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RESUMO

Os objetivos deste estudo foram: 1) avaliar o efeito da adicdo de diferentes concentragdes do
fator de crescimento do nervo (NGF), fator de crescimento de fibroblasto-10 (FGF-10) e
insulina na sobrevivéncia, ativacdo e crescimento in vitro de foliculos pré-antrais caprinos
cultivados inclusos em fragmentos de tecido ovariano, e 2) investigar os efeitos da insulina
sozinha ou em combinag&o com o hormdnio foliculo estimulante (FSH) sobre a sobrevivéncia,
formacéo de antro, crescimento folicular e competéncia para a retomada da meiose de odcitos
oriundos de foliculos secundarios caprinos isolados e crescidos in vitro, bem como avaliar os
niveis de secrecdo de estradiol e RNAm para os receptores de FSH (FSHR), insulina (INSR) e
aromatase P450 (P-450AROM) em foliculos caprinos cultivados in vitro através da técnica de
ensaio imunoenzimatico e RT-PCR em tempo real, respectivamente. Para o cultivo in situ,
fragmentos de cortex ovariano foram cultivados in vitro por um ou sete dias em a-MEM®
sozinho ou adicionado de diferentes concentracdes de NGF e de FGF-10 (1, 10, 50, 100 ou 200
ng/mL), bem como de insulina (5, 10 ng/mL e 5, 10 pg/mL). Antes e apds cultivo, os
fragmentos foram analisados por histologia, microscopia eletronica de transmissdo e
microscopia de fluorescéncia, e os foliculos foram classificados de acordo com o estadio de
desenvolvimento (primordiais, transicdo, primérios e secundarios), bem como em normais ou
atrésicos. Além disso, os diametros oocitario e folicular também foram avaliados. Com relacéo
ao cultivo de foliculos isolados, foliculos secundéarios avancados foram microdissecados e
cultivados por 18 dias em a-MEM™ suplementado com diferentes concentracdes (5, 10 ng/mL e
10 ug/mL) de insulina contendo ou ndo FSH adicionado de maneira sequencial. Para 0s
experimentos in situ, os resultados mostraram que apos sete dias de cultivo, 1 ng/mL de NGF
promoveu a manutencéo da ultraestrutura folicular. A adi¢do de 50 ng/mL de FGF-10 ao meio
manteve a viabilidade e promoveu o crescimento folicular in vitro. Além disso, a utilizagdo de
10 ng/mL de insulina promoveu a sobrevivéncia, a ativagdo e o crescimento folicular e
oocitario. Ap6s o cultivo dos foliculos isolados, observou-se que 10 ng/mL de insulina em
combinacdo com FSH foi mais eficiente na promoc¢do de retomada da meiose de odcitos
oriundos de foliculos pré-antrais, além de manter a sobrevivéncia, estimular o crescimento
folicular e aumentar a expressdo de RNAm para INSR e P-450AROM e a secregéo de estradiol.
Em concluséo, os resultados deste estudo mostraram que a utilizacdo de NGF (1 ng/mL), FGF-
10 (50 ng/mL) e insulina (10 ng/mL) promove a manutengédo da sobrevivéncia folicular e/ou o
desenvolvimento dos foliculos pré-antrais caprinos. Além disso, a associagdo de insulina e FSH

assegurou o crescimento de foliculos secundarios caprinos, aumentaram os niveis de RNAm
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para INSR e P-450AROM, bem como a secrecdo de estradiol em foliculos ovarianos caprinos

cultivados.

Palavras-chave: NGF. FGF-10. Insulina. Odécito. Cabra.
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ABSTRACT

