2001).

Um fator que parece ser crucial paranéio da formacédo de foliculos primordiais é o
Fig-U BARNETT et al, 2006), um fator transcricional derivado do odcito. Neurotrofinas
podem também estar envolvidas na sinalizacdo entre céan#ticas e células germinativas
no momento da formacao dos foliculos primordiais. Tal informacéo € baseada nas mudancas
no padrdo de expressao da neurotrefinao longo de toda a formacdo de foliculos
primordiais e a presenca de seus receptores no®®de ovarios humanos e de ratos
(ANDERSON et al., 2002). Estudas vitro sugeremque o fator de crescimento do nervo
(NGF) podeestarenvolvido ndo apenas na inervagdo ovariana, mas também na formacéo
folicular em ratas e camundongas (OJEDA et al., 2000). Além disso, o NGF participa na
diferenciacdo de células mesenquimais para fofolanulos primordiais em camundongas
(DISSEN et al., 2001).

2.3.2. Ativacao de foliculos primordias para primario

A ativacdo dos foliculos primordiais € um processo que se da pela transicdo dos
fol2cul os do Apool o de rara o e"powl'ade (oficolds2emu | o's
crescimento (primariosecundario, terciario e/ou po&ulatério) (RUSSE, 1983). Durante a
ativacao o foliculgrimordial, o qual se apresenta circundado por uma camada de células da
granulosa de morfologia pavimentosa, trams@se em foliculo primario, circundado por
somente uma&amada de células cubdides (VAN DEN HURK; BEVERS; BECKERS,1997).
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Além da mudancala morfologia das células da granulosa, os volumes citoplasmatico e
nuclear do oécito aumentam consideravelmente (HIREED, 1991).

O conhecimento sobre os fatores e ame&mos envolvidos nativacdo dos foliculos
primordiais € escasso, 0 que pode ser devido as dificuldades de isolamento destes foliculos
(CAMPBELL, 2009). No entanto, sals® que um balanco entre fatorggbitérios e
estimulatorios sistémicos ou de origem local provavelmente regula a ativagdo dos foliculos
primordiais.

Em relacdo aos fatores inibitérios, estudos tém demonstrado que o hormdénio anti
mileriano (AMH), membro da superfamilia do fator de drasato transformantb (TGFb),
promove a inibicdo, mas ndo o blogueio completo, do recrutamento de foliculos primordiais
parao "pool" de foliculos em crescimento (DURLINGER; VISSER; THEMME2002).
Camundongas com nocaute para o géxdH mostraram um auemto na taxa de
recrutamento de foliculos primordiais, resultando em uma deplecdo prematura da reserva
ovariana dos animais (DURLINGER et al.,, 1999). O papel inibitério do AMH sobre os
foliculos primordiais tem sido reportado também em vacas (GIGLI €045) e mulheres
(CARLSSON et al., 2006). Além disso, a observacdo de que a expressdo de AMH é ausente
em foliculos primordiais, mas detectada nas células da granulosa de foliculos pratéario
foliculos antrais iniciaifDURLINGER et al., 1999), sugemue foliculos em crescimento
podem exercer uma influéncia inibitoria sobre foliculos primordiais quiescentes.

Estudosin vitro com bovinos (BRAWTAL; YOSSEFI, 1997), caprinos (SILVA et
al., 2004a, CHAVES et al.,, 2040 primatas (FORTUNE et al.,, 1998) eurhanos
(HOVATTA et al.,, 1997) demonstraram que a ativacdo de foliculos primordiais ocorre
espontaneamente, isto €, sem a adicdo de hormoénios ou fatores de crescimento, 0 que pode
ser devido a liberagcdo de fatores estimulatorios ou prevencdo da produgatords
inibitorios pelo oo6cito ou estroma, células da granulosa ou céluldsqaié dentro do tecido
(SILVA et al., 2006a).

No que se refere aos fatores estimulatérios, um candidato promissor para promover o
inicio do crescimento de foliculos primondiaé o kit ligand (KL).YOSHIDA et al (1997)
demonstraram que o bloqueio do receptor do KEKi{t com anticorpos afeta o
desenvolvimento de foliculos primordiais. Estudos tém demonstrado que ambos 0 RNAm e a
proteina do KL (SILVA et al., 2006b) ekit (MOTRO; BERNSTEIN, 1993; CLARKet al,
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1996) sdo encontrados em od0citos e células da granulosa, respectivamente, de todos os
estagie de desenvolvimento folicular. Quando adicionado ao meio de cultivo, o KL
promoveu a ativacdo foliculagu seja, passagenosl foliculos doestagioprimordial para
primario em diferentesspécieqratas: PARROT; SKINNER, 1999; NILSSON; SKINNER,
2004; DOLE; NILSSON; SKINNER, 2008; camundongas: HUTT; MCLAUGHLIN;
HOLLAND, 2006; cabras: CELESTINO et al., 2010).

Da mesma forma, asrgieinas morfogenéticas 6sseas (BMPs), pertecentes a
superfamilia TG, tém um papel importante na ativacdo folicular, uma vez que seu efeito
tem sido demonstrado sobre a transicdo de foliculos primordiais para primarios em
camundongas (LEE el., 2001;MOORE; SHIMASAKI, 2005) e cabras (CELESTINO et al.,
dados n&o publicados)Ovelhas com mutacdes inativadoras no gene BBIPsdo
completamente inférteis, tendo o desenvolvimento bloqueadoestégio de foliculo
primordial (JUENGELet al. 2002;HANRAHAN et d., 2004). Além disso, a expressao da
BMP-15 (ovelhas: MERY et al., 200%acas: 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., 2086)foliculos primordiais sugere que
esse fator possua um papel na ativacdo folicular. Em roedores, alBM&imulou o
desenvolvimentoin vitro de foliculos primordiais e priméarios (OTSUKAt al, 2000;
FORTUNE, 2003). Outros tipos de BMPs, como a BM -7, também podem estar
envolvidas na ativacao folicula€élulas tecais/intersticiaigroduzem BMP4 e aexposi¢ao
de ovéarios a anticorpos neutralizantes para BMRsultou em reducdo do volume dos
ovarios, acompanhada da perda progressiva de foliptitogrdiais, e aumento da apoptose
celular (NILSSON SKINNER, 2003). Além disso, estudos tém mostrado que injecdes de
BMP-7 na bursa ovariana de ratas reduziram o numero de foliculos primordiais, e
aumentaram de forma concomitante, o numero de foliculogpos, secundarios e antrais
(LEE et al., 2001; 2004), suportando uma acéo paracrina positiva de/ RMfvada da teca
sobre as células da granulosa de foliculosaptéais em crescimento.

O fator de crescimento fibroldico-2 (FGF2), também pode ftuenciar
positivamente a transi¢cao de foliculos primordiais para prim&@iefdcitos produzem FGF
2 que agem sobmlulas da granulosa e células da téta$SON; PARROTT;SKINNER,
2001) O FGF2 estaexpresso em oocitos de foliculos primordiais (NBICB\ SKINNER,
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2004) e estudom vitro tém mostrado que esse fator é eficiente em estimular a ativacao de
foliculos primordiais de ratg®NILSSON; PARROTT;SKINNER, 2001), mulheres (GAROR
et al., 2009) e cabras (MATGS al., 2007a).

O fator inibitério deleucemia (LIF) tambénpode promover alesenvolvimento de
foliculos primordiaisCélulas da granulosa produzem LIF que age sobre o od4cito, bem como
sobre outras células da granuloBHLSSON; KEZELE; SKINNER, 2002, A presenca do
LIF e de seus receptoresifdetectada em foliculos primordiais, além de foliculos primérios e
secundarios (ratadNILSSON; KEZELE; SKINNER,2002; mulheres: ABIR et al., 2004.
exposicdo de ovarios ao anticorpo neutralizante do LIF diminuiu o desenvolvimento folicular
espontaneqNILSSON; KEZELE; SKINNER, 2002)O LIF promoveu um aumento na
ativacaofolicular apds cultivan vitro de ovarios de ratas (NILSSOKEZELE; SKINNER,

2002) edemulheres (ABIR et al., 2004).

Recentemente, estudos realizados com camundongas transgémoastdaram que a
mutacdo de genes que controlam a expressdo das gonadotrofinas, bentdeceaus
receptores, afeta diretamente ndo sé a ovulacdo e formacédo de corpo liteo, mas também o
processo de formacéao de foliculos primordiais, crescimento folicaaesia (BARNETT et
al., 2006). Em caprinos, o FSH promoveu a ativacéo folicular apds cultivo de foliculos
primordiais inclusos em pequenos fragmentos de cértex ovariano (MATOS et al., 2007b;
MAGALHAES et al., 2009a,b)Apesar dos receptores para FSH seexpressos partir de
foliculos primarios( O6 SHAUGHNESSY,; DUDLEY; SARAMAPAKSHA
al., 2010a), esseormonio pode agir indiretamente estimulando a sintese e secrecéo de fatores
paracrinos nos grandes foliculos. Além disso, trabalhos reportque o FSH estimula a
expressdo do KLHPPG, 2001), o qual é importante na regulacéo da foliculogénese inicial.

Por fim, algumas substancigsodem ainda estimular a expressdo de outros fatores
importantes para ativacdolicular. Por exemplo, &sulina estimula o efeito do LIF do KL
e pode, portanto, ser um-gegulador na via de sinalizacédo, controlando a transicdo de
foliculos primordiais, ou pode fornecer um suporte tréfico e permitir que eles respondam ao
maximo a sinalizacdo do LIIKEZELE; NILSSON; SKINNER2002).Além disso, o LIF &

FGF2 estimulam a expressdo d®NAmM do KL em células da granulosa (NILSSON;
NILSSON; SKINNER 2002; NILSSONSKINNER, 2004).
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A Figural ilustra resumida e esquematicamente os diferentes fatores envaoigidos

formac@o de foliculos primordias e ativagéo folicular

Primordial w——) Primdrio

De outros foliculos em crescimento
Fig-a
Neurotrofina AMH ()
NGF
) G

FGF2 (+)

Células do estroma

Figura 1. Desenho esquematico ilustrando os fatores envolvidorneacao e ativacao
folicular. CG: Células da granulosa; CT: Células da teca; (+): efeito estimulatyriefeito
inibitério. Adaptado de Knight and Glisté2006).

2.3.3. Progressao de foliculo primario para secundario

A passagem de foliculo primério para secundario € caracterizada pela proliferacdo das
células da granulosa e um aumento no tamanho e conteudo protéicoitdo(\éAN DEN
HURK; ZHAO, 2005). Os foliculos secundarios sao formados por um odcito circundado por
duas ou mais camadas de células da granulosa de morfologia cubdide. O nucleo do odcito
assume uma posicao excéntrica e as organelas comecam asmpaega periferia. Com o
desenvolvimento dos foliculos, também aumenta o numero de microvilos esmica
formacdo da zona pellcida (LUCEL al.,2001). Nesteestagio o odcito entra em fase de
crescimento extensivo, as células da granulosa ao redor se toadamroliferativas e uma

camada de células da teca se desenvolve em torno das células da granulosa, a partir de célula:
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do estroma intersticial. Apds a formacdo da camada da teca, ja se inicia a formagéo de vasos
sanguineos. Além disso, ocorre a formagé@ama extensiva rede de jung¢des do tipo gap, que
sdo canais membranarios que permitem a passagem de nutrientes, ions inorganicos, segundc
mensageiros e pequenos metabdlitos entre as células (KIDPMERWI, 2002). Uma
complexa organizacdo citoplasmaticaeressaria e depende tanto da producdo de produtos
de genes novos e organelasmo da modificacdo e redistribuicdo daquelas ja existentes
(PICTON; BRIGGS; GOSDEN,1998). Dessa forma, como consequéncia do aumento da
sintese de RNAm e de proteinas, o nra ribossomos, mitocondrias e outras organelas
celulares aumentam nos oécitos em crescimento. Além disso, muitas organelas mudam sua
aparéncia enovemse para a periferia do oo6cito (VAN DEN HUREHAO, 2005). Essa
progressao parece ser controlada, tgatopeptideos e hormdnios esterdides, bem como por
fatores de crescimento intraovarianos (FORTUNE, 20@3 DEN HURK; ZHAO, 2005).

O crescimento de foliculos pe@trais in vivo ocorre independentemente das
gonadotrofinas, uma vez que foliculos-prérais de animais e humanos desenvolvem até o
estagioantral com niveis minimos de gonadotrofinas circulan®dL{YAS et al, 1977;

HALPIN et al, 1986; HILLIER, 1994, sendo dessa forma atuante os fatores de crescimento.
Entretanto, varios estudas vitro tém sugerido que o FSH desempenha um importante papel
no desenvolvimento de foliculos padtrais HIRAO et al, 1994; CAIN; CHATTERJEE;
COLLINS, 1995; CORTVRINDT; SMITZ; VAN STEIRTEGHEM, 1997; SPEARS al,

1998; WU; BENJAMIN; CARRELL, 2001). Mais recemhente, alguns uores tém
demonstrado que FSH aumenta o didmetro de foliculos-pnérais bovinosITOH et al.,
2002), suinos (WU; TIAN, 2007) e caprin@dATOS et al., 2007b; MAGALHAES et al.,
2009a) apos cultivim vitro.

O fator de crescimento e dienciacae® (GDFR9) € um fator essencial para a
formacao de foliculos secundarios, uma gee enratascom nocaute de gene para o GBF
o desenvolvimento folicular aléem @stagioprimario néo foi observad®ONG et al, 1996).

De forma semelhantegvelhas com mutacbes espontaneas inativadoras do @Bied
(HANRAHAN et al, 2004) e ovelhas imunizadas ativamente contra o GDIRé&o
apresentaram foliculos pedtrais desenvolvidos nestagio de foliculos secundarios
(JUENGELet al.,2002). Em cabrassILVA et al (20041 localizaram a proteina GBD¥em

oocitos de todos tipos foliculares e em células da granulosa de foliculos primarios,
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secundérios e antrais, mas ndo em foliculos primordiais. A expadsicéitro de tecido
ovariano ao GDP em roedores (NILSON; SKINNER, 2002, 2003; WANG; RQOY, 2004),
cabras (MARTINS et al., 2008) e mulheres (HREINSS@Nal, 2002) promoveu a
progressaao desenvolvimentde foliculos primarios. Além disso, outro estudo mostrou que
100 ng/mL de GD® promoveu o crescimento @i@iculos préantraisin vitro e suprimiu a
apoptose de células da granulosa (ORISAHALI.,2006).

A BMP-15, outro fator derivado do odcjtparece também ser importante para o
crescimentale foliculos primario$JUENGEL et al., 2004), sendo as céluasgranulosaas
células alvo para o ligante BMES (OTSUKA et al., 2000; GALLOWAY et al., 2000)
expressao doseges que codificam a proteina BMB s@o essenciais paraasagia iniciais
de crescimento folicular e em particular para transicao daufod primarios para secundarios
(MERY et al., 2007). Além disso, alguns autores tém descrito uma alta expressdo de RNAm
e/ou proteina BMA5 em od6citos em crescimento ou completamente crescidos
(SHIMASAKI et al., 2004; JUENGEL; MCNATTY, 2005; Ldt al., D08). TEIXEIRA et al.

(2002) relataram que a expressdo desse fator aureentamacorrelacdo direta com o
crescimento folicular. Em cabras, foi demonstrado um aumento significativo nos niveis de
RNAm para BMP15 durante a transi¢do de foliculos priméariasapsecundarios, bem como

um aumento no nimero desses foliculos apds cuitivatro (CELESTINO et al.dados nao
publicado$.

A expressao da ativina, receptores de ativina, e folistatina (proteina ligada a ativina)
temsido detectada em foliculos prdrios e secundaridgRABINOVICI, 1991; MCNATTY,
2000; PANGAS et al.,, 2002; DRUMMOND et al., 2002; SILVA et al.,, 2006a). Sob
condi¢desn vitro, a ativina estimula o crescimento de foliculos uni e/ou multilaminares de
vacas (HULSHOF et al., 1997), rataBHAO 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
mitogénico, podendo estimular a proliferacdo de diferentes tipos celulares (TOYODA et al.,
2007). Estudos tém demonstrado a expressao da proteina e RNAmM para o EGF e seus
receptores em odcitoscélulas da granulosa de foliculos 4aritrais e antrais de ratas, vacas,
mulheres, porcagsamundongas e cabras (FENG; KNECHT; CATT, 1987; LONERGAN et
al., 196; QU et al.2000; SINGH; RUTLEDGE; ARMSTRONG, 1995; HILL et al., 1999;
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SILVA et al., 2006c)Outros estudos com cultiva vitro de foliculos préantrais mostraram

que o EGF promove proliferacdo de células da granulosa de porcas, roedores e mulheres
(MORBECK; FLOWERS; BRITT, 1993; GOSPODAROWICZ; BIALECKI, 1979) e
aumenta o diametro folicular deacas, roedores, mulheres e cabras (GUTIERREZ et al.,
2000; ROMANO et al., 1994; ROY; KOLE, 1998; SILVA et al., 2004c).