The objectives of this study were: 1) to evaluate the effect of adding of different concentrations
of nerve growth factor (NGF), fibroblastic growth factor-10 (FGF-10) and insulin on the
survival, activation and in vitro growth of caprine preantral follicles cultured enclosed in the
ovarian tissue fragments, and 2) to investigate the effects of insulin alone or in combination
with follicle stimulating hormone (FSH) on survival, antrum formation, follicular growth and
competence to resumption of meiosis in oocytes from secondary follicles isolated from goats in
vitro grown, as well as to assess the levels estradiol secretion and of mMRNA for FSH receptor
(FSHR), insulin (INSR) and P450 aromatase (P-450AROM) in goat follicles in vitro culture by
enzymatic immunoassay and RT-PCR in real time, respectively. To the in situ culture,
fragments of ovarian cortex were cultured in vitro for one or seven days in MEM™ alone or
supplemented with different concentrations of NGF and of FGF-10 (1, 10, 50, 100 or 200
ng/mL), as well as insulin (5, 10 ng/mL and 5, 10 pg/mL). Before and after culture, the
fragments were analyzed by histology, transmission electron microscopy and fluorescent
microscopy, and the follicles were classified according to their stage of development
(primordial, intermediate, primary and secondary), as well as normal or atretic. Moreover, the
oocyte and follicle diameters were also evaluated. With regard to isolated culture, advanced
secondary follicles were microdissected and cultured for 18 days in a-MEM" supplemented
with different concentrations (5, 10 ng/mL and 10 pg/mL) of insulin with or without FSH
added sequentially. To the in situ experiments, the results showed that after seven days of
culture, 1 ng/mL NGF promoted the maintenance of follicular ultrastructure. The addition of 50
ng/mL FGF-10 to the medium maintained the viability and promoted the growth in vitro.
Moreover, the use of 10 ng/mL insulin promoted the follicular survival, activation and follicular
and oocyte growth. After culture of isolated follicles, it was observed that 10 ng/mL of insulin
in combination with FSH was more efficient in promoting oocyte meiosis resumption from goat
preantral follicles, besides maintaining the survival, stimulate follicular development and
increase the expression of mRNA for INSR and P-450AROM and estradiol secretion. In
conclusion, our results showed that the use of NGF (1 ng/mL), FGF-10 (50 ng/mL) and insulin
(10 ng/mL) promote the maintenance of survival and/or development of goat preantral follicles.
Furthermore, the combination of insulin and FSH ensured the growth of goat secondary
follicles, increased levels for INSR and P-450AROM mRNA, as well as estradiol secretion in

goats ovarian follicles cultured.
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(1993) € SaMOtO €t Al. (1993).....eiieeieieiie et e et et e e 210

Capitulo VI
Figure 1. Histological section of ovarian fragments after periodic acid Schiff-hematoxylin

staining showing morphologically normal (A) and degenerated (B) follicles after culture with
10 ng/mL NGF for 7 days. O = Oocyte; Nu = oocyte nucleus; GC = ganulosa cell............. 231
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Figure 2. Percentage (mean = SD) of morphologically normal preantral follicles in the fresh
control (noncultured) and after in vitro culture for 1 or 7 days in the absence or presence of
NGF (concentrations in ng/mL indicated at the bottom of the figure). *p<0.05 compared with
fresh control (day 0). T p<0.05 compared with a-MEM+. Different lowercase letters denote
significant differences between treatment groups for the same culture period (p<0.05). Different
capital letters denote sig-nificant differences between culture periods within each treatment
GFOUP (PRO.05) . ettt et e et et e et et e e e e e e e 234

Figure 3. Percentage (mean + SD) of A primordial and B developing follicles (intermediate,
primary and secondary) in noncultured tissue (fresh control) and tissues cultured for 1 or 7 days
in the absence or presence of NGF (concentrations in ng/mL indicated at the bottom of the
figure). *p<0.05 compared with fresh control (day 0). Different lowercase letters denote
significant differences between treatment groups for the same culture period (p<0.05). Different
capital letters denote significant differences between culture periods within each treatment
GFOUP (D<0.05) ... e ettt et e e et e e e e e 236

Figure 4. Electron micrographs of follicles before and after 7 days of culture. (A) normal
preantral follicles from non-cultured ovarian tissues (control; original magnification 3000x);
(B) normal preantral follicles after culture in a-MEM+ supplemented with 1 ng/mL NGF
(original magnification 4000x); (C) degenerated follicles after 7 days of culture in a-MEM+
alone (original magnification 4000x) or supplemented with (D) 10 ng/mL NGF (original
magnification 4000x) or (E) 50 ng/mL NGF (original magnification 8000%) showing
characteristic high levels of cytoplasmic vacuolization, lack of basal membrane integrity and
disorganization of granulosa cells. O: oocyte; Nu: oocyte nucleus; GC: granulosa cell; V:

vacuoles; er: endoplasmic reticulum; m: mitochondria...........cccocoevviieiiecin s 239