Outro fator mitogénico também imgiante para a transicéo de foliculos primarios para
secundarios € o FGE Tal fator é importante no controle de uma ampla variedade de funcdes
ovarianas, incluindo mitose de células da granulosa (ROBERTS; ELLIS, 1999),
esteroidogénese (VERNON; SPICER,1p9diferenciacdo (ANDERSON; LEE, 1993) e
apoptose (TILLY et al., 1992). Ja foi observado que o-BGiSta expresso em odcitos de
foliculos primordiais e célulada granulosa e da teca de foliculos em crescimento de vacas
(VAN WEZEL et al., 1995; YAMAMOTO e¢al., 1997; NILSSON; PARROTTSKINNER,

2001). Além disso, receptores para a proteina e RNAm para € E&# sido demonstrados

em foliculos em crescimento deacas (WANDJI; FORTIER; SIRARD, 1992) e ratas
(SHIKONE; YAMOTO; NAKANO, 1992;ASAKAI et al., 1993 1995). Wandji et al. (1996)
mostraram que a utilizacdo de 50 ng/mLF@~2 aumentou o diametro folicular e estimulou

a proliferacdo de células da granulosa em foliculos bovinos cultivados por 6 dias. Outros
autores também observaram que o FAGpromoveuaumento no diametro folicular &
proliferacdo das células da granulosa de va@dBITTINCK et al, 1996), gatas
(JEWGENOW, 1996) e ratas (NILSSON; PARROTBKINNER, 2001).

2.3.4. Progresséo de foliculo secundario para antral

Apbs o crescimento dos folilos secundérios e organizacdo das células da granulosa
em varias camadas, ocorre a formacdo de uma cavidade repleta de liquido denominada antro.
A partir desteestagio os foliculos passam a ser denominados terciarios ou antrais. O fluido
folicular que peenche esta cavidade contém agua, eletrélitos, proteinas séricas e alta
concentracdo de horménios esterdides secretados pelas células da granulosa (BARNETT
al., 2006). Durante o desenvolvimento folicular, a producédo de fluido antral € intensificada
pelo aumento da vascularizacao folicular e permeabilidade dos vasos sangliineos, os quais

estdo fortemente relacionados com o aumento do foliculo antral. O desenvolvimento dos
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foliculos antrais é caracterizado por uma fase de crescimento, recrutamento, eelecdo
dominancia (VAN DEN HURK; ZHAO, 2005) sendo a formacao de foliculosopuatorios
um prérequisito para a ovulacéo e formacéao do corpo luiteo (DRUMMOND, 2006).

Varios experimentosn vivo e in vitro tém mostrado que o numero de foliculos
secundarios, el tamanho, niumero de células e taxa de atresia s@o influenciados pelas
gonadotrofinas, das quais o FSH € o fator de sobrevivéncia predomvant®EN HURK;

BEVERS; BECKERS,1997; VAN DEN HURK et al.,, 2000p LH também parece ser
importante para o desevlvimento de foliculos secundarios, uma vez que, através de seus
receptores, que podem ser demonstrados na camada da teca de foliculos secundarios de ratas
ele desencadeia a biossintese de andrégenos 0s quais sdo capazes de estimular a formacao c
receptoes para FSH nas células da granulosa e assim, podem ampliar os efeitosato FSH
foliculos secundarios (VAN DEN HURK; BEVERS; DIELEMAN, 1999; VAN DEN HURK

et al., 2000) A sintese de androgenos estimulada pelo LH é amplificada por neurotrofinas
(VAN DEN HURK; ZHAO, 2005)

O horménio do crescimento (GH) é outro fator endocrino que pode promover o
desenvolvimento de foliculos secundariagpresenca de RNAmM para o receptor de GH tem
sido detectada em foliculos paétrais de ratas (ZHAO et al., 2002). Estibovitro usando
GH tém demonstrado que esse fator desempenha um importante papel controlando as fases
iniciais do desenvolvimento folicular. A adicdo de GH ao meio de cdttivdro de foliculos
préantrais estimulou a producédo de estradiol e a prafif® das células da granulosa e da
teca em murinos (KOBAYASHI et al., 2000), além de promover um aumento no diametro de
foliculos préantrais de camundongas cultivadosvitro (LIU et al., 1998; KIKUCHI et al.,

2001).

Além dos horménios citados, a fdimiFGF, que é composta por um grupo de fatores,
€ potencialmente importante para o crescimento folicular (BURATINI et al., 20@®HEE
et al. (1999) demonstraram uma supressao -degendente da apopeogle células da
granulosa e estiulo do crescimentde foliculos secundarios de ratas cultivadas com o FGF
7. O FGF2, um potente fator angiogénid@EYNOLDS; REDMER, 1998; PLENDL, 2000)
exerce um importante papel na foliculogénese, uma vez fueao ovariana é dependente
do estabelecimento e continuenmodelamento de um complexo sistema vascular, que

possibilita os foliculos receberem suprimento adequado de nutrientes, oxigénio e suporte
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hormonal (ROBINSON et al., 20Q9Além do FGF2, outros &tores angiogénicosrmbéem
parecem ser importantes pavadesenvolvimento folicular nessa fase, dos quais podemos
destacar o VEGF e a ANG II. No primeiro Capitulo desta tese, sera mostrada uma revisao
detalhada acerca da importancia de fatores angiogénicos durante o desenvolvimento folicular,
incluindo o FGF2, VEG- 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 foliculos secundarios. Ovarios de camundongas com mutalgiésateao NGF
exibiram acentuada reducdo do numero de foliculos primarios e secundérios, enquanto a
proliferacdo de células da granulosa foi visivelmente reduzida ap6s o cuitiviro
(DISSEN et al.,, 2001). Ja o VIP tem sido apontado como um impartagulador no
desenvolvimento de foliculos secundarios de ratas, bovinos e priMAfd<DEN HURK et
al., 2000 MCGHEE; HSUEH, 200Pe pode estar envolvido na funcéo esteroidogénica das
células da granulosa de roedof®AN DEN HURK; ZHAO, 2005). O segurad Capitulo
desta tese refei®e a uma revisédo acerca do envolvimento do VIP na fisiologia ovariana.

A Figura 2 ilustra resumida e esquematicamente os diferentes fatores envaividos

crescimento folicular a partir do estagio primario até antral

Primdrio E— Secunddrio I

G
0 . .
01 . E— W‘
Q - VEGF
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ANG
FGFs
NGF
VIP
KGF Capilar
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FSH
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BMP-15 cT
FGF-2
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Ativina

Figura2. Desenho esquematico ilustrando os fatores envolvid@sescimentolicular a
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partir do estagio primario até antr@lG: Células da granulosa; CT: Células da tAdaptado
de Knight and Glistef2006).

2.4. Biotécnica de MOIFOPA

Tendo em vista que ovario mamifero contém milhares de odcitos inclusos em
foliculos préantrais e que poucos destes foliculos desenvebeemié cestagiode foliculo
préovulatério, e na tentativa de utilizar de maneira eficiente o potencial de gametas
femininos no futuroyem sendo desenvolvida a biotécnica de MOIFOPA.

Esta biotécnica visa o resgate de um grande nimero de odcitos inclusos nos foliculos
préantrais, seguido das etapas de conservacao (resfriamento e/ou criopreservacao) e/ou
cultivo in vitro até o estagio de maturacdo folicular (FIGUEIREDO et al., 2008),
representando uma alternativa para o fornecimento de uma populacdo homogénea de odcitos
para as biotécnicas de fecundaréwitro e clonagem (TELFER, 1996).

Nesse contexto, o cultiven vitro de foliculos pé-antrais vem sendo largamente
empregado com o intuito de promover a multiplicacdo e a posterior diferenciacdo das células
da granulosa e assegurar o crescimento e a maturacdo de seus 00citos, para que 0S mesma
estejam aptos producdo de embrides (FIGUREDO et al., 2008). A seccdo a seguir
abordara os diversos sistemas de cultivatro empregados.

2.5. Cultivoin vitro de foliculos préantrais

No gue se refere aos sistemas de cultiveitro, os foliculos ovarianos podem ser
cultivados inclusos npréprio tecido ovarianar{ situ) ou na forma isolada. O cultivo situé
considerado um modelo pratico uma vez que a manipulacdo é rapida e nesse cultivo, a
manutengdo da integridade tridimensional dos foliculos e a interagdo destes com células do
estroma sdo mantidas. Ja o cultivo de foliculos isolados permite uma melhor perfusdo dos
nutrientes e o acompanhamento individual dos foliculos

Em roedores, a pequena dimensao dos ovarios possibilita o cultivo do 6rgéo inteiro, 0
que tem sido bastante (til pao estudo da foliculogénese inicial em pequenos mamiferos
(FORTUNE, 2003). Por outro lado, em animais domésticos de médio e grande porte, devido

as grandes dimensdes dos ovarios, ndo € possivel utilizar este modelo. Para estes animais, C
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cultivo de pequess fragmentos de cortex ovariano, rico em foliculos primordiais, tem sido
realizado para o estudo da ativagédo e crescimento de foliculos primarios (caprinos:eSILVA
al., 2004a; bovinos: BRAWAL; YOSSEFI, 1997; babuinos: WANDJt al, 1997;
humanos: HOWTTA et al,1997). O cultivo de pequenos fragmentos de cortex ovariano tem

a vantagem de manter a integridade celular e facilitar a perfusdo do meio para o tecido
ovariano (TELFER, 1996).

Grande progresso ja tem sido observado no cuhiwitro de foliaulos préantrais em
diferentes espécies animais. Helinos (JEWGENOW; STOLTE, 1996) e marsupiais
(BUTCHER; ULLMAN, 1996),0bservouse o crescimento de foliculos gastrais isolados,
porém, sem a formagdo de antro. Em humanos, bowincaninos foliculos secundérios
isoladoscresceramin vitro o estagioantral ROY; TREACY, 1993; GUTIERREZet al,

2000; SERAFIMet al., 2010). Resultados mais satisfatérios foram obtidos com suinos (WU,
TIAN, 2007), bubalinos (GUPTA et al, 2008), ovinos (ARUNAKUMARI
SHANMUGASUNDARAM; RAO, 2010) e caprinos (SARAIVA et al., 2010b;
MAGALHAES et al.,2011), em que salcancou a producdo de embrides apds cuiltiwatro

de grandes foliculos secundarios. Entretang,melhores resultados do cultivo folicular
foram obtidos emaedores, sendo observada a obtencao de crias viaveis a partir do cultivo de
odcitos provenientes de foliculos fagtrais de camundongas, nos quais o odécito adquiriu
competéncia para maturacdo, fertilizacdo e desenvolvimento embrio(BR®IG;
SCHROEDER,1 9 8 9 BRIE®,6PENDOLA; EPPIG,2003) Tal crescimento foiobtido
através do sistema de cultivo em dois passos: (1) cultivo de ovérios inteiros para obtencdo da
transicao de foliculo primordial para primario e (2) isolamento e posterior cultivo de foliculos
primarios e secundarios.

Como podese observar, um grande niamero de sistemas de cultivitro tém sido
desenvolvidos para promover o crescimento de foliculos de diferentes espécies. Além das
diferencas dos sistemas de cultivo, existem também mufEremjas espéciespecificas,
coma i) o periodo para a concluséao da foliculogénese e oogénese; ii) o tamanho dos foliculos
ovulatérios e odcitos maduros, e iii) as diferencas na natureza, concentragdes e efeitos dos
fatores de crescimento que influenciamfoliculo e producdo de odcitae vivo. Essas
diferencas sdo altamente relevantes no desenvolvimento de sistemas que suportam o

crescimentan vitro completo e maturacdo do odcito (PICTON et al., 2008). No entanto, em
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todos os protocolos, algumas caeaidticas sao vitais para otimizar o crescimeémtaitro: o
fornecimento de nutrientes, eletrélitos, antioxidantes, aminoacidos, substratos energéticos,
vitaminas, hormonios e fatores de crescimento (PICTON et al., 2D@8)te disso, nossa
equipe vem tg&tando uma série de substancias no culiveitro de foliculos préntrais

caprinos.

2.6. Cultivoin vitro de foliculos préantrais caprinosin situ

Os primeiros estudodo LAMOFOPAforam realizados com o intuito de se obter um
meio de base para o dutt in vitro de foliculos préantrais caprinos. SILVA et al. (2004a) ao
comparar a solucdo a base de agua de coco (SBAC) com o Btsindial Minimo (MEM),
verificaramque o MEM apresentou melhores taxas de sobrevivéncia e ativacdo folicular.
Esses resultis foram reforcados por MARTINS et al. (2005), em que foi observado uma
elevada taxa de degeneracédo folicular apds utilizacdo de SBIAR. disso,SILVA et al.
(2004a)observaam que a adicdo de suplementos ao meio de base MEM, como hipoxantina e
substrabs energéticos, tais como piruvato e glutamina, e ITS (Insulina, Transferrina e
Selénio) foram considerados importantes para manter a sobrevivéncia de folicalosgisé
caprinos cultivadom vitro.

Existiu ainda uma clara necessidade de verificamgpégatura e tempo de transporte
ideal paraovarios caprinogara posterior cultivén vitro. Entdo, CHAVES et al. (2008) ao
testar diferentes tempos e temperaturas de transporte, verificaram que os fragmentos
ovarianos resfriados a 4° C por 4 h duranteramsporte sdo melhores para manter a
viabilidade e aumentar o crescimento folicular durante o cuhivdro.

Nossa equipe testou ainda o efeito de alguns hormdnios. No que se refere a utilizagéo
do FSH(MATOS et al., 2007b; MAGALHAES et al., 2009a,b)do estradiol (LIMA -
VERDE et al.,, 2018), estesapresentaram efeitos positivos na sobrevivéncia, isto é,
percentagens de foliculos pmétrais morfologicamente normais superiores ao controle
cultivado (MEM), bem comana manutencéo da integridade ultragtstral. Tais hormonios
tiveram ainda um efeito adicional sobre a ativaca@rescimento folicular. No que se refere
ao LH, embora ele tenha mantido a integridade ultraestrutural dos foliculos quando

adicionado ao meio de cultivo, agrcentagens de folilos préantrais morfologicamente
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normais foram similares ao controle cultivaajms sete dias (SARAIVA et al., 2008entre

os horménios testados, o0 GH na concentracdd@eng/mL, além de apresentafeito
benéfico para sobrevivéncilambém foieficierte para a transicdo de foliculos primordiais
para primarios (MARTINS et al., 2010). Por outro lado, a androstenediona ndo apresentou
nenhum efeito adicional sobre a sobrevivénciafalzulos préantrais caprinos (LIMA
VERDE et al.20100.

Quando os fat@s de crescimento foram testados, foi obsevado que dois membros da
familia FGF, o FGHRO0 (CHAVES et al.,, 201f) e o FGF2 (MATOS et al.,, 2007a),
aumentaram a percentagem de foliculos normais e promoverativagéo folicular em
relacdo ao controle cultivadrespectivamentéNo entanto, fatores como o KL e a BMB,
nao apenas sdestacaram em relacdo ao controle cultivado, como também apresentaram
valores de sobrevivéncia similares ao controle fresco (CELESTINO et al., 2010;
CELESTINO et al., dados néo gigados). Todos esses fatores foram também eficientes em
manter a integridade ultraestrutural dos foliculos ap6s sete dias de dudtigae se refere ao
crescimento, ativina A (SILVA et al., 2006a), o FGEO (CHAVES et al., 2010b) e a BMP
15 (CELESTINOet al., dados ndo publicadogimentaram o diametro de foliculos pré
antrais caprinos apoés cultivo vitro. Alguns fatores de crescimento, tais como EGF, KL,
BMP-15 e IGF1 aumentaram a percentagem de foliculos prima@ELESTINO et al.,

2009; 2010; ddos néo publicados; MARTINS et al., 201Np entanto, penasa BMP-15e0
GDF9 aumentaram a percentagem de foliculos secundapds sete dias de cultivo
(CELESTINO et al.,, dados nédo publicadddARTINS et al.,, 2008),porém com taxas
relativamentéaixas (~ 20%).

Dentre os antioxidantes testadosg@se citar o Utocoferol e a ternatina, no entanto,
quando utilizados nas concentragbes de 5, 10 ou 15 puM, ndo foram eficigraes o
desenvolvimento de foliculos padtrais caprinogLIMA -VERDE et al.,2009) Por outro
lado, o &cido ascorbico (50 pg/mL) associado ao FSH (50 ng/mL) obteve elevadas
percentagens de foliculos paétrais normais, os quais ainda mantiveram a integridade
ultraestruturgl bem como promoverama ativacdo e o crescimento de folasupréantrais
caprinos (ROSSETTO et al., 2009Qutras interacdes também foram benéficas, tais como o

FSH com FGR2; e FSH com EGF, agiais aumentaram o diametro folicular (MATOS et al.,
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2007c; SILVA et al., 2004c) e IGEcom GH, os quais promoverantransi¢cao de foliculos
primordiais para intermediarios (MARTINS et al., 2010).

Por outro lado, outros fatores testados (BRMPARAUJO et al., 2018 NGF:
CHAVES et al., 2018, ndo foram eficazes em melhorar a percentagem de folicules pré
antrais morfologtamente normais em relacdo ao controle cultivado, apesar de terem mantido
a ultraestrutura dos foliculos apds analise por microscopia eletronica de transmissao (MET).
Substancias, tais como axido 3indol-acético (IAA) (MATOS et al., 2006) e soro fetal
bovino (BRUNO et al., 2008), nem mesmo foram capazes de manter a ultraestrutura dos
foliculos cultivados.

Como se podeobservay apesar de foliculos inclusos em tecido ovariano serem
mantidos saudaveis, ativarem e crescerem, poucos desses foliculos praggidestagiode
primario e secundario. Na tentativa de melhorar tais resultados, outras substancias,

isoladament®u emassocigaqg vém sendo testadas.

2.7. Cultivoin vitro de foliculos préantrais caprinos isolados

Simultaneamenteos experimentosom cultivo in vitro de fragmentos ovarianos,
experimentos voltados para o cultivo de foliculosantrais isolados vém sendo realizados,
com o objetivo de manter a viabilidade, promover a formacéo da cavidade antral, estimular o
crescimento e capacitas o6citos inclusos nesses foliculos a serem maturadesiredéelos
in vitro.

Outros pesquisadores, trabalhando com essa mesma espécie, desenvolveram um
sistema de cultivo de foliculos secundarios isolados, capaz de promover a forlmagdim
(ZHOU; ZHANG, 2000) bem como manter a sobrevivéncia e aumentar o diarfadicular
(ZHOU; ZHANG, 2005) Nosso grupo também foi capaz aleter tais resultados, uma vez
que a utilizacdo do meio de base foi capaz de manter a sobrevivéncia eestaggoantral, e
a adicdo de FSH no meio ainda promoveu um aumento na taxa de crescimento folicular
(RODRIGUES et al.2010.

Um grande progresso foi alcancado por nosso grupo, o qual além de estabelecer um
sistema de cultivo capaz de estimular o crescimento e formacabasgegurou a retomada
da meiose RILVA et al., 2010) Nesse experimento foram testadas duas concentragdes de
oxigénio (5 e 20%)em quea concentragdo de 20% foi mais eficiente em promover o
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crescimento folicular e a retomadada da me{th6&%) de odcios oriundos de foliculos pré
antrais crescidos vitro.

MAGALHAES 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 foliculasitpais caprinos
isolados, verificaram qu&b as mesmas condic¢des, 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 a troca de meio, ARAUJO G avaliaram a influéncia
detrés diferentes protocolos de troca de meio. Nesse trabalho, a adicdo periddica de meio (5
¢l de meio freco a cada dois dias) foi recomendada por ser mais pratica, manter a viabilidade
e promover o desenvolvimenitovitro de foliculos préantrais caprinos.

Outras formas de cultivo também foram testadasio o cultivo de foliculos de forma
individual ou emgrupcs. DUARTE et al. (2010) observaram que cadtivo de foliculos
antrais com foliculos prantrais afetounegativamente o desenvolvimento folicular. Por outro
lado, o cultivo de foliculos préntrais em grupo mostrou taxas superioresalgevivéncia e
crescimento em relacdo aos foliculos cultivados individualmeaiéan de estimular a
retomada da meiosm 9,09% No entanto, essa percentagem também foi muito baixa, o que
refletiu a necessidade de melhorar tal sistema de cultivo.

Na tentdéiva de melhorar tal sistema, e sabendo que os foliculos possuem diferentes
niveis de exigéncias nos diferengstagic de desenvolvimento, foi desenvolvigdm meio de
cultivo sequiencial utilizando FSH. Esse hormonio foi utilizado em concentragbesntdas
ao longo do cultivokSH 100 ng/mL dalia 0 a 6 FSH 500 ng/mldo dia 6 a 12FSH 1000
ng/mL do dia 12 a 18),promovendo altas percentagens de retomada da meiose
(aproximadamente 62%) (SARAIVA et a20109. Diante desse resultado promissor, novos
experimentos foram realizados utilizando tal sistema de cultivo.

De fato, a partirda utilizacdo de um meio de base que continha B&dliencial
suplementado com LH e EGF (SARAIVA et al., 2016b)GH (MAGALHAES et al.,2011),
foi possivel a obtencdo dos pegirtos embrides caprinos oriundos de foliculos secundarios
isoladoscultivadosin vitro.

Apesar dos grandes avancos obtidos pelasaequipe,o rendimento referente a

producdo de odcitos maturos, bem como a obtencdo de embrides a partir de folieulos pré
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antrais caprinos ainda é extremamente baixo, o que reforca a necessidade de melhorar tal

sistema de cultivo.

2.8 Técnicas para analise folicular

Diferentes técnicas podem ser utilizadas para andlise folapéso cultivo in vitro
de foliculos préantrais. Dentre elas, podemos destacar aquelas que permitem a avaliacdo da
qualidade folicular, como por exemplo, a histologia classica (HC), a microscopia eletrénica de
transmissédo (MET) e a microscopia de fluorescéncia. Além disso, existem aindaicas técn
de biologia molecular que permitem o estudo da expressédo de genes que codificam ligantes
e/ou receptores de diferentes substancias importantes para a foliculogénese, contribuindo para
uma melhor elucidacéo desse processo. A seguir, sera abordadadnteveada uma dessas

técnicas.

2.8.1 Histologia Classica

A HC é uma técnica importante para avaliacao de foliculeamréaisapdscultivo in
vitro, pois além de permitir uma analise quantitativa, ou seja, de um grande numero de
foliculos cultivados,permite ainda verificar a mudanca na morfologia das células da
granulosa de pavimentosa para cUbja, ocasidada ativacdo folicular, além de analisar a
integridade morfolégica do odcito e das células da granul@ddécnicapermite, portanto a
classifcacdo dos foliculos quanto ao seastagio de desenvolvimento (primordial,
intermediario, primario ou secundario), e ainda quanto as suas caracteristicas morfologicas
(normais ou atrésicos). Entretanto, a HC possui como desvantagens ndo permitir ebavaliaca
da integridade de membranas e das organelas citoplasmaticas. Vale salientar que tal técnica
pode serrealizada tanto em foliculos isolados, como naqueles inclusos em fragmentos de
cortex ovariano (MATOS et al., 200)¢

2.8.2 Microscopia Eletrbnica de Tansmisséo

A MET é considerada uma técnica qualitativa e acurada, capaz de permitir a avaliacdo
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da integridade de membranas celulares e organelas citoplasméticas (SALEHNIA;
MOGHADAM; VELOJERDI, 2002). Ela se mostra como uma ferramenta valiosa para
detecta modificacbes morfoldgicas iniciais devido a atresia, as quais podem ser observadas
apenas em nivel ultraestrutural, antes de se tornarem mais visiveis e possiveis de serem
identificadas por microscopia Optica. Tal técnica é, port@aajwaz deverificara qualidade do

odcito e das células da granulosa (LUCCI et al., 2001; LOPES et al), 2008 esta técnica,

€ possivel ainda avaliar a atresia, ou seja, a morte do foliculo tanto por apoptose
(STALDEMANN; LASSMAN, 2000) como pelo processo degenerativo mEcrose
(MARTINEZ-MADRID et al., 2007).

2.8.3 Microscopia de Fluorescéncia

Outra técnica empregada para avaliar a viabilidalieular apos o cultivdn vitro é a
microscopia ddluorescénciaa qual utiliza marcadores fluorescentes, que quando @osita
com radiacdo de baixo comprimento de onda, absorvem energia e emitem luz de comprimento
de onda maior (JUNQUEIRA; CARNEIRO, 2005A microscopia de fluorescéncia é
consideradaima técnica confiavel, pratica e rapida (CORTVRINDT; SMITZ, 200DPES
et al., 2009) Recentemente, estudos vém sendo realizagopregado a técnica de
fluorescéncigpara avaliaa viabilidadefolicular apés o cultivain vitro (ROSSETTO et al.,
2009;SILVA et al., 2010; MAGALHAES et al., 2010Nesses trabalhp®s foliculos feam
analisados por fluorescénc@amm basena deteccdo simultdnea de células vivas e mortas
marcadas por calcei#eM e pelo etidio homodimerd, respectivamente. Enquanto a
primeira sonda detecta atividade da esterase intracelular, enzima caracteristtalade
viaveis, a outra cora acidos nucléicos em célulasvid®is, com ruptura na membrana
plasmatica (LOPES et al., 2009).

2.8.4 Biologia Molecular
A identificacdo equantifiacdo dos niveis de RNAm ddiferentes substancias

(ligantes e receptes) que atuam durante a foliculogénese também é considerada uma

importante ferramenta para auxiliar na compreensao desse processo, uma vez que permite
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detectaralteracdes nos padrdoes de expressao génica que oamramsposta fendmenos
relacionade a sbrevivéncia, ao crescimento e a diferenciacdo celldasta forma, a
capacidade de quantificar os niveis de transcricdo de genes especificos € fundamental para
garantir a completa investigacao das funcdes foliculares (ZAMORANO; MAHESH; BRANN,
1996). Dentre as técnicas de biologia molecular, podem ser citadas aquelas que detectam,
localizam ou identificam os é&cidos nucléicos (hibridizag&ositu Southern e Northern
Blotting) ou proteinas (Western Blotting imunohistoquimica as que podem efetuar a
guantficacdo do DNA(Reacdoem Cadeia de PolimerasePCR) ou do RNA (Reacado de
Transcriptase Reversa de CadeidPdimerase RT-PCR), as que permitem a quantificagao
da expressédo do RNAmM mesmo em uma mistura complexa de RNA total (ensaios de protecdo
de ribawuclease) ou que possibilitem a analise da expressdo de milhares de genes
simultaneamente (Microarranjos de DNA).

Atualmente, a técnica mais utilizada para quantificar a expressdo de RNAm-é a RT
PCR em tempo real (QRFCR) (KREUZER; MASSEY, 2002). A gPCRuma variante da
RT-PCR convencional, permite uma andlise precisa da quantificacdo da expressao génica em
determinado tecido ou amostra biolégica. Esse método utiliza um sistema fluorescente em
plataforma, capaz de detectar a luz oriunda da reacao deéiGag@io de um determinado
gene no momento real da amplificagdo (BUSTIN, 2002).

2.8.5Imunohistoquimica

A imunohistoquimicatambém vem sendatilizada com freqiiéncia para avaliar a
expresséo de fatores de crescimento e hormonios, bem como seusresc@pésentes nos
ovarios, além de ser utilizada também para verificar a proliferacdo das células da granulosa
Esta técnicaepresenta um conjunto de procedimentos diagndésticos que utilizam anticorpos
(policlonais ou monoclonais) como reagentes de dgragspecificidade para a deteccdo de
antigenos que marcam estruturas em cortes @ggtols ou em células cultivad@sBIR et al,

2006).
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3. JUSTIFICATIVA

Os foliculos primordiais representam cerca de 90% de todos os foliculos presentes no
ovario. Entretanto, os mecanismos responsaveis pelo seu crescimento ainda ndo sao
completamente elucidados. Além disso, cerca de 99,9% dos foliculos ovarianos sofrem
atresia, o que reduz significativamente o potencial reprodutivo das fémeas. Neste contexto,
com ointuito de evitar a grande perda folicular que ocamrerivo, surge a biotécnica de
MOIFOPA que permite a recuperacao de dezenas a milhares de foliculos primordiais a partir
de um Unico ovario. Tais foliculos poderiam ser criopreservados para posikriacad e/ou
cultivadosin vitro.

Dessa forma, abendese da grande relevancia social e econdbmica que a espécie
caprina representa para varias regides do mundo, especialmente o Nordeste Brasileiro, e da
escassez de informacdes sobre as condicbes némessaros fatores envolvidos no
crescimento e na maturacao oocitémaitro, € de extrema importancia o desenvolvimento de
um sistema de cultivim vitro capaz denanter a sobrevivéncia foliculativar esses foliculos
e assegurar 0 seu posterior creggitn, otimizando o aproveitamento do potencial oocitario
desses animais e incrementando a eficiéncia da reproducéo animal.

Alguns estudos tém investigado o efeito de diversos hormdnios e fatores de
crescimento no cultivin vitro de foliculos préantrais @ animais de laboratérios e animais
domésticos. Entretanto, os efeitos de diferentes concentracdes de ANG Il, VEGF e VIP ainda
nao foram avaliados no cultivia vitro de foliculos préntrais caprinos. Para este fim, as
técnica de histologia classica, nuscopia de fluorescéncia e MET foram empregadas para
determinar a qualidade de foliculos 4amdrais caprinos cultivadosn vitro e,
conseguentemente, melhor avaliar a eficiéncia dos meios de cultivo testados. Além disso,
foram utilizadosensaios imnohistoquimicos e ferramentas da biologia molecular, com
intuito de se conhecer a expressao dessas substancias no ovario, teminmo apos

cultivo in vitro.
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4. HIPOTESE CIENTIFICA
Diante do exposto, formularase as seguintes hipoteses:
1) O receptompara VEGE bem como dRNAm para os receptores da ANG Il (AGTR1 e
AGTR2) e para o VIP sé@o expressos de forma diferenciada em foliculos ovarianos

caprinos;

2) A ANG I, o VEGF e o VIP influenciam a sobrevivéncia, a ativagdo e o crescinmento

vitro de foliculos préantrais caprinos inclusos em tecido ovariano;

3) O VIP afeta a sobrevivéncia, a formacao de antro, o crescimento e a expressdo do RNAm

para VIP e receptor de FSH (FSHR) em foliculosgmais caprinos isolados.
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5. OBJETIVOS

5.1. Objetivo geral

1) Verificar a localizagdoalproteina para receptode VEGF 2 (VEGFR-2) e a expressao
do RNAm para os receptores da ANG Il (AGTR1 e AGTR2) e para o VIP em foliculos

ovarianos caprinos

2) Avaliar o efeito da ANG I, VEGF e VIP bee o desenvolvimenta vitro de foliculos pré

antrais caprinos inclusos em tecido ovariano

3) Avaliar o efeito do VIP sobre o desenvolvimeimtoitro de foliculos préantrais caprinos
isolados, bem como sobre a expressdo do RNAm para o VIP e ratepifH (FSHR) em

foliculos préantrais caprinos isolados apés cultimwitro.

5.2. Objetivos especificos

1) Investigar nos compartimentos foliculares (odcitos, células da granulosa, células da teca e
células do cumulus) a localizacédo do receptor dA&GNWEVEGFR2), bem como a expressao
do RNAm paraos receptores da ANG Il (AGTR1 e AGTR2) e para o VIP, em foliculos

caprinos;

2) Avaliar os efeitos da ANG IlI, VEGF e VIP sobre a sobrevivéncia, a ativacdo e o
crescimento de foliculos p@ntrais caprinos wtante o cultivoin vitro de fragmentos de

cortex ovariano por 1 ou 7 dias;
3) Avaliar o efeito do VIP sobre o a sobrevivéncia, formacdo de antro e crescimento de
foliculos pré-antrais caprinos isolados, bem como sobre a expressdo do RNAm para VIP e

receppor de FSH (FSHR) em foliculos pa@trais caprinos isolados ap6s cultinwitro.

Nas paginas seguintes, serdo apresentados os resultados desta tese na forma de sei
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capitulos referentes a dois artigos de revisdo e quatro artigos técnicos. Valarsglieunna
revisdo foipublicada em periddico incluso no Qualis CAFIBS0, dois artigos técnicga foram

publicados em pler e:- dut oss Qgaantfaesde juldgamentor a m



6. CAPITULO 1

Fatores angiogénicos e o desenvolvimento folicular ovariano

(Angiogenic factors and ovarian follicle developn)ent

Periddico: Animal Reproductionv. 6, n. 2, p. 374379, 2009
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Resumo

Os foliculos requerem um suprinte sanguineo adequado de oxigénio, nutrientes e
horménios, além de remover o0 excesso de €@utros metabdlitosA aquisicdo de uma

oferta vascular adequada é provavelmente um passo limitante na selecdo e maturacdo do
foliculo dominante. Desta forma, hé&n progressivo interesse no estudo dos fatores de
crescimento envolvidos no processo de angiogénese. Além disso, uma melhor compreensao
sobre os mecanismos que regulam a expressaax@o desses fatores poderia ser um ponto
chave para aumentar o desempmembprodutivo das fémeas. Portanto, esta revisdo visa
resumir os dados atuais sobre a importancia dos fatores de crescimento pehgiagéinico

gue regulam a angiogénese no desenvolvimento folicular ovariano.

Palavras-chave: Angiogénese. Foliculo. Faes de cresciment@vario.
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Angiogenic factors and ovarian follicle development

J.B. Bruno®, M.H.T. Matos, R.N. Chaves, J.J.H. Celestino, M.V.A. Saraiva,
[.B. Lima-Verde, V.R. Araujo, J.R. Figueiredo

Faculty of Veterinary Medicine, Laboragoof Manipulation of Oocytes and Preantral
Follicles (LAMOFOPA),
State University of Ceara, Fortaleza, CE, Brazil.