Figure 5. Assessment of the viability of caprine preantral follicles using fluorescent probes.
Isolated control (A, B) and treated preantral follicles cultured for 7 days in medium
supplemented with 1 ng/mL NGF (C, D) classified as viable since cells were labeled with

calcein-AM (green FIUOIESCEINCE). .. ... . ettt et et e et e e et e e e e aeaaas 240

Figure 6. Assessment of the viability of caprine preantral follicles using fluorescent probes.
Follicles cultured in a-MEM+ alone (arrows) (A, B) or with 10 (C, D) or 50 ng/mL (E, F) NGF.
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Cells were considered non-viable since they were labeled with ethidium homodimer-1 (red

L [00] £l oT=T Tol ) PP 241
Capitulo VII

Figure 1. Representative image of goat ovarian fragments on day 0 (control - A) and after 1 or
7-day culture in the presence of 0 ng/mL (B-C) and 50 ng/mL (D-E) of FGF-10 or after 7-day
culture with 100 ng/mL (F) of FGF-10. Degenerated preantral follicles often displayed oocyte
retraction (F, arrow) and disorganization of granulosa cell layers. Scale bars represent 50 pm
(E) and 20 pm (A-D; F). O: oocyte; Nu: oocyte nucleus; GC: granulosa cells (x400), PAS-

[ 100 Fo 100 ) L [ TR 258

Figure 2. Percentage (mean + SEM) of morphologically normal preantral follicles in the fresh
control (non-cultured) and after 1 or 7 d culture with varying concentrations of FGF-10. *
Differs significantly from the fresh control (P<0.05). "¢ Differs significantly among
concentrations within each day of culture (P<0.05). * Differs significantly with the progression

of the culture period from days 1 to 7 in the same treatment (P<0.05).............ccccoievinnnnn. 260

Figure 3. Percentage (mean = SEM) of (A) primordial and (B) developing follicles
(intermediate, primary and secondary) in non-cultured (fresh control) and tissues cultured for 1
or 7 d in the presence of varying concentrations of FGF-10. * Differs significantly from the
fresh control (P<0.05). *° Differs significantly among concentrations within each day of culture
(P<0.05). * Differs significantly with the progression of the culture period from days 1 to 7 in
the same treatment (P<0.05).......ouii i e 261

Figure 4. Electron micrographs of follicles before and after 7 d of culture. (A) Morphologically
normal preantral follicle from non-cultured ovarian fragments (control; original magnification
3000x); (B) Morphologically normal preantral follicles after culturing with 50 ng/mL FGF-10
(original magnification 3000x). O: oocyte; nu: nucleolus; GC: granulosa cell; ne: nuclear

envelope; m: mitochondria; bm: basement membrane. Scale bars =10 pl........................ 263

Figure 5. Viability assessment of goat preantral follicles using fluorescent probes. (A) An
isolated preantral follicle after culturing with 50 ng/mL FGF-10 that was classified as viable,
(B) because cells were labeled by calcein-AM. Scale bars =50 pM.........ccoiiiiiiiiiinnennn. 264
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Capitulo VIII

Figure 1. Representative image of goat ovarian fragments on day O (fresh control, a) and after 1
or 7 d culture in the presence of 0 ng/mL (b-c) and 10 ng/mL (d-e) of insulin or after 7 d culture
with 5 pg/mL (f) of insulin. Degenerated preantral follicles often displayed pyknotic nuclei (f,
arrow). Scale bars represent 50 um. O, oocyte; Nu, oocyte nucleus; GC, granulosa cells. 400x
magnication, PAS-hematoXylin. .. ... 276