Abstract

Ovarian follicles require an adequate blood supply for oxygen, nutrients and
hormones, in addition to eliminating G@nd other miabolites. 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 proces# 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 importace of the proand antiangiogenic growth factors which regulate angiogenesis

in ovarian follicle development.

Keywords: angiogenesis, follicle, growth factors, ovary.

Introduction

During embryo development, blood vessels differentiate from endotipeialirsors
by a process called vasculogenesis. Angiogenesis is the process of new blood vessel
development from prexisting vasculature that occurs in embryos and adults (Staiftdr,
2001). In the last two decades, there was a progressive intetthgt 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 altewas that occur in the ovary and in the female



56

reproductive tract depend on angiogenesis (Acadtaal, 2003). This process occurs
throughout follicular development, allowing adequate nutritional and hormonal supply for
ovarian follicle growth and oocytgevelopment, as well as corpus luteum formation (Fraser
and Lunn, 2000).

A wide range of growth factors have been identified that promoteafmymgenic) or
inhibit (antrangiogenic) angiogenesis (Stouffet al, 2001). However, modulation of the
expresion 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 pral antiangiogeic 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 vasculogersts 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 degradatioasaf th
membrane of the prexisting vessels, migration of endothelial cells marked by angiogenic
stimulus and finally, endothelial cell proliferation (Redmet al, 2001). This
neovascularization is completed with the formation of a capillary networkliffiedentiation
of new capillaries into arterioles and veins (LeCoeteal., 2002).

Studies have demonstrated that circulating endothelial precursor cells, i.e., originated
from bone marrow, may contribute to angiogenesis in adults (Carmeliet an@QLd), 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 (LeCoutet al, 2002).
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It is importantto 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 modstuidies 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 ybasmy)
follicles (Hulshofet 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 primordiicles and slowgrowing preantral
follicles do not have a vascular supply of their own, but instead rely on vessels in the
surrounding stroma. Thus, Martedi al. (2009) showed that an autonomous vascular supply
starts to be evident in preantral foléslwith diameter from 116m. 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 (Sefudier2001).

Acquisition of an adequate vascular supply sbably a limiting step in the selection
and maturation of the dominant follicle destined to ovulate (Stoeffeal, 2001). Some
studies have shown that angiogenesis is followed by a vasodilatation, a functional adaptation
for the occurrence of ovulatiomas well as by the development of theca endocrine function
(Jianget 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 theeacular 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 formati 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
stimuléing growth, while others, mediating endothelial cell reorganization in more complexes
vascular structures (Grassadtial, 2003).

The degeneration of the capillary network is a relevant phenomenon that causes
follicular atresia through the interruptioof 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 conseance and not the cause of atresia (Macchiagedi.,, 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 angigenesis 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 oxygeension, 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 (Hamrand Stouffer, 2000). In the ovary, paogiogenic
factors promote vascular permeability, supporting antrum formation and the events that
induce follicular rupture (Tamanini and De Ambrogi, 2004). Severalapgiogenic factors
are weltknown, such as iroblast growth facte? (FGF2), VEGF, angiotensin 1l (ANG II),
insulin like growth factoil (IGF1), epidermal growth factor (EGF), angiopoietin (ANPT)
and endothelirl (ET-1). However, those that seem to be most important in angiogenesis are
FGF2, VEGFand ANG Il (Redmeet 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 o ovarian follicular development

FGFR2 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 secdary follicles
ANG I Regulates oocyte maturation, ovulation and steroidogenesis
IGF-1 Follicular growth and survival

Increases steroidogenesis

Preovulatory follicle

Primordial Primary Secondary Tertiary
follicle follicle follicle follicle

Activation Growth Growth Growth
{F ﬁﬁA Maturation
FGF-2 FGF-2 1%
VEGF VEGF "

ANG-2 ANG-2

Blood vessel

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

FGF2, also known as basic FGF (bFGF), was the first angiogenic factor indentified in
the ovary (Gospodarowicet al, 1985). The localization of FGE in endothelial cells
suggests that it is an important factor for endothelial gro@tspodarowiczt al, 1985).

FGF-2 is also found in ovarian follicles (rat: Nilssehal.,, 2001; human: Beharoush
et al, 2005) and corpus luteum (rat: Asakaial, 1993; bovine: Schanet al, 1994), while
its receptors are expressed in growingi¢ds (Wandjiet al, 1995). In medium and large
swine follicles, mRNA for FGR2 and its receptor FGFR was detected in granulosa and
theca cells, respectively. In the bovine ovary, the expression of the mRNA fe2 FGRner
theca significantly increas during final follicular growth; however this expression was weak
in granulosa cells (Shimizet al, 2002). This factor exerts an antiapoptotic effect in
granulosa cells, favoring the production of other angiogenic factors (Grass#lli2002).

Some in vitro studies have shown that addition of F&Fo the culture medium
promoted primordial and primary follicles growth (Nilssetnal, 2001), granulosa and theca
cell proliferation (Wandjiet al, 1996), as well as oocyte survival (Zhou and Zhan§520
Recently, Matoset al (2007) demonstrated that F&@Fat 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 (VPR potent mitogenic factor
that stimulates endothelial cell migration. It has also a role in the structural maintenance,
increase of capillary permeability (Rednedral,, 2001) and a survival factor for endothelial
cells of microvessels (Stouffat al, 2001). The VEGF family is composed of at least six
members (VEGF A, B, C, D, E and F), and the human \HAG¥ene is organized in eight
exons, separated by seven introns. Alternative exon splicing results in the generation of four
different isoforms, havindl21, 165, 189, and 206 amino acids, respectively, after signal
sequence cleavage (VEGF121, VEGF165, VEGF189, VEGF206; Stoefffed, 2001;
Ferrara, 2004). VEGF A expression was demonstrated in preantral follicles. The protein
VEGF A has been identifiechioocytes of human primordial follicles (Otasii al, 1999;
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Harataet al, 2006) and human and rat primary follicles (CGelilzenciet al, 2003). In swine

and bovine follicles, VEGF A is weakly expressed during early development and this
expression becoes higher in granulosa and theca cells of dominant follicles (Badbai,

2000; Greenawagt 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 (Yamaetoab,

1997; Greenawagt al, 2004; Tayloret al, 2004). Recently, VEGF A expression in rats was
occasionally observed in early preantral follicles and was always detectpreantral
follicles during the late stages of development (Abramowtlal, 2009; Martelliet al,
2009). Furthermore, there are two known VEGF receptors (VEGRRd VEGFR2) that

bind to VEGFA. VEGFR-1 is expressed in quiescent and proliferative #ral@l cells
(Berishaet al, 2000) and induced the formation of vessels by VEGF (Boonyapetkah
2003). VEGFR2 is expressed specially in angiogenic endothelial cells and regulates the
effects of VEGF on the proliferation and migration of theses¢€lelik Ozenciet 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, Hazzad 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 equiG] 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
(Pepperet al, 1992) ad in vivo (Asaharaet al, 1995) indications of synergistic effects
between angiogenic growth factors. In bovine, association between VEGF arizlir@ced
an in vitro angiogenic response, which was stronger and faster than the effect produced by
thesewo factors individually.

Recent in vitro studies suggested that VEGF has a mitogenic effect in granulosa cells
and can stimulate follicular growth in rats (Otatial, 1999). In this species, Kezed¢ al
(2005) identified that the gene encoding forMEA is an important regulator of primordial
follicle development. In addition, Danforit 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 fio 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 (Maibli et al, 2001). Another study showed that endogenous VEGF is essential
to rodent primordial follicle survival (Roberés al,, 2007). Moreover, the inhibition of VEGF
activity produced an increase in ovarian apoptosis through an unbalance in thedpro an
antiapoptotic protein rate, leading to a great number of atretic follicles (Abrametvialh

2006). Other authors observed that the direct injection of VEGF into the ovary increases
vasculature (Shimizu, 2006), the number of antral follicles and istapioptosis (Quintaret

al., 2004).

Endocrine gland-derived vascular endothelial growth factor (EGVEGF)

Endocrine glandlerived vascular endothelial growth factor ®&GF) was
identified as a novel human endothelial cell mitogen, through a bioassessang the ability
of a library of purified human secreted proteins to promote the growth of primary adrenal
cortex capillary endothelial cells (LeCoutetr al, 2001). EGVEGF does not belong to the
VEGF family or other known families of endothelial ogens but instead is a member of a
structurally related class of peptides including the digestive enzyme colipase, the Xenopus
headorganizer, Dickkopf (Glinkat al, 1998), venom protein A (VPRA; Joubert and
Strydom, 1980) or mamba intestinal toxin 6T6IMII 6 ( Set Alwi®99Y), @ nottoxic
component of Dendroaspis polylepis polylepis venom, and the secreted proteins from
Bombina variegata designated Bv8 (Mollatyal, 1999). Its receptors were designated EG
VEGFR1 and EGVEGFR2 (Masudaet al, 2002). EGVEGF selectively promoted
proliferation, survival and chemotaxis of endothelial cells isolated from steroidogenic tissues
(Lin et al, 2002). Indeed, exogenous B(E&GF in the ovary (LeCoutest al, 2001) or testis
(LeCouteret al, 2003) can drantigally affect vascular leakage. Northern blot analysis of a
panel of RNAs from a variety of human tissues revealedVIEGF expression in ovary,
testis, adrenal and placenta (LeCouttr al, 2001). In situ hybridization analysis
demonstrated that steroglnic cells within these glands are the source ofVEGF

(LeCouteret al, 2001). Granulosa cells in primordial and primary follicles expres EGF
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strongly. As the secondary follicle matures,-#&GF expression in granulose cells declines
(Ferraraet d., 2003). At approximately 5 days pastulation, both VEGFA and EGVEGF

are strongly expressed in a portion of granulosa lutein cells, whereas 8 dagsyatson
EGVEGF 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 Il (ANG II)

ANG Il is a potent vasoactive peptide, which is converted from ANG | by angiotensin
conversion enzyme, and induces neovascularizatioabbit retina (Fernandet al, 1985),
mouse and human endometrium (étwal, 1996; Li and Ahmed, 1996; Walshal, 1997), as
well as in the bovine corpus luteum (Walshal, 1997). ANG Il acts by its binding to a
group of receptors, classified ANG receptor type 1 (AL) and 2 (ATF2). Both receptors are
expressed in the ovary, and their presence and distribution differ significantly among the
species and follicular development stages (Puatelil, 1991; Obermilleet al, 1998). In
rabbit ovaies, AT-2 receptor is expressed predominantly in granulosa cells of preovulatory
follicles, while AT-1 is located in theca and stroma cells (Yoshinairal, 1996). In mouse,

AT-2 is expressed exclusively in granulosa cells of large atretic folliclege WT-1 is
expressed in all structures of ovarian follicles (Puetkl, 1991). The presence of ANG I
receptors in the ovary suggests a possible role of this peptide on this organ. Mitslibe
(2003) reported that only the blockage of -&Tincreass blood flow in the mouse ovary,
suggesting that vasoconstriction occurs specifically through this receptor. In addition, another
study observed high ANG Il levels during proestrous in the mouse, and this fact may be
associated with the high vascular piedation that occurs in this phase of the estrous cycle
(Costaet al, 2003). Moreover, ANG Il improves angiogenic activity of VEGF in bovine
microvascular cells (Otamit al, 2000).

ANG Il regulates oocyte maturation (Kwt al, 1991), ovulation (Yoshiuraet al,

1996) and steroidogenesis (Yoshimetaal, 1993) through the modulation of ovarian blood
flow (Mitsubeet al, 2003). ANG Il is well known for its vasoconstrictor action; however this

effect was not observed in the ovary after treatment ANIG 11 (Costaet al, 2003). The
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vasodilatation was observed in rabbit ovaries perfused in vitro with ANG Il and this effect can
be due to the release of gonadotropins stimulated by ANG Il @&, 1991). In addition,
Shuttleworthet al. (2002) suggded a possible role of ANG Il in swine early folliculogenesis
and steroidogenesis. In bovine, ANG Il restored the inhibitory effect of follicular cells on
oocyte maturation (Giometét al, 2005; Stefanell@t al, 2006) and stimulated nuclear and
cytoplasmic maturation of swine oocytes (et al, 2004). In addition, ANG Il appears to
regulate the induction of several autocrine growth factors, such as platelet derived growth
factor, transforming growth factdy, FGF2 and IGF1, and induces the angiogenic activity

through the paracrine function of VEGF in microvascular cells (@taali, 2000).

Insulin like growth factor -1 (IGF-1)

The IGF system appears to have indirect effects on angiogenesis throudhtstynu
action for VEGF production in luteal cells, as well as through the stimulus of endothelial cell
proliferation and differentiation (Schares al, 2001). In bovine, a high expression of K&F
in theca interna was observed before the phase of falti@dlection, while the expression
increased in granulosa cells after this phase. In addition, mMRNA fef I&@Eeptor (IGFRL)
was present in theca interna and granulosa cells with increased levels during final follicular
development (Schane al, 2002)

In association with FSH, addition of IGFto the in vitro culture medium of preantral
follicles stimulated follicular growth in several species (human: Loehial, 2000; bovine:
Gutierrez et al, 2000; rats: Zhacet al, 2001; mouse: Livet al, 199). Experiments
performed by Zhou and Zhang (2005) showed that- IGFpromoted 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 proliferatand prevented
apoptosis of preantral follicles cultured for 4 days in the presence of serune(ldig004).
Furthermore, different concentrations of K&K10, 50 and 100 ng/mL) increased follicular
diameter and steroidogenesis of mouse preardtiatlés cultured in vitro for 6, 10 and 12
days (Demeestergt al, 2004). In a recent study, Thonmetsal (2007) showed that follicular
diameter was increased over control levels by addition of 50 ng/ml of tBRng 6 days of

culture.
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Anti -angiogenicgrowth factors

Angiogenesis is also modulated by inhibitory factors, such as thrombospodin,
angiostatin, endostatin;rdetoxiestradiol, hyaluronic acid, platelet faetrtumoral necrose
factor U and interferono. These substances blocked endothelidl peoliferation and
migration, as well as in vitro capillary formation (Espin@3avantes and Rosadgarcia,

2002).

Regarding thrombospodin 1 and 2, they bind to their receptor CD36 and inhibit
angiogenesis, inducing endothelial cell apoptosis. In neries, 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 mMRNA for thrombospodin
2 in ovarian follicles. Furthermore, thromggmdin 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 (Rstak, 2002).

Platelet facto#d inhibits angiogenesis both in vivo and in vitro and the inhibitory
effects are due to the formation of complexes with 5khibiting FGF2 binding to its
receptors (Perolledt al, 1998).

Final considerations

Increasing evidence suggests that physioklgimgiogenesis 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 pregeoynTherefore, 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
opporturities 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, fiboras nervosas contendo peptideo intestinal vasoativo
(VIP), foram descritas ao longo do trato genital feminino. Existem crescentes evidéncias de
que o VIP e seus receptores desempenham um papel importante na regulagédo local da
fisiologia ovariana via AMPc. Tem sido relatado goeVIP regula a sobrevivéncia e
crescimento do foliculo ovariano, maturacdo do odcito, ovulac@o esteroidogénese.
Portanto,esta revisdo visa resumir os dados atuais sobre a importancia do VIP na fisiologia

ovariana.

Palavras-chave:VIP. Foliculos ovarianog:oliculogéneseOvulacéo. Esteroidogénese.
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Abstract

In addition to the central nervous systenaseactive intestinal peptid@/IP) containing
nerves have been described throughout the female genital Ttheee is growing evidence
that VIPand their receptorglay important roles in the local regulatiohovarian physiology
through cAMP pathwayit has been reported thetP regulateghe ovarian follicle survival
and growth oocyte maturation, ovulation and steroidogenéligrefore, this review aims to

summarize current data on the importance of diBvarian 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 mammwazry is
innervated by extrinsic nerves, which are both catecholaminergic and peptidergic in nature
(Burden, 1985; Ojeda and Lara, 1989; Ojeda et al., 1¥tidergic innervation of the
ovary was verified, among other ways, by the presence of wasoadestinal 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 the uterine body, oviduct and ova®t{esen 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 asa potential local regulator of ovarian physiolpgyuch as regulation of
steroidogenesis, cAMP accumulation, plasminogen activator production and oocyte
maturation Ahmed et al., 1986; Tornell et al., 1988; Johnson and Tilly, 1988% 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 cyclasactivating polypeptide (PACAP)/setir@glucagons (Arimura, 1992; Gozes
et al., 1999Miyata et al., 198P VIP and PACAP act by binding to three types of G pretein
coupled VIP/PACAP receptors. PA@ binds specifically to both PACAPs and VIP, though
with very low affinity; VPACZXR and VPACZ2R 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-piBitive nerve fibers,
beginning at the onset of follicular development and increasingly with age. Furthe¥iore,
and their receptors immunoreactivity has been foundlose association with the aien
vasculature (Hulshof et al., 1994; Vaccari et al., 2006).

Despite the presence of mMRNA for VIP has been detected in ovaries (@ oats and
Tsafriri, 1986),its presence was not observed in miBarberi et al., 2007)These authors
suggested suchesults due tahe 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 innaroéti
the gland.However in goatsthe presence of mMRNA for VIRas detected in all follicular
categories (primordial, primary, secondary and antral follicles) catldlar typesstudied
(granulosa and theca cells) (Bruno et al., unpublished datgy)etng 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 VRA€Ihe most
abundant receptor in ovaries from juvenilecejiand that VPAGR levels are lower, while
those of PACAR are very low (Cecconi et al., 2004). In the rat preovulatory follicles, PAC1
R and VPACZ2R are expressed by granulosa cells, whereas theca/interstitial cells exclusively
express VPACR e VPAC2R (Vaccari et al., 2006). PACR was the main receptor present
in the ovary of rat, followed by VPAGR and VPACIR (Latini et al., 2010).
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Signaling pathways and effects of VIP offollicle survival

VIP has been shown to protect several cell types frguptasis, including
thymocytes, prostate cancer and neural cells (Delgado et al., 1996; Said, 1996; Gutierrez
Canas, et al., 2003Sastry et al.,, 2006 In the ovary, previous in vitro studies also
demonstrated that VIP inhibits apoptosis of rat folliglelaws et al., 19959, ee et al. 1999).
Moreover, 1 has been demonstratdtht PACAP and VIP were able to prevent granulosa cell
apoptosis of follicles cultured in serum free medi(Maccari et al., 2006; Barberi et al.,
2007) Recently,VIP maintained theultrastructural 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 treerd 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 aratcumulation within cultured follicles (Flaws et al., 1995).
These findings along with previous reports on the role of the cfifdRein kinase A (PKA)
second messenger system in mediating the effects of VIP in target cells (Ojeda et al., 1989;
Johnson andilly, 1988; Davoren and Hsueh, 1986rovide 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 PKCVaudry et al., 2000and cAMP response
element binding protein phosphorylatiolVglton and Dragunow, 2000 The effect or
mechanisms include inhibition of casp&sactivity, upregulation oBcl-2 and suppression of
cytoplasmic cytochrome translocation (reviewed by Filippatos et al., 2001). On the other
hand, it is plausible that mechanisms independe®kok activity also partly mediate the
actions of VIP on follicle survival. This possibility is supported by prevituslies using a
mouse pituitary cell line that demonstrated activation of volssgesitive calcium channels
after VIP stimulation $checterson and McKnight, 1991
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In vitro effects of VIP on follicle growth

There are only few papers dealing with \@Rects on the ovarian follicles. In vitro
studies revealed that VIP stimulates the development of isolated bovine primary and early
secondary follicles (Hulshof, 1995)Ve have recently demonstratétht VIP is an important
factor for the growth of smafireantral follicles enclosed in caprine ovarian tisé&meino et
al., 2010). In addition to théncrease of VIP immunoreactivity with the appearance of
secondary and antral follicles in bovine ovar{gkilshof et al., 1994),he contemporary
presence of WP and its receptors around preantral and antral follicles (Vaccari et al., 2006)
may explain the role of VIP in follicle growtiNeverthelessin 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 stagdyzad.

Influence of VIP on maturation and ovulation

Studies have shown th&iP stimulates maturation in folliclenclosed oocytes, but
could transiently inhibitor not affectspontaneous maturation of cumukrsclosed oocytes
(Tornell et al., 1988; Ap et al., 1997). Culture of bovirmimulus oocyte complexés 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 VIevants of maturationan
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 phenomenmglieved 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 supplation of granulosa cells within each
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follicle. In fact, Kasson et al. (1985) have shown one predominantlysgiBitive and one
FSHsensitive subpopulation of granulosa cells.

Nevertheless, although VIP did not influence maturationhas been shownot
stimulate ovulation in perfused rat ovaries (Schmidt et al., 1990). In mammalian system, VIP
or LH, acting via the adenylyl cyclase system, induce an increap&asminogen activator
activity (Beers et al.1975;Wang and Leung, 1983; Liu et al., 198@)serine protease that
has been implicated in the process of follicular rupture at the time of ovulation (B8&5s,

Reich et al.1985)and in the process of follicular cumulus cell expansion and dispersion (Liu
et al., 1986).

In addition, he localiation 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 fa&lP 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 Reynoldsg)198hich will be
important for the generation of a normal follicle and competent oodyte gonadotrophin
would consequently stimulate the production of PACAP in the preovulatory follicle. The fact
that PACAP induces genes related to ovulation and Iatgion, 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 thevulatory process. This is in agreement with previous
demonstration that provides direct evidence of the presence of-RA®LM the absence of
VPACI1-R and VPACZ2R on germinal vesicles oocytes (Vaccari et al., 2006). Further studies

are warranted to evalteathe 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 mogghand 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, 2008 dlterations 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 thatR/Is implicated in ovarian steroidogenesis.

In addition, VIP is involved in the regulation of steroidogenic activétynulating
estradiol and progesterone release from cultured granulosa cells and whole ovaries in vitro
(Davoren and Hsueh, 1985; Ahmedaét 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 theysithesis of the cholesterol sidbain cleavage enzyme complex (Trzeciak et al.,
1986), the ratdimiting step in progesterone biosynthesis and the activity of the aromatase
enzyme complex (George and Ojeda, 19&udies have provided evidence that VK i
capable of inducing aromatase activitgfore the ovary became responsive to gonadotropins
(George and Ojeda, 198Fjayerhofer et al., 1997)A possibility to consider is that VIP
induction of estradiol release during the estrus cycle may also comenfirmature 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., 200These findings strongly suggest a
physiological role for this peptide in ovarian steroid biosynthesis.

Little is known about the molecular mechanisms of-YfiBdiated steroidogenesisis
known thatVIP increases the levels of cAMP (Tornell et al.889Apa 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 taguy protein (StAR) expression and
function. StAR mediates the rdieniting 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 thdtaavs tissues to accurately control their steroid production
(Kowalewski et al.,, 2010) A r educt i on -hydroxystSroidA dehydrogethase3 b
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 patlways may be involved because the receptors activate multiple

intracellular pathways (Spengler et al., 1993; Lutz et al., 1993).

VIP VIP

VPACR1 VPACR2

Gene transcription

\ Bcl 2 (Survival)

Star (Steroidogenesis)

Nucleus

Granulosa Cell

Figure 1. Schematic illustration of the signaling pathways for the effect of VIP in granulosa
cells. VIP binds though two Gproteincoupled receptors (VPAGR and VPACZ2R).

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
kinaseA (PKA). The reactions culminate in activation of CAMP response element binding
protein (CREB) via its phosphorylation, followed by upregulation of Bt&AR and

antiapoptotic protooncogerszl-2.

Final considerations

Collectively, these results underi the crucial role of VIP and their receptors in the
controlovarian folliculogenesisVIP and its receptors, through cAMP/PKA pathway, regulate
the follicle survival and growthoocyte naturation and ovulation, as well as ovarian
steroidogenesisFurther research in this field will greatly advance our understanding of

ovarian physiology.



85

References

Acosta TJ, Hayashi KG, Ohtani M, Miyamoto A. 20@®cal changes in blood flow within

the preovulatory follicle wall and early corpus luteum in cows. Reptioh, 125:759767.

Ahmed CE, Dees WL, Ojeda SR. 1986. The immature rat ovary is innervated by vasoactive
intestinal peptide (VIRrontaining fibers and responds to VIP with steroid secretion.
Endocrinology,11816821689.

Apa R, Lanzone A, Mastrandrea NYjiceli F, Macchione E, Fulghesu AM, Caruso A,
Canipari R. 1997.Effect of pituitary adenylate cyclaseactivating peptide on meiotic
maturation in follicleenclosed, cumulusnclosed, and denuded rat oocytes. Biol Reprod,
57:10741079.

Arimura A. 1992. Pititary adenylate cyclase activating polypeptide (PACAP): discovery and
current status of researdRegul Pept, 37:28303.

Barberi M, Muciaccia B, Morelli MB, Stefanini M, Cecconi S, Canipari R. 2@Xpression
localisation and functional activity of pitary adenylate cyclaseactivating polypeptide,
vasoactive intestinal polypeptide and their receptors in mouse ovary. Reproduction, 134:281
292.

Beers WH. 1975. Follicular plasminogen and plasminogen activator and the effect of plasmin
on ovarian folliclewall. Cell, 6:379386.

Beker ARCL, Izadyar F, Colenbrander B, Bevers MM. 2000. Effect of growth hormone
releasing hormone (GHRH) and vasoactive intestinal peptide (VIP) on in vitro bovine oocyte
maturation. Theriogenology, 53:171%82.

Bruno JB, CelestindJH, LimaVerde IB, Matos MHT, Lima LF, Name KPO, Araujo VR,
Saraiva MVA, Martins FS, Campello CC, Silva JRV, Bao SN, Figueiredo JR. 2010.
Vasoactive intestinal peptide improves the survival and development of caprine preantral
follicles after in vitro tssue culture. Cells Tissue Orgah81:41421.

Burden HW. 1985. The adrenergic innervations of mammalian ovaries. hkidathan N,

Bahr MM, Weiner RI (Ed.). Catecholamines as Hormone Regulators. New York, Raven
Press, pp. 26278.



86

Cecconi S, Rossi G, Baeri M, Scaldaferri L, Canipari R. 2004. Effect of pituitary adenylate
cyclaseactivating polypeptide and vasoactive intestinal polypeptide on mpueantral
follicle development in vitro. Endocrinolog¥452071-2079.

Davoren JJ, Hsueh AJW. 1985. Vasosaetintestinal peptide: a novel stimulator of
steroidogenesis by cultured rat granulosa cBitsl. Reprod, 33:352.

Delgado M, Garrido E, Martinez C, Leceta J, Gomariz RP. 1%¥oactive intestinal
peptide and pituitary adenylate cyclassdivating poypeptides (PACAP27) and (PACAP38)
protect CD4+CD8+ thymocytes from glucocorticomdiuced apoptosis. BloodB7:5152

5161.

Ekholm C, Hiilensjo T, Magnusson C, Rosberg S. 1984. Stimulation and inhibition of rat
oocyte meiosis by forskolin. Biol Reprod, 307533.

Filippatos GS,Gangopadhyay N, Lalude O, Parameswaran N, Said Sl, Spielman W, Uhal
BD. 2001. Regulation of apoptosis by vasoactive peptifles.J. Physiol. Lung. Cell Mol
Physiol,281:749761.

Flaws JA, Desanti A, Tilly KI, Javid RO, Kugu K, JohnsAh, Hirshfield AN, Tilly JL.

1995. Vasoactive intestinal peptidemediated suppression of apoptosis in the ovary: potential
mechanisms of action and evidence of a conserved antiatretogenic role through evolution.
Endocrinology1364351-4359.

Forneris ML, Aguado LI. 2002. Neonatal superior nerve transection disturbs the cyclic
activity of the female rats. J Steroids Biochem Mol Biol, 82825

Fredericks CM, Lundquist LE, Mathur RS, Ashton SH, Landgrebe SC. 1983. Effects of
vasoactive intestinal polypeptidgon ovarian steroids, ovum transport and fertility in the
rabbit. Biol Reprod, 2810521060.

George FW, Ojeda SR. 1987. Vasoactive intestinal peptide induces aromatase activity before
development of primary follicles or responsiveness to folstlemulaing hormone. Proc Natl

Acad Sci USA, 84:5803807.

Gozes |, Tsafriri A. 1986. Detection of vasoactive intestinal peptideencoding messenger
ribonucleic acid in the rat ovaries. Endocrinology, 119:28680.

Gozes |, Fridkinb M, Hill JM, Brenneman DE. M9Pharmaceutical VIP: prospects and
problems. Curr Med Chem, 6:101934.



87

Gras S, Hannibal J, Fahrenkrug J. 1999. Pituitary adenylate cyclaseactivating polypeptide is
an auto/paracrine stimulator of acute progesterone accumulation and subsequenttiloieiniza
in cultured periovulatory granulosa/lutein cefndocrinology, 140:2192205.

GutierrezCafas |, Rodriguellenche N, Bolanos O, Carmena MJ, Prieto JC, Juarranz MG.
2003.VIP and PACAP are autocrine factors that protect the androgiependent proate
cancer cell line P@ from apoptosis induced by serum withdrawal. Br J Pharmacol,
13910501058.

Hillensjo T, Ekhohn C, Ahrén K. 1978. Role of cyclic AMP in oocyte maturation and
glycolysis in the prevulatory rat follicle. Acta Endocrinol, 87:37388

Hulshof SCJ, Dijkstra G, Van Der Beek EM, Bevers MM, Figueiredo JR, Beckers JF, Van
Den Hurk R. 1994. Immunocytochemical localization of vasoactive intestinal peptide and
neuropeptide y in the bovine ovary. Biol Repr6@:553-560.

Hulshof SCJ. 1995. Bane preantral follicles and their development in vitro; Utrecht, Thesis.
Jana BDziens AP a (Ec z y,BRp y 0 z U ,@jkkiawicA J Skobowiat C Majewski M.

2005. Denervation of the porcine ovaries performed during the early luteal pHasadatl
morphology and function of the gonad. Reprod Biol, 5329

Johnson AL, Tilly JL. 1988. Effects of vasoactive intestinal peptide on steroid secretion and
plasminogen activator activity in granulose cells of the hen. Biol Rep8i2R6-303.

JohnsonAL, Li Z, Gibney JA, Malamed S. 1994. Vasoactive intestinal peptidaced
expression of cytochrome p450 cholesterol slain cleavage and 1-feydroxylase enzyme
activity in hen granulosa cells. Biol Reprdd,.327-333.

Kasson BG, Meidan R, Davoren JBsueh AJW. 1985. Identification of subpopulations of
rat granulosa cells: sedimentation properties and hormonal responsiveness. Endocrinology,
7:10271034.

Kowalewski MP, Dyson MT, Boos A, Stocco DM. 2010. Vasoactive intestinal peptide-(VIP)
mediated exmssion and function of steroidogenic acute regulatory protein (StAR) in
granulosa cells. Mol Cell Endocrinol, 328:283.

Lacombe A, Lelievre V, Roselli CE, Muller JM, Waschek JA, Vilain E. 2007. Lack of
vasoactive intestinal peptide reduces testosteremeld and reproductive aging in mouse
testis. J Endocrinol, 194:1513%0.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jana%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dzienis%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pa%C5%84czyszyn%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rogozi%C5%84ska%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wojtkiewicz%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Skobowiat%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Majewski%20M%22%5BAuthor%5D

88

Lara HE, McDonald JK, Ahmed CE, Ojeda SR. 1990. Guanethidediated destruction of
ovarian sympathetic nerves disrupts ovarian development and function in rats. Endocrinology,
127:2199-2209.

Latini S, Chiarpotto M, Muciaccia B, Vaccari S, Barberi M, Guglielmo MC, Stefanini M,
Cecconi S, Canipari R. 2010. Inhibitory effect of pituitary adenylate cyclase activating
polypeptide on the initial stages of rat follicle developmptal Cell Endocrinol, 320:344.

Ledda S, Bogliolo L, Leoni G, Calvia P, Naitana S. 1988uence of vasoactive intestinal
peptide (VIP), atrial natriuretic peptide (ANP) and instliike growth factofl (IGF-I) on in

vitro maturation of prepubertal and adult sh@ocytes. Zygote, 4:34318.

Lee J, Park HJ, Choi HS, Kwon HB, Arimura A, Lee BJ, Choi WS, Chun SY. 1999.
Gonadotropin stimulation of pituitary adenylate cyctas@vating polypeptide (PACAP)
messenger ribonucleic acid in the rat ovary and the roleAGAP as a follicle survival
factor. Endocrinology, 140:81826.

Liu YX, Ny T, Sarkar D,Loskutoff D, Hsueh AJW1986. Identification and regulation of
tissue plasminogen activator activity in rat cumubegyte complexes. Endocrinology,
119:15781587.

Liu YX, Kasson BG Dahl KD, Hsueh AJ 1987. Vasoactive intestinal peptide stimulates
plasminogen activator activity by cultured rat granulosa cells and cuoabtyse complexes.
Peptides, 8:233.

Lutz EM, Sheward WJ, West KM, Morrow JA, Fink G, Harmar AJ. 1993. The VIP2 receptor:
molecular characterisation of a cDNA encoding a novel receptor for vasoactive intestinal
peptide. FEBS Lett, 334:8.

Mayerhofer A, Dissen GA, Costa MDjeda SR. 1997A role for neurotransmitters in early
follicular development: induction of functional follicEimulating hormone receptors in
newly formed follicles of the rat ovarizndocrinology, 1383320-3329.