Figure 2. Percentage (mean = SD) of morphologically normal preantral follicles in the fresh
control (noncultured) and after in vitro culturing for 1 or 7 d with varying concentrations of
insulin. * Differs significantly from the fresh control (P<0.05). *° Differs significantly among

concentrations within each day of culture (P<0.05).........ccooiriii i, 277

Figure 3. Percentage (mean £ SD) of (a) primordial and (b) developing follicles (intermediate,
primary and secondary) in fresh control (noncultured) and tissues cultured for 1 or 7 d in the
presence of varying concentrations of insulin. * Differs significantly from the fresh control
(P<0.05). " Differs significantly among concentrations within each day of culture (P<0.05). *
Differs significantly with the progression of the culture period from days 1 to 7 in the same
TreatMENt (P<O.05) ... . ettt et e et et e e et e e e e 278

Figure 4. Electron micrographs of follicles before and after 7 d of culture. (a) Morphologically
normal preantral follicle from noncultured ovarian fragments (fresh control; original
magnification 4000x); (b) Morphologically normal preantral follicles after culture with 10
ng/mL insulin (original magnification 6000x). O, oocyte; nu, nucleolus; N, nucleus; GC,
granulosa cell; ve, vesicle; ne, nuclear envelope; m, mitochondria; bm, basement membrane.
SCALE DAS =5 LN . et ettt e e e e e 280

Figure 5. Viability assessment of goat preantral follicles using fluorescent probes. Isolated
preantral follicles after in vitro culture in medium contend 10 ng/mL of insulin in a bright field
(a) and labeled with calcein-AM (a;) and follicle noncultured (fresh control) in a bright field (b)
and labeled with ethidium homodimer-1 (b;) (Scale bars = 50 pm; 400x

[pg T g otV o]0 ) H PP PTPPPR 281
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Capitulo IX

Figure 1. Stereomicrography of normal goat ovarian follicles before culture (A) or cultured in
vitro in the treatment group with insulin, 0 ng/ml plus FSH for 6 d (B), 12 d (C) and 18 d (D).
Normal follicles from the insulin-free group (0 ng/ml insulin) with FSH after 6 d of culture
showing the formation of the antral cavity (black arrow). (E) Compact cumulus-oocyte
complexes obtained from 18 d cultured follicles in the presence of insulin (10 ng/ml) and (F)
expansion of their cumulus cells after maturation in vitro. (G) Oocytes after enzymatic and
mechanical stripping. (H) A follicle from a group with 5 ng/ml insulin showing an extruded
oocyte after 18 d of culture. (I) Degenerated follicles after 18 d of culture in a medium
containing 10 pg/ml insulin with darkening of the oocytes (white arrow). Scale bars represent
100 pum (A-D; F; H-I), 50 pum (E) and 150 um (G). O: oocyte, CG: granulosa cells, A: antrum,

CCI CUMMUIUS CBIIS. .. e ettt e e e e et e e e e e e e e aeaans 297

Figure 2. Survival of preantral follicles isolated from goats after in vitro culture in the medium
without FSH (A) and with FSH (B) in the presence of different concentrations of insulin (0, 5
and 10 ng/mL or 10 pg/mL) for 18 d. *® Comparison among treatments within the same day of

culture; *¢ Comparison between days of the same treatment (P<0.05).................cceevnnn. 298

Figure 3. Follicular diameter of preantral follicles isolated from goats with normal morphology
after in vitro culture in medium without FSH (A) and with FSH (B) in the presence of different
concentrations of insulin (0, 5 and 10 ng/mL or 10 pg/mL) for 18 d. *® Comparison among
treatments at the same day of culture; **“9 Comparison among days in the same treatment
(R0 300

Figure 4. Morphology of oocytes destined to IVM, after in vitro culture of goat preantral
follicles in medium containing 0 ng/ml of insulin (A;-As) and 10 ng/ml alone (B1-Bs) or with
FSH (C:-Cs). Bright-field visualization of oocytes (A1, B, C1) and characterization of a viable
oocyte after staining with calcein-AM (A2, B, C;) and germinal vesicles (A3), germinal vesicle
breakdown (Bs) and metaphase Il (Cs) after Hoechst 33342 staining under fluorescence (Scale

bars: 50 pm; 400X MagnifiCation)... ... .....ouoe i e 303

Figure 5. Estradiol levels for goat ovarian follicles during culture in control medium without

insulin (Control), with insulin alone at concentrations of 10 ng/ml (Ins), with FSH alone (FSH)
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or with insulin and FSH (Ins + FSH) at day 18. Significant differences over time (uppercase) or

between the insulin dosage groups (lowercase) are indicated by different letters (P<0.05).....304