Miyata A, Arimura A, Dahl RR Minamino N Uehara A Jiang L, Culler MD, Coy DH. 1989.
Isolation of a novel 38 residdeypothalamt polypeptide which stimulates adenylate cyclase

in pituitary cells. Biochem Biophys Res Commun, 164:584.

Nandi S, Ravindranatha BM, Gupta PSP, Raghu HM, Sarma PV. 2003. Developmental

competence and pestaw survivability of buffalo embryos produced vitro: effect of


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Liu%20YX%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kasson%20BG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dahl%20KD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hsueh%20AJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Miyata%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Arimura%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dahl%20RR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Minamino%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Uehara%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jiang%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Culler%20MD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Coy%20DH%22%5BAuthor%5D

89

growth factors in oocyte maturation medium and of embryo culture system Theriogenology,
60:16211631.

Ojeda SR, White SS, Aguado LI, Advis JP, Andersen JM. 1983. Abdominal vagotomy delays
the onset of puberty and inhibits ovarian functio the female rat. Neuroendocrinology,
36:261267.

Ojeda SR, Lara HE. 1989. The role of the sympathetic nervous system in the regulation of
ovarian function. In Pirke KM, Wuttke W, Schweiger U (Ed.). The Menstrual Cycle and Its
Disorders, Berlin, SpringeVerlag, pp. 2632.

Ojeda SR, Lara HE, Ahmed CE. 1989. The potential relevance of vasoactive intestinal peptide
to ovarian physiology. In Adashi E (Ed.). Putative Intraovarian Regulators, New York,
Thieme Inc., pp. 580.

Ottesen B, Fahrenkrug J. 1995a3bactive intestinal polypeptide and other preprovasoactive
intestinal polypeptidelerived peptides in the female and male genital tract: localization,
biosynthesis, and functional and clinical significance. Am J Obstet Gynecol, 17216315

Park HJ, Leel, Wang L, Park JH, Kwon HB, Arimura A, Chun SY. 2000. Stsgecific
expression of pituitary adenylate cyclasdivating polypeptide type | receptor messenger
ribonucleic acid during ovarian follicle development in the rat. Endocrinology, 14Y092

Parra C, Fiedler JL, Lunal SL, Greiner M, Padmanabhan V, Lara HE. 2007. Participation of
vasoactive intestinal polypeptide in ovarian steroids production during the rat estrous cycle
and in the development of estradiol valesimiguced polycystic ovary. Repduction,
133147-154.

Redmer DA, Reynolds LFL996. Angiogenesis in the ovaRev Repro@1:182192.

Reich R, Miskin R, Tsafriri A.1985. Follicular plasminogen activator: involvement in
ovulation. Endocrinology, 116:51%21.

Said SI. 1996. Molecules dh protect: the defense of neurons and other cells. J Clin Invest,
97:21632164.

Sastry KSR, Smith AJ, Karpova Y, Datta SR, Kulik G. 2006. Diverse antiapoptotic signaling
pathways activated by vasoactive intestinal polypeptide, epidermal growth factor, and
phosphatidylinositol Xinase in prostate cancer cells converge on bad. J Biol Chem,
2812089120901,



90

Schecterson L C, Mc Kni ght GS. 1 ;éhdphosplael e o
dependent protein kinase in hormestenulated /3endorphin secretion iAtT20 cells. Mol
Endocrinol, 5:17a178.

Schmidt G, Jorgensen J, Kannisto P, Liedberg F, Ottesen B, Owman C. 1990. Vasoactive
intestinal polypeptide in the PMS@imed immature rat ovary and its effect on ovulation in

the isolated rat ovary perfused inreitJ Reprod Fertil, 90:46572.

Spengler D, Waeber C, Pantaloni C, Holsboer F, Bockaert J, Seeburg PH, Journot L. 1993.
Differential signal transduction by five splice variants of the PACAP receptor. Nature,
365:170175.

Tornell J, Carlsson B, Hillensjo.T1988. Vasoactive intestinal peptide stimulates oocyte
maturation, steroidogenesis, and cyclic adenosine@oBophosphate production in isolated
preovulatory rat follicles. Biol Repro89:213-220.

Trzeciak WH, Schmid CE, Simpson E, Ojeda SR. 19860&ets/e intestinal peptide induces

the synthesis of the cholesterol sw®in cleavage enzyme complex in cultured rat ovarian
granulosa cellsProc Natl Acad Sci USA, 83:7490194.

Vaccari S, Latini S, Barberi M, Teti A, Stefanini M, Canipari R. 200Baracterization and
expression of different pituitary adenylate cyclastivating polypeptide/vasoactive intestinal
polypeptide receptors in rat ovarian follicles. J Endocrih®1,287-299.

Vaudry D, Gonzalez BJ, Magali B, Pamantung TF, Fontaine M, FeufyiVaudry H.2000.

The neuroprotective effect of pituitary adenylate cyclastévating polypeptide on cerebellar
granule cells is mediated through inhibition of the CEBIated cysteine protease caspase
3/CPP32Proc Natl Acad Sci USAQ7:1339013395.

Walton MR, Dragunow M. 2000s CREB a key to neuronal survivalPrends Neurosci,
23:4853.

Wang C, Leung A. 1983Gonadotropingegulate plasminogen activator production by rat

granulosa cellE£ndocrinology, 112:1261207.



91

8. CAPITULO 3

Expresséo dos receptores de angiotensina Il em ovarios caprinos e melhoria da
viabilidade folicular in vitro

(Expression of angiotensin Il receptors in the caprine ogay improvement of follicular

viability in vitro)

Periodico: Reproduction, Fertility and Development(Submetido emnovembro de 2010)
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Resumo

Esse estudo investigou os niveis de RNpgama os receptores de ANG Il (AGTR1 e AGTR2)

em ovarios de cabras e avaliou o efeito da ANG Il sobre a sobrevivéncia e o crescimento de
foliculos préantrais caprinos. Fragmentos ovarianos foram cultivados por um ou sete dias em
Umei o es s encMEMT) comANG lIdp 1, %, 10, 5®u 100 ng/mL)e analisados

por histologia, microscopia de fluorescéncia e microscopia eletronica de transmissao. Os
niveis de RNAm para AGTR1 foram similares nos diferentes tipos de folicul@nads;
foliculos primordais apresentaram maiores niveis de RNAm para AGTR2 que foliculos
secundériosCélulas da granulosa/teca de pequenos ou grandes foliritagsapresentaram

niveis significativamente superiores de RNAmM para AGTR1 que seus respectivos COCs. Por
outro ladg COCs de grandes foliculos antrais tinham niveis de RNAm para AGTR2 que
foram significativamente maiores que suas respectivas células da granulodd@da (10

and 50 ng/mL) aumentou a percentagde foliculos pé-antrais normais apés sete dias de
cultivo comparado comMEM*. Estudos de fluorescéncia e uestrutural confirmaram a
integridade folicular ap6s sete dias em ANG(10 ng/mL) Em conclusdo, RNAmM para
AGTR1 e AGTR2 foram detectados em todas categorias foliculares. ANI® lhg/mL)

manteve a viabilidade delfculos préantrais @prinos por sete dias.

Keywords: Angiotensina IlFoliculo préantral.Cultivo. Caprinos
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Abstract

This studyinvestigatedhe levels ofANG Il receptor(AGTR1 and AGTR2)MRNA in goat
ovaries ancevaluated the effect of ANG bn thein vitro survival and growthof caprine
preantral fdicles. Ovarianf r agment s wer e cul tur eMiinfumr o0ne
Essenti al MB dith ANG 1I( (1) MEBMLO, 50 or 100 ng/mL) and analyzed by
histology, fluorescent microscopy and transmission electron microsddpy. levels of
AGTR1 mRNA were similar irthe different types of preantral follicles; primordial follicles

had higherlevels 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 respectiveCOCs. Conversely, COCs from large antral follicles had AGTR2 mRNA
levels that were significantly higher than their respective granulosa/theca cells. ANG Il (10
and 50 ng/mL) increased the percentages of normal preantral follicles after seven days of
cultr € ¢ o mp ar e d. FlaorescencelaNtEuNtastructural studies confirmed follicular
integrity after seven days in ANG Il (10 ng/mL). In conclusia@TR1 and AGTR2 mRNAs

were detected in all follicular categorigSNG 1l (10 ng/mL) maintained caprine faatral

follicle viability for seven days.

Keywords: angiotensin Il; preantral follicles; culture; caprine.

1. Introduction

The formation, growth and maturation process of ovarian follicles is known as
folliculogenesis and is influenced by various subs¢s, including hormones and growth
factors (Figueiredoet al 2008) Of these substances, Angiotensin Il (ANG Il) plays an
important role in folliculogenesis. ANG Il and its receptors are part of a system known as the
reninangiotensin system (RAS) ¢shimura, 1997. The RAS plays important roles in the
synthesis and secretion of prostaglandins and estrogen, the regulation of ovarian follicle
development, ovulation and atresia (Pellieeal 1988;Yoshimuraet al 1993)

ANG I acts through two main tygeof membrane receptors, AGTR1 and AGTR2.

ANG Il receptors have been detected in the granulosa and inner theca cells of rat antral
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follicles (Husainet al 198%. Furthermore, rabbit granulosa cells express high levels of
AGTR2 receptors in preovulatorylficles (Yoshimuraet al. 1994. In bovines, Schauset
al. (2001) observed that only theca cells have ANG Il receptors, and a predominance of
AGTR2 was noted in the outer theca. Recently, Podtlal (2008) detected AGTR1 and
AGTR2 mRNA in both the tca and granulosa cells of bovine antral follicldswever,
quantification of the steaestate level of AGTR1 and AGTR2 mRNAs during different stages
of goat follicular development has not yet been performed.

The activity of ANG Il has been related to gte maturation, ovulation and
steroidogenesis in rabbit¥dshimuraet al 1993 Yoshimuraet al. 1992;Feralet al. 1995)
and to meiosis resumptiosiometti et al 2005; Stefanelloet al 2006) follicular growth
(Nielsenet al 1994) and steroidogenesi@Acostaet al 1999)in cows. Liet al (2004)
observed that 100 ng/ml of ANG Il stimulated nuclear and cytoplasmic maturation of porcine
oocytes. Giomettet al (2005) found that oocytes cultured for 12 h in medium conditioned
with follicular cells hadnhibited nuclear maturation, and the majority of oocytes remained in
the germinal vesicle stage. However, after the addition of ANG Il to the medium, this effect
was reversed.

The role of ANG Il in late folliculogenesis, especially in the processes dativu
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 Il (1, 5, 10, 50 @& rdig'ml) on the survival,
activation {ransition fromprimordial 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 Steadystate level of AGTR1 and AGTR2mRNA in goat ovarian follicles
To evaluate the steadyate level of mMRNA, 30 ovaries from 15 god@apra hircug
were collected at a local slaughterhouse and rinsed in Minimum Essential Medium (MEM)

containing antibiotics (100 pg/mL penicillin and 1Q@/mL streptomycin). After this

preparation, 10 ovaries from 5 goats were used to isolate primordial, primary and secondary
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follicles. The remaining ovaries were used to collect cuniolosyte complexes (COCs),
mural granulosa cells, and theca cells fremall and large antral follicles. Primordial,
primary, and secondary follicles were isolated using a previously described mechanical
procedure (Luccet al. 1999). After isolation, these follicles were washed several times to
completely remove the stromalells 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 at80 C until the RNA was extracted. From a second group of ovaries (n=15),
COCs aspirated from sndfli 3 mm) and large { 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 store8GE until RNA extraction. To collect
the mural graulosa 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 bisatethe
granulosa and theca cell complexes were collected and steBIIGt

Total RNA isolation was performed using a Trizol Plus RNA Purification Kit
(Il nvitrogen, S«o Paul o, Brazil). According
solution was added to each frozen sample, and the lysate was aspirated througauge20
needle before centrifugation at 10,00@ %or 3 min at room temperature. All lysates were
then diluted 1:1 with 70% ethanol and subjected to a-oohimn. After the bindig of the
RNA to the column, DNA digestion was performed using RNfkse DNAse (340 Kunitz
units/mL) for 15 min at room temperature. After washing the column three times, the RNA
was eluted with 30 uL RNAskee water.

Prior to reverse transcription, thé&ueed RNA samples were incubated for 5 min at
70 C and chilled on ice. Reverse transcription was then performed in a total volume of 20 pl,
which comprised 10 ul of sample RNA, 4 ul 5X reverse transcriptase buffer (Invitrogen), 8 U
RNAseOUT, 150 U Superspt Il 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
42 C, followed by 5 min at 8@, then it was stored aR0 C. Negative controls were
prepared under the same coiudis 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 pL cDNA as a template in 7.5 pL of SYBR Green
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Master Mix (PE Applied Biosystems, Fost@ity, CA), 5.5 pL of ultrapure water, and 0.5

UM of each primer. The primers were designed to amplify AGTR1 and AGTRRIA.
Glyceraldehyd@-p hos phat e dehydr ogastmaereused @LeRdddénousa n d
controls to normalize the steadiate mMRNA level of the genes (Table 1). The thermal
cycling profile for the first round of PCR was as follows: initial denatunadiod activation of

the polymerase for 15 min at 9, followed by 40 cycles of 15 s at @, 30 s at 60C, and

45 s at 72C. The final extension was for 10 min at €2 All reactions were performed in a
reattime PCR Mastercycler (Eppendorf, Germany). TedadeltaCT method was used to
transform CT values into normalized relative steatife mRNA levels.

Table 1.Primer pairs used for reime PCR analyses.

Target Primer sequence (5" 3") Sense  Position GenBank accession r

girlleDH TGTTTGTGATGGGCGTGAACCA S 287-309 Gl1:27525390
ATGGCGTGGACAGTGGTCATAA as 440462

b-actin ACCACTGGCATTGTCATGGACTCT S 187-211 Gl:28628620

TCCTTGATGTCACGGACGATTTCC as 386410

AT1 AGCATTGACCGCTACCTGGCTATT s 367-390 Gl: 57619242
TAGTTGGCAAACTGGCCAAACCTG as 490513

AT2 TACATCTTCAACCTCGCTGTGGCT s 244267 Gl: 148277605

TCACAGGTCCAAAGAGCCAGTCAT as 346-369

s,sense; as, antisense

2.21n vitro culture of preantral follicles

Ovarian cortical tissues (n=8 ovaries) w&ollected at a local slaughterhouse from 4
adult (£3 years old) mixedbreed goatsGapra hircug. Immediately postmortem, the ovaries
were washed once in 70% alcohol for 10 s and twice in MEM supplemented by HEPES and
antibiotics (100 pg/ml penicillinrad 100 pg/ml streptomycin). Ovary pairs were transported
within 1 h to the laboratory in MEM at 4°C (Chawdsal 2008). Unless otherwise stated, the
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culture media, synthetic human ANG II, and other chemigsésl in the present studhere
purchased fronsigma Chemical Co. (St Louis, MO, USA).

The organ culture system used herein was previously described in Mtk ét al
2007) In the laboratory, ovarian cortex tissue samples from each ovarian pair were cut into 13
slices (approximately 3 x 3 mm wWita Emm 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 incubatl in 1 ml of culture media consisting of MEM supplemented with ITS
(10 pg/mL insulin, 5.5 pg/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, 5, 10, 50 or 100 ng/mL ANG Il in 24ell plates at 32 in 5% CQ. Each
treatment was repeated four times, athet ovaries of four different animals were

consequently usedhe culture media were replenished every other day.

2.3 Morphological analysiand assessmaeuitin vitro follicular growth

Before culture (fresh control) and after one or seven days in culture, all of the pieces
cultured with or without ANG Il were fixed ilCar noyés solution for
dehydrated in increasing concentragoof ethanol. After paraffin embedding (Synth, S&o
Paulo, Brazil), the caprine tissue pieces were cut immn7sections, and each section was
mounted on a glass slide and stained by periodic $diiff and hematoxylin. Follicle stage
and survival were ssessed 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 previo8sha et al
2004a)as primordial (one layer dfattened 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 weliganized 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 dllicular 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 onlynarphologically normafollicles. 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 perpendi@nzters were
recorded for each parametand the average of these two values was repdfiathermore,
each follicle was examined in every section in which it appeared and matched with the same
follicle on adjacent sections to avoid double countings Ensured that each follicle was

only counted once, regardless of its size.

2.4 Viability assessment of follicles culturggdvitro

Based on the morphological analysis, the viability of the follicles cultured with the
ANG Il concentrations that promotéke 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 immediatelyqressed for follicle isolation, and the remaining fragments were
cultured for seven days with ANG 1l (10 and 50 ng/mL) as described above. After the culture
period, fragments were processed for mechanical isolation using the methods described by
Lucci etal. (1999).