Figure 6. Electron micrographs of control and cultured follicles. A: preantral follicle from the
fresh control group (scale bar: 10 um), with a granulosa cell from the same follicle presented in
detail (Ai, scale bar: 2 pum); B: antral follicle retrieved from experimental ovaries and
immediately fixed (scale bar: 5 um), with a granulosa cell from the same follicle presented in
detail (B3, scale bar: 5 um); C: antral follicle from the 10 ng/ml insulin alone group (scale bar: 5
um), with a granulosa cell from the same follicle presented in detail (C,, scale bar: 2 pm); D:
antral follicle from the 10 ng/ml insulin associated with FSH group (scale bar: 2 pm), with a
granulosa cell from the same follicle presented in detail (D1, scale bar: 2 pm). Arrows indicate
follicular cell processes transversally sectioned. O: oocyte; GC: granulosa cell; ZP: zona
pellucida; m: mitochondria; ser: smooth endoplasmic reticulum; v: vesicle; fcp: follicular cell

process; nu: granulosa cell nucleus; go: Golgi apparatus..........ccoevevvineiiiinine e 306

Figure 7. Relative expression of mRNA (means = SD) of (A) FSHR; (B) INSR and (C) P-
450AROM after 18 d of culture in the control medium without insulin (Control), with insulin
alone at concentrations of 10 ng/ml (Ins), with FSH alone (FSH) or with insulin and FSH (Ins +
FSH). Different letters denote a significant difference (P<0.05).........cccccoviiiiiiniinnciencce 307
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A

Akt

AM
AMH
AMPc
ANOVA
AP1
Arg31/32/65
as

ATP
BAD

BAX
Bcl-2
BDFN
bFGF
Bid

Bik

bm

BMP-15
BMP-2/-4/-6
BMP-7/-8b
BrdU

BSA

Ca™*

CaMK Il

CAMP
CAPES

Caspases

LISTA DE ABREVIATURAS E SIGLAS

: Antrum (antro)

: Protein Kinase B (proteina quinase B)

: Acetoximetil

: Anti-millerian hormone (hormonio anti-milleriano)

: Cyclic adenosine-3',5'-monophosphate (adenosina-3',5'-monofosfato ciclico)
: Analysis of variance (anélise de variancia)

: Activator protein 1 (proteina de transcri¢do ativadora-1)

: Arginina 31/32/65

: Antisense (anti senso)

: Adenosine-5'-triphosphate (adenosina-5’- trifosfato)

: Bcl-2-associated death promoter (proteina promotora de morte associada ao
Bcl-2)

: Bcl-2 associated X protein (proteina X associada ao Bcl-2)

: B-cell lymphoma protein 2 (linfoma de célula B2)

: Brain-derived neurotrophic factor (fator neurotréfico derivado do cérebro)

: Basic fibroblast growth factor (fator de crescimento fibroblastico basico)

: BH3 interacting domain death agonist (dominio de morte antagonista que atua
com o BH3)

: Bcl-2 interacting killer (inibidor da Bcl-2)

: basement membrane (membrana basal)

: Bone morphogenetic protein-15 (proteina morfogenética do 0sso-15)

: Bone morphogenetic protein-2/-4/-6 (proteina morfogenética do 0sso-2/-4/-6)
: Bone morphogenetic protein-7/-8b (proteina morfogenética do 0sso-7/-8b)

: bromodeoxiuridina

: Bovine serum albumin (albumina sérica bovina)

: Calcium ion (ion célcio)

: Calcium/calmodulin-dependent protein kinase Il (proteina quinase dependente
de célcio/calmodulina)

: Cyclic adenosine-3',5-monophosphate (adenosina-3',5'-monofosfato ciclico)
: Coordenacdo de Aperfeicoamento do Pessoal de Nivel Superior

: Cysteinyl aspartic acid protease (protease-cisteina que cliva apos residuos de

acido aspartico)
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cc : Cumulus cells (células do cumulus)

Cdc42 : Cell division cycle 42 (ciclo de divisdo cellular 42)

cDNA : Complementary deoxyribonucleic acid (acido desoxirribonucléico
complementar — DNA complementar)