Thereafter, the viability of isolated preantral follicles was assessed througkcaltwo
fluorescence cell viability assay based on the simultaneous determination of live and dead
cells using calceAM and ethidium homodimet, respectivelyThe first probe detected the
intracellular esterase activity of viable cells, and the second labeled nucleic acids of non
vi able cells that had plasma membrane di st
calceirkAM and 2 &M et h-L Moecaolar Rrobesy bhvitnogem, 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 1@0for 5 min, resuspended in
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MEM and mounted on a glass micropeoslide in 5 mL amtfading medium (DABCO,
Sigma, Deisenhofen, Germany) to prevent photobleaching. Finally, follicles were examined
using a DMLB fluorescence microscope (Leica, Germany). The emitted fluorescence signals
of calceirAM and ethidium homodinrel were collected at 488 and 568 nm, respectively.
Oocytes and granulosa cells were considered alive if the cytoplasm stained positively with
calceinrAM (green) and the chromatin was not labeled with ethidium homoein(esd).

2.5 Ultrastructural anasys of caprine preantral follicles

For a more detaile@valuation of follicular morphologwfter histological analysis
ultrastructural studies weggerformedon the fragments of fresh control atndated with the
lowest concentration that maintained tha@ability (10 ng/mL) A section with a maximum
dimension of 1 mrhwas 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 roomemperature (approximately 25°C). After three washes in sodium
cacodylate buffer, specimens were pidgdd 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 sahgs were then dehydrated using a gradient of acetone solutions and then
embedded in SPHRPON resin (Sigma Company, St Louis, MO). Subsequently,-gemi
sections (3 um) were cut, stained with toluidine blue and analyzed using light microscopy at
400 x magification. Ultrathin sections (6070 nm) were obtained from preantral follicles,
which were classified as morphologically normal in sémm sections according to the
criteria adopted in histology. Subsequently, the thira sections were contrastedthvuranyl
acetate and lead citrate and examined under a MeFgdrtransmission electron microscope
operating at 80 kV. The followingarameters were evaluated: the density and the integrity of
ooplasmic and granulosa cell organelles, vacuolization landhtegrity 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 Krusk#Vallis test, and the t test was used for paired comparisons of
MRNA expresion in small and large antral follicles (P<0.0Bgrcentages 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 dataitiattye in
analyzed using Kolmogord#$ mi r nov and Bartl ettodos tests to
homogeneity of variance, respectively. Analysis of variance was then performed using the
GLM procedure of SAS (1999), aareAAN@lutreated t t 0 s
groups with t he groupsn(Steekt bl 1397).dTo avdicEtyde Il errors that
may result from the high coefficient of %
results for cultures with different ANG Il concentratiomsn d St utebtewas Wsed tot
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 Chsquare test. Differences veeconsidered to be significant when P<0.05,

and results are expressed as means + standard error of the mean (SEM).

3. Results

3.1. Steadystate level of AGTR1 and AGTR2 mRNA in goat ovarian follicles

The quantification of AGTR1 receptor mRNA expressidid not demonstrate
differences among the preantral follicles, i.e., primordial, primary and secondary follicles
(P>0.05i Figure 1A). Primordial follicles had significantly higher levels of AGTR2 receptor
MRNA than the secondary follicle stages (P<0.0&},the levels did not differ significantly
from those of primary follicles (P>0.05Fig. 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 follicle®%P>gure
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<0.05gure 1G, H).
Conversely, COCs from large antral follicles had AGTR2 mMRNA levblst were
significantly higher than their respective granulosa/theca cells (P¥@Rfure 11, J).
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Figure 1. Steadystate levels of AGTR1 and AGTR2 mRN#Asgoat ovarian follicles (means

+ SEM). A, B) Primordig 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 follicle$:” (P<0.05).

3.2 Effect ofANG Il on follicular survival aftein vitro culture

The present study analyzed a total of 1,560 caprine preantral follicles. Figure 2 shows
histological sections oprimordial (A), intermediate (Band primary (C) morphologically
normal follicles after seven days of culture in 10 ng/mL ANG Il. As shown in Figure 3, a
significant reduction(P<0.05) in the percentage of morphologically normal follicles was
observedin all treatmentsvhen compared tahe fresh control (90.82%), except when the
fragments were culturefbr one dayin 10 ng/mL ANG Il 81.626; P>0.05) Furthermore
after seven days, a significantly higher percentage of normal fol(ieke3.05) was observed
in tissues that were cultured Wwit0 or 50 ng/mL ANG Il than those cultured with 100 ng/mL
ANG | | or t he"). Tthe petcentade of(fdllidleE Mith normal morphology was

similar on days 1 and 7 of cul t"andd00 hggmml  al |
ANG Il treatments (P&.05).
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Figure 2. Histological sections, stained with periodicidSchiff hematoxylin, showing
primordial (A), intermediate (B) and primary (C) normal follicles after culture kmd/@nL
ANG Il for 7 days. o: oocyte; n: oocyte nucleus; gc: granuloda.ddhgnification was at
400x.

100 4 EDayv1 BDayT

¢y normal follicles

Control MEM+ AMGIT(L) ANGIT(S)  ANGIOY ANGIN(GS0) AMNGII(100}

Treatments

Figure 3. Percentage (megh S.E.M.) of morphologically normal caprine preantral follicles

in the fresh control and aftaér vitro culture for one or seven days in the absence or presence
of ANG II. *: differs significantly from control follicles (P<0.05)f : differs significantly

f r om U&dBéfor each day of culture (P<0.05); a, b, c: differs significantly between
ANG Il at different concentrations (P<0.0%); differs significantly between days of culture

within a sirgle 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 follel@se preantral
follicles (n=30) were analyzed after seven day culturd)iME Msupplemented with 10
(Figure 4A, B) or 50 ng/mL ANG Il (Figure 4C, D)he results of this quantitative analysis
showed thathe percentage of viable follicles was similar in the fresh control group (85%) and
those cultured in 10 and 50 ng/mL ANG913.33% and 90%, respectivel{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 Il were classified as
viable if cells were labete by calceirAM (green fluorescence) (B, D) (B). Scale b8

eEm
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3.4 Ultrastructural analysis of caprine preantral follicles

TEM studies were performed in nanltured follicles (fresh control) and in follicles
that were cultured for seven days in the lowest concentration of AN lh@/mL), which
showed thévest results for follicular survival and viabilityhe ultrastructural characteristics
of follicles from the fresh control (Figure 5A) and those cultured with ANG Il were similar
(Figure 5B). The follicles showed intact basement and nuclear membranadaaigd 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 necultured (fresh control)AX) 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, hotodria; arow, oocyte
membrane. (A, B: bar=2 um; C: bdrfim). Three to five follicles per group were examined,
and the photomicrographs are representative examples.

3.5 Follicular activation and growth after culturing with ANG I
Figure 6 (A and B) shes the percentage of primordial and growing follicles,

respectively,in ovarian cortical tissue before and aftervitro culture. After one or seven
days of culture, a significant reduction (P<0.05) in the percentage of primordial follicles was



observedn all treatments and was associated with an increase (P<0.05) in the percentage of

growing follicles compared to the fresh control.
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Figure 6. Percentage (meah S.E.M.) of primordial (A) and growing (B) follicles in the
fresh control and aftan 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 Il. Relgag 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 Il maintairee their follicular diameter (P>0.05). This result was not found

wi t h U MBwich there was a significant decrease in diameter (P<0.05). Oocyte
diameter was similar between 10 and 50 ng/mL ANG Il and the fresh control. This was not
observed in the othereatments, which demonstrated a significant decrease in diameter
(P<0.05) . Similar

the progression of culture (P<0.05).

t o aléne tecreéased the wocyte diamatertwahr |

Table 2. Caprine oocyte and follicle diameters (méarSEM) in the fresh control (non

cultured) and after culture for one or seven days at different concentrations of ANG II.

Follicular diameterrfm) Oocyte diametem(m)

Control 54.04° 4.09 43.47° 6.12
Treatments Day 1 Day 7 Day 1 Day 7
UMEM 57.84° 6.380 49.03° 8.08  43.10° 6.21g  35.41° 527
ANG II'1 51.04° 7.84 50.89° 7.20 40.23° 5.14 38.00° 6.43
ANG II' 5 49.23° 7.42 48.09° 7.71 38.37° 5.89*% 36.43° 5.65
ANG Il 10 52.09° 6.24 55.10° 7.75 39.95° 4.14 39.76° 5.65
ANG 150 54.51° 7.62 52.01° 8.30 39.67° 5.08 38.74° 6.30
ANG 11100 52.02° 6.76 51.71° 7.66 40.58° 6.45 37.35° 4.93

*: differs significantly from control follicles (P<0.05); : differs significantly fromU M E M

alone for each day culture (P<0.0B);differs significantly between days of culture within a
single treatment (P<0.05).



4. Discussion

This study showed, for the first time, tA&sTR1 and AGTR2nRNA levels in goat
follicles andexaminedthe efects of ANG Il on the survival and development of preantral
follicles afterin vitro culture of caprine ovarian tissue for seven days.

Analysis of the steadgtate level of mMRNA encoding AGTR1 demonstrated similar
levels in preantral follicles. Primordidbllicles had higher AGTR2 mRNA levels than
secondary follicles. Contrary to our results,mice, Yoonet al. (2006) observed an increase
in the AGTR2 mRNA expression using microarray analysis during the transition from
primary to secondary folliclelhe 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 ardal follicles showed significantly higher AGTR2 mRNA levels than their
respective granulosa/theca cells. The effects of ANG Il on blood pressure regulation are
mediated by AGTR1, whereas the physiological roles of the AGTR2 receptor are still
uncertain (Pal et al 2006). Increasing evidence supports a role of AGTR2 in the regulation
of growth and differentiation of neuronal tissugeckelingset al. 2005. Therefore, in late
folliculogenesis, we suggest that AGTR1 regulates blood flow while AGTR2 contiolde
growth. Some studies using FPICR havalemonstrated the presence of AGTR1 and AGTR2
MRNA in both the granulosa and theca cells of bovine antral foll{@esshaet al 2002;
Portelaet al. 2008) It is difficult to compare the results of thesidies with our results
because the mMRNA 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 nghANG Il when compared to the
cultured contral Thesepreantral follicles were further analyzeding aviability assessment,
which suggestethat these treatments were efficient in maintaining caprine preantral follicle
viability. The fluorescent probesdceinrAM and ethidium homodimet have been used to
successfully assess the viability of bovine and caprine-stafyed follicles $chotanust al.
1997;van den Hurlet al 1998;Rossettcet 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 vitro. Furthermore, after the ultrastructural
analysis, important structures in addition to the basement and nuclear membranestsich as
mitochondria and granulosa cells, were preserved even after seven days of culture in the
presence of 10 ng/ml ANG IThe beneficial effect of ANG Il on follicular viability may have
occurred directly through receptor binding or indirectly throughird@raction 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 faés, 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 Il mediates its effect on
viability through AGTR2. A recent studyhewed that AGTR2 expression in the granulosa
cells of bovine antral follicles is also related to the maintenance of follicular viability because
ANG Il concentration and AGTR2 expression were higher in healthy follicles compared to
atretic follicles (Portia et al. 2008) Moreover, Stefanellet al. (2006) found that when ANG

Il was associated witimsulin-like growth factorl (IGF1), it reversed the inhibitory effect of
follicular cells on the nuclear maturation of bovine oocytes, resulting in a higteeiofra
embryo development. In addition to IGFANG Il appears to regulate the induction of other
autocrine growth factors, such as fibroblast growth fa2tffGF2) (Iltoh et al 1993).Thus,

IGF-1 and/or FGR2 may have functioned as a survival factor tfog follicles in the current
study The importance of IGE (unpubl. data) and FGE (Matoset al 2007)in maintaining

the morphology of caprine preantral follicles aftewitro culture for seven days has also been
demonstrated.

After seven days of dwre in the current study high percentage of growing follicles
was observed imall treatmentsvhen compared to the fresh control. However, no difference
between ANG Hireated andIMEM ™ follicles was found, which indicates that ANG Il did not
affect caprine follicular activation. These results agree with those obtained by kfasdta
(2006) in humans. This study found ANGithmunolocalizationto be weak in oocytes of
primordial, primary and secondary follicledleverthelessmnedium composition is known to
be an important factor for success duringitheitroc ul t ur e of preantr al

that was used in our study is one of the richest formulations of medium foracaiuture
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and is composed of 21 essential amino acidsjt@8nin 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 deeeloiva

et al 2004b) The supplements made the medium more complex and nuidenwhich may

be responsible for the efficiency of follicular activation that was observed in all treatinents.
other studies, spontaneous activation was also desafterdculturing preantral follicles in

U M E Mwithout the addition of hormones and growth factdrisn@-Verde et al in press;
Chavest al. 2010).

Although ANG Il maintained follicle and oocyte diameters throughout the culture
period, it did not affect fdlicle or oocyte diameterShuttleworthet al. (2002) also found no
significant effect of ANG 1I(10*° mol/l) on the diameter of pig preantral follicles or antrum
formation after 16 or 30 days of culture. Furthermore, Poetetd (2008) observed thalé
addition of ANG Il 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/e believe that the lackf effect on diameter was
associated with a low mitogenic stimulation caused by ANG Il during the initial categories of
follicular development

In conclusionthis study demonstrated that only AGTR2 was expressed differently in
the preantral follicle categies and that AGTR1 and AGTR2 were differently expressed in
the different compartments of the antral folliclesaddition,10 ng/mL ANG Il improved the
survival of caprine preantral follicles after seven daysnofitro culture. These findings
suggesthat ANG Il plays an important role in early follicular viability and that it could have
a significant application in improving the quality of oocytes that are usednfaitro

maturation andertilization.
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9. CAPITULO 4

Expressao do receptor do fator de crescimento do endotélio vascular (VEGF) em ovarios
de cabras e melhoria da sobrevivéncia e cresoimto de foliculos préantrais caprinos
com VEGF

(Expression of vascular endothelial growth factor (VEGF) receptor in goat ovaries and
improvement oin vitro caprine preantral follicle survival and growth with VEGF)

Periddico: Reproduction, Fertility and Developmentv. 21, p.679687, 2009



Resumo

Os objetivas do presente estudo foraawaliar o efeito do fator de crescimento endotelial
vascular (VEGF) sobre a sobrevivéncia e crescimento de foliculenfyeés caprinos apos
cultivo in vitro, bem comorerificar a expressao de receptor do VEGF (VEGER)n ovéarios
caprinos. Fragmentos ovarianos foram cultivadas por um dia ou 7 dias em meio essencial
minimo (MEM) isoladamente ou suplementadom diferentes concentracdes de VEGF (1,

10, 50, 100 e 200 ng mL). Tecidos naaultivados (controle fresco) e cultivados foram
processados para estudos histolégico e ultraestrutural. Os resultados mostraram que 200 ng
mL-1 de VEGF resultou em percentagem similar de foliculosaptéis normais@s 1 e 7

dias de cultivo comparado com o controle. Compasamimeio base de cultivo sozinho, um
aumento nos diametros folicular e oocitario foi observado na presencandemild' VEGF

apos 7 dias de cultivo. A andlise ultraestrutural confirmou a idedgi folicular apos 7 dias

de cultivo na presenca de 26 mL'' de VEGF. Estudo imunohistoquimico demonstrou a
expressdo de VEGFR em odcitos e células da granulosa de toektagis foliculares,

exceto em células da granulosa de foliculos primordiais.conclusdo, o presenéstudo
mostrou que o VEGF manteva integridade ultraestrutural folicular e promove
crescimento folicular. Além disso, VEGFERfoi detectadeem od0citos de foliculos ovarianos
caprinos em todosstagie de desenvolvimento e emldés da granulosa de foliculos em

desenvolvimento.

Palavras-chave: VEGF. Cultivo in vitro.Foliculos préantrais. 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 ifteitro

culture and to verify the expression of VEGF receptor (VEGER) goat ovaes. Ovarian
fragments were cultured for 1 or 7 days in minimal essential medium (MEM) with different
concentrations of VEGF (1, 10, 50, 100 or 200nmg %). Non-cultured (fresh control) and
cultured tissues were processed for histological and ultrastalistudies. The results showed
that 200 ngnL'* 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 diareet was observed in the presence of 1éhhl' VEGF

after 7 days culture. Ultrastructural analysis confirmed follicular integrity after 7 days culture
in the presence of 200 ngL'' VEGF. Immunohistochemical studies demonstrated the
expression of VEGFR 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,
VEGRFR-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 follicleswhich consist of primordial, primary and secondary folB¢leave
no vascular supply of their own and depend on vessels in the surrounding stroma (8touffer
al. 2001). However, during antrum development, the thecal layer acquires a vascular sheath
consisting of two capillary networks located in the theca iatennd 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 istbg a ratelimiting step in the selection and
maturation of the dominant follicle destined to ovulate (Stowfexl 2001). Both the ovarian
follicle and corpus luteum have been shown to produce several angiogenic factors. Of these
factors, vascular @othelial growth factor (VEGF) is thought to play a pivotal role in the
regulation of angiogenesis in the ovary (Tamanini and De Ambrogi 2004).

I n addition to being a potent mi togeni
per meabil ity f danttraerid reguldtiagsvaseular structyreoand increasing
capillary permeability(Redmeret al 2001). Moreover, there is evidence that VEGF is a
survival factor for endothelial cells in certain types of microvessels (Stcetfigr 2001). In
the ovary VEGF appears to be involved in several processes, including follicular survival and
growth (Danforthet al 2003; Quintan&t al 2004; Robertgt al 2007). Some studies have
demonstrated that in the follicle and follicular fluid, the expression of VEGIp increases
significantly according to the stage of follicular development (Barbbal 2000; Greenaway
et al 2005). Others have demonstrated the expression of VEGF in oocytes of primordial
follicles (in humans; Otaret al 1999; Haratat al 2006), in primary follicles of rats (Celik
Ozenciet al 2003) and humans (Hara¢h al. 2006) and in granulosa and theca cells of
secondary follicles (in the bovin¥ang and Fortune 2007). It has been shown\WE&BF acts
via two tyrosine kinase family reptors, namely il (VEGF receptor (VEGFR)) and flk
1/KDR (VEGFR2; Shibuya 1995; Ferrara and Da@myth 1997), which are expressed in
theca cells of swine ovaries (Shimigual 2003). The intraovarian VEGF/VEGFRpathway
seems to be critical for iccular development because blockade of VEGEFRinction alters
the secretion of follicular hormones, indicating that the intraovarian effects of VEGF are

mediated by this receptor (Zimmermaenal 2002). The mRNAs encoding VEGF and its
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receptors haveden shown to be expressed in granulosa and theca cells, respectively, of swine
antral follicles (Shimiziet 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 showthat direct administration o¥EGF into the rat ovary
increases vascularisation (Shimizu 2006) and the number of primary, secondary (Detnforth
al. 2003) and antral follicles, and reduces apoptosis (Quinganal. 2004). Moreover,
inhibition of VEGF activity reduces the survival of primordial follicles from rodents (Roberts
et al. 2007) and increases follicular apoptosis (Abramoetchl 2006). lijimaet al (2005)
treated rats with different isoforms of VEGF and observed angisgenéollicular
development and an increase in the number of ovulated oocytes, which were fertilised and
showed competent normal development. Recentlyn aitro study showed that 10 ngL'*

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 folliewelopment.
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 1pveérify the expression of VEGFR at
different follicular stages in goat ovarie®) (nvestigate the effects of different concentrations
of VEGF on survival, initiation of primordial follicle growth (activation) and further follicular
growth afterin vitro culture of caprine ovarian tissue; ar8) évaluatethe ultrastructure of

caprine preantral follicles culturexl vitro in the absence or presence of VEGF.

Materials and methods

Chemicals
Unless mentioned otherwise, the culture meMBGF and other chemicals used in the
present study were purchased frBigma Chemical (St Louis, MO, USA).

Source of ovaries
Ovarian cortical tissuesn£18 ovaries) were collected at a local slaughterhouse from nine

adult (I 3 years old) mixedbreed goatsGapra hircu3. Immediately postmortem, ovaries
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were washed once irQ% alcohol for 10 s and twice in minimum essential medium (MEM)
supplemented with 108g mL'! penicillin and 100eg mL'* streptomycin. Pairs of ovaries
were transported within 1 h to the laboratory in MEM @4

Experimental protocol

The organ culture syem used in the present study has been described in detail elsewhere
(Matoset al 2007). Briefly, ovarian tissue samples from each ovarian pair were cut into 13
slices (¥%3x1 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 {aeR4culture dishes
containing ImL culture medium. Culture was performed at3%n 5% CQ in a humidified
incubator and all media were incubated for 1 h before use. The basic culture medium
(cultured control) was called MEMand consisted of MEM (pH 7.2.4) supplemented with

ITS (insulin 6.25 ngnL'?, transferrin 6.25 ngnL'' andselenium 6.25 ngnL'"), 0.23mm
pyruvate, 2mm glutamine, 2nm hypoxanthine and 1.25 mgL'* bovine serum albumin
(BSA). For the different experiments, this medium was supplemented with different
concentrations of recombinant human VEGF (1, 10, 50, 1@0@ngmL'%). Each treatment

was repeated four times and the culture medium was replenished every other day.

Morphological analysis and assessmeninofitro follicular growth
Before culture (fresh control) and after 1 or 7 days in culture, all tisegegpwere fixed in
Car noy6s s o hndthenaehydfated in irdci2asing concentrations of ethafter.
paraffin embedding (Synth, S&o Paulo, Brazil), the tissues pieces were cutmteettions
and each section was mounted on glass slidestaned with periodic aci®chiff (PAS)
haematoxylin. Follicle stage and survival were assessed microscopically on serial sections.
Coded slides were examined under a microscope (Nikon, Japa#iQ@tmagnification with
the observer blinded to treatmemogp.

The developmental stages of the follicles have been defined previously éSéla
2004) as primordial (one layer of flattened granulosa cells around the oocyte) or growing
(intermediate, one layer of flattened to cuboidal granulosa cells; prinoaey layer of

cuboidal granulosa cells; and secondary, two or more layers of cuboidal granulosa cells
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around the oocyte). These folliclegre classified individually as histologically normal when

an intact oocyte was present and was surrounded by gsancédls 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, 120iébds were evaluated for each treatment (30 follicles per
treatment in one repetition4 repetitions= 120 follicles).

To evaluate follicular activation, the percentage of healthy primordial and growing
follicles was calculated before (fresh control) aitbr culture in each medium. In addition,
follicle and oocyte diameters were measured in healthy follicles only. Follicle diawaser
recorded as the length from edge to edge of the basement membrane or from the outside edge
of the theca cell layer whegsresent. 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, @& we have done in our earlier studies (Matbal 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 coonted regardless of

its size.

Ultrastructural analysis

For better evaluation of follicular morphology, ultrastructural studies were performed on
fragments of fresh control tissues (poudtured) and those with the best results during the
histological analsis after 7 days culture. Briefly, small piecesnfin®) 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 wefre post
fixed in 1% osmium tetroxide, 0.8% potassium ferricyanide aman® calcium chloride in 0.1

m sodium cacodylate buffer for 1 h. Samples were dehydrated through an acetone gradient
and tissues were embedded i nempwwewercutbos anr e s i
ultramicrotome (Reichert Supernova, Heidelberg, Germany) for light microscopy studies and
stained withToluidine blue. The ultrathin sections {6@ nm) were contrasted with uranyl

acetate and lead citrate and examined under a Jeol 1011 Tdkypb, Japa) 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 culturgdvitro
Based onthe 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 folliels from ovarian fragments cultured for 7 days with VEGF
(200 ngmL'?") were isolated by the mechanical method of Lietail (1999). Briefly, using a
tissue chopper (Mickle Laboratory Engineering, Gomshal, Surrey, UK) adjusted to a
sectioning interval of 78m, samples were cut into small pieces, which were placBtEr
and suspended 40 times using a large Pasteur pipette (diameter approximatelyn)aad
then subsequently 40 times with a smaller Pasteur pipette (diameter approximataty) @00
dissociate preantral follicles from the stroma. The material obtainsegpassed through 500
and 108em nylon mesh filters, resulting in a suspension containing preantral follicles smaller
than 10Cem in diameter. This procedure was performed within 10 min at room temperature.
Thereafter, the viability of preantral folliclewas assessed through a teaour
fluorescence cell viability assay based on the simultaneous determination of live and dead
cells using calcebAM and ethidium homodimet, respectively. Whereas the first probe
detected the intracellular esterase actiatyiable cells, the second probe labelled nucleic
acids of norviable cells with plasma membrane disruption. The test was performed by adding
4 em calceinAM and 2em ethidium homodimet (Molecular Probes, Invitrogen, Karlsruhe,
Germany) to the suspension of isolated follicles and incubating them@&tf87 10 min.
After being labelled, follicles were washed three times in MEM and mounted dass g
microscope slide in 8L antifading medium (DABCO; Sigma, Deisenhofen, Germany) to
prevent photobleaching and were finally examined using a DMLB fluorescence microscope
(Leica, Wetzlar, Germany)he fluorescent signals of calcetM and ethidium homdimer
emitted were collected at 488 and 568 nm, respectively. Oocytes and granulosa cells were
considered live if the cytoplasm was stained positively with calaédin(green) and the

chromatin was not labelled with ethidium homodimer (red).
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Immunohistocemical localisation of VEGFR 2

Localisation of VEGFR2 was performed on serialen sections cut from the ovaries of five
different goats. These sections were mounted onlpdygine-coated slides, dried overnight

at 31C, deparaffinized in xylene and rehydrated in a graded ethanol series. Endogenous
peroxidase was blocked by inculvafi the deparaffinized sections in 3% (v/v) hydrogen
peroxide in methanol for 10 min. The sections were then washed yvjghdsphatéuffered

saline (PBS) and the epitopes were activated by microwaving the sections for 7 min\at 900
in 0.01 m citrate buéfr (pH 6.0). After microwave treatment, the sections were washed in
PBS 0.05% (v/v) Tween (PBS) before being incubated for 30 min with 5% normal goat
serum in PBS to minimize nespecific binding. Then, sections were incubated with mouse
monoclonal antVEGFR-2 antibodies (clone KDR) diluted 1 : 20. After incubation with the
antibody, sections were washed three times with PBS and incubated for 45 min with
biotinylated secondary antibody (antiouse 1gG; 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 before being incubated for 45 min with an avidiiotin complex (1 :

600; Vectastain Elite ABC kits; Vector Laboratories, Burlingame, CA, USA). The ssction
were then washed three times in PBS and stained with diaminobenzidine (DAB; 0.05% (w/v)
DAB in 10mm TRISHCI, pH 7.6, 0.03% (v/v) kD) for a maximum of 10 min. The stained
sections were rinsed in PBS and waatexylin.and
Finally, the sections were washed for 10 min under runningnaer and subsequently
dehydrated in a graded ethanol series. Wais followed by xylene treatment and mounting in
Pertex (Cellpath, Hemel, Hempstead, UK). Staining intensity wared@s absent ), weak

(+), moderate£+) or strong t++). Controls for norspecific staining were performed byt) (
replacing the primary antibody with IgGs from the same species in which the specific
antibody was raised, at the same concentration(3ndcubation with DAB reagent alone to
exclude the possibility of nesuppressed endogenous peroxidase activity. For

immunohistochemical analysis, follicles were classified as described earlier for culture.

Statistical analysis
The percentage of surviy 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 Kolmogoréé mi r nov and Bartl ettds t
distribution and homogeneity of variance, respectively. Analysis of variance was then
performed wusing the GLM procedure of SAS
compare VEGRreated groups with the control and MERtoups (Steeét al 1997). In order

to avoid Type |1 error because ofwasdppgliedhi gh
to compare differenW EGF concent r at tteshvas useddo c@riparedneeans 6 s
between 1 and 7 days of culture. Differences were considered signifib@ntP <0.05.

Results are expressed as the nieare.m.

Results

Effect of VEGF on follicular survival aften vitro culture

In the present study, 1800 caprine preantral follicles were analseshown in Fig. 1, after

7 days culture, the percentagienormal follicles was similar to that of the fresh control only
for cells cultured in the presence of 200 m¢'* VEGF (83.3%v. 65.5%, respectivelyP
>0.05). In addition, compared with tissugstured in the presence of MEMa significantly
higherpercentage of normal follicle® (<0.05) was observed afteulture in the presence of
50, 100 and 200 ngL'* VEGF for 7 days. These same concentrations of VEGF resulted in a
significantlygreater P <0.05) percentage of normal follicles than ditier concentrations (1
and 10 ngnL'! VEGF) after 1 or 7 daysulture.

100 1 M Day 1 @ Day 7

80--1_

60 -

a

*k
a sk +a

40 +

% normal follicles

20 -

Control MEM VEGF1 VEGF 10 VEGF 50 VEGF 100 VEGF 200
Treatments

Fig. 1. Percentage (meahs.e.m.) of healthy cagne preantral follicles in the fresh control

and afterin 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 follicle$; P <0.05 compared with
minimum essential medium (MEMalone on each day of culture. Different superscript letters

indicatesignificant differences between different concentrations of VE&&((05).

Follicular activation and growth after culture with VEGF

The percentage of primordial and growing folliciesfresh 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 folliclesr any increase in the percentage of growing follickes;
>0.05).

With regard to follicular growth, tissues cultured in the presence of 20l
VEGF had significantly larger (after 1 day) and smaller (after 7 days) follicular and oocyte
diameters than the fresh control (pauitured). When compared wittMEM™, a significant
increase R <0.05) in follicular and oocyte diameters was observedvafig treatment with
10 ngmL'! VEGF for 7 days. In addition, over the same period, 1hhl' VEGF was more
efficient than 50, 100 and 200 meL' 'VEGF in increasing oocyte diametd? €0.05; Table
1).

Ultrastructural analysis of caprine preantral follideultured with VEGF

The ultrastructural features of follicles from fresh control and 20@nhl' VEGFtreated

groups were similar. These follicles showed intact basement and nuclear membranes and a
large oocyte nucleus. In addition, the organelles wei@ranly 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 ultrastructuratigrmal 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.



Tabe 1. Caprine oocyte and follicle diameters (meane.m.) in fresh control (necultured)
and after culture for 1 or 7 days in the absencpresence of vascular endothelial growth

factor.
Follicular diameterrtm) Oocyte diametem(m)

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°
VEGF1  65.66° 13.85°  64.43° 10.90° 52.36° 9.86"  50.52° 9.26%
VEGF 10 66.90° 12.048° 68.96° 11.522® 52.68° 853"  5529°9.93'?
VEGF50  73.70° 8.87" 63.19° 11.58  57.44° 8.54*  48.05° 7.40"

VEGF 100 67.36° 15.52°

VEGF 200 82.35° 12.73'2

63.52° 12.59°

55.93° 5.75™®

52.37° 10.44°

62.26° 6.89™

45.62° 7.37 ¢

42.49° 6.86°C

VEGF1, 10, 50, 100 or 200 repres&EGF at 1, 10, 50, 100 or 200 nglL'*, respectively.
MEM?®, minimum essential medium (pH 724) supplemented withl'S (insulin 6.25 ng
mL'?, transferrin 6.25 ngnL'! and selenium 6.25 ngiL'Y), 0.23 mm pyruvate, 2mm
glutamine, 2mm hypoxanthine and 1.25 mgL'' bovine serum albumin. P <0.05
compared with control folliclest P <0.05 compared with MEMalone on each day of

culture. Different superscript letters indicate significant differences between different

concentrations of VEGH?(<0.05)
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Fig. 2. Ultrastructural analysis ofaj noncultured (fresh control) and) cultured caprine
preantral follicles, cultured for 7 days in medium contairi8§ ngmL'* vascular endothelial
growth factor (VEGF). 0, oocyte; n, oocyte nucleus; gc, granulosa cells; m, mitochondria; v,
vesicles; er, endoplasmreticulum; mv, microvilli; arrow, oocyte membrane. Scale bars

2em.

Viability of follicles cultured with VEGF

In the present study, five caprine preantral follickese analysed after 7 days culture with
200 ngmL'! VEGF. After this qualitative analysis, all follicles (100%) remained viable, as
assessed by calceAkM1 ethidium homodimer assays, the percentage ohabfollicles was

similar to that seen in the fresh control gr¢gm. 3).

Immunohistochemical localisation of VEGR2Rn caprine preantral follicles
Immunohistochemical analysis was performed to localize VE@HRcaprine preantral and
antral follicles. The results demonstrated a moderate reaction for VEGKFRoocytes of
follicles from all developmental stages. Granulosa cells of primordial follicles showed a
negativeresponse foWEGFR-2, but a weak and moderate immunoreaction was observed in
granubse cells of primary and secondary follicles, respectively. In addition, cumulus and
muralgranulosecells showed a weak reaction for VEGERNevertheless, theca cells did not



show a positivereaction for VEGFR2. No staining was observed in negative oolst
incubated with VEGFR2 (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.'* vascular endothelial growth factor
(VEGF) that was classified as viabla) because cells were labelled by caleAM (green

fluorescenceb). Scale bars 25em.

Table 2. Relative intensity of immunohistochemical staining for vasemdothelial growh

factor receptof in goat ovarian follicleqi) absent; €) weak; ¢+) moderate; NA, not

applicable
Follicular categories
Follicular Primordial Primary  Secondary  Antral
compartments
Oocyte ++ ++ ++ ++
Granulosa - + ++ +
Theca NA NA - -

Cumdus NA NA NA +
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Fig. 4.Vascular endothelial growth factor recepfbrmmunoreactivity in different structures
found within goat ovariesaj primordial follicle, ) primary follicle, €) secondary follicle,

(d) antral follicle, € mural granulosa and theca cells from an antral follicle §ndeQative
control. o, oocyte; gc, granulose cells; mgc, mural granulosa cells; cc, cumulus cells; tc, theca
cells. Scale barb0em (a, ¢, d, f); 25em (b, €).

Discussion
The present study demonstrated the importance of VEGF in the survival and growth of

preantral follicles aftem vitro culture of caprine ovarian tissue. The concentrations of VEGF