CG : Células da granulosa

CGP : Células germinativas primordiais

c-Kit : Kit ligand receptor (Receptor para kit ligand)

CL : Corpus luteum (corpo lGteo)

c-myc : Proteina de transcricdo proto-oncogénica

CNPq : Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico

CO; : Didxido de Carbono

COCs/CCOs : Cumulus oocyte complexes (complexo cumulus-odcito)

CPgAM : Centro de Pesquisa Aggeu Magalhées

CREB : Element binding protein (proteina de ligacdo ao elemento)

CT : Threshold cycle

d/D : Day (dia)

D1/D2/D3  : Dominio semelhante a imunoglobulina 1/2/3

DAB : Diaminobenzidina

DAG : Diaglycerol (diacilglicerol)

DMEM : Dulbecco’s Modified Eagle Medium

DNA : Deoxyribonucleic acid (acido desoxirribonucléico)

DNAc : DNA complementar

DNAase : Desoxirribonuclease

DT : Dominio transmembranar

eCG : Equine chorionic gonadotropin ( gonadotrofina coridnica equina)

ECM : Extracellular matrix (matrix extracelular)

EDTA : Ethylenediamine tetraacetic acid (&cido etilenodiamino tetra-acético)

EGF : Epidermal growth factor (fator de crescimento epidermal)

EIA : Enzymatic immunoassay (ensaio imunoenzimatico)

EphA : Ephrin A (proteina efrim A)

er : Endoplasmic reticulum (reticulo endoplasmético)

ERK-1/-2 : Extracellular Signal Regulated Kinase-1/-2 (quinase regulada por sinal
extracelular -1/-2)

EthD-1 : Etidio homodimero 1
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Ets : E-twenty six family (fator de transcri¢do de eucariontos)

E. : Estradiol (estradiol)

FAVET : Faculdade de Veterinaria

fcp : Follicular cell process (processo de célula folicular)

FGF : Fibroblast growth fator (fator de crescimento de fibroblasto)

FGF-1/-2/-3/-41-5/-7/-8/-9/-10/-22: Fibroblast growth fator -1/-2/-4/-5/-7/-8/-9/-10/-22 (fator de
crescimento fibroblastico -1/-2/-4/-5/-7/-8/-9/-10/-22).

FGFBPs : FGF binding proteins (proteinas de ligacdo ao FGF)
FGFR : FGF receptor (receptor para FGF)

FGFR2 : FGF receptor 2 (receptor 2 para FGF)

Fig. : Figure (figura)

Figla : Factor in the germline alpha (fator de linha germinal o)
FINEP : Financiadora de Estudos e Projetos

FIOCRUZ  :Fundacdo Oswaldo Cruz

FIV : Fecundagdo in vitro

FLUO : Fluorescéncia

Fox12 : Forkhead box L2 (proteina forkhead L2)

Foxo3a : Forkhead transcription factor (fator de transcricdo Foxo forkhead)

FRS2 : Fibroblast growth factor receptor substrate 2 (receptor do fator de crescimento

de fibroblasto substrato 2)

FSH : Follicle stimulating hormone (horménio foliculo estimulante)

FSHr : FSH recombinante

FSHR : FSH receptor (receptor de FSH)

G : Gauge (calibre)

GAB1 : GRB2-associated-binding protein 1 (proteina de ligagéo 1 associada ao GRB2)

GADPH : Glyceraldehyde-3-phosphate-dehydrogenase (gliceroldeido-3-fosfato
desidrogenase)

GC : Granulosa cell (célula da granulosa)

GDF-9 : Growth differentiation factor-9 (fator de crescimento e diferenciagéo-9)

GDNF : Glial cell line-derived neurotrophic factor (fator neurotréfico derivado da glia)

GDP : Guanosine diphosphate (guanosina difosfato)

GEF : Guanine nucleotide exchange factors (fatores de troca de nucleotideos de
guanina)

GH : Growth hormone (horménio do crescimento)
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GLM
GLUT
GnRH
go
Grb2

Grb2-SOS
GSCs
GTP
GV
GVBD
G6PDH
h

H,O,
HC

hCG

HE
hFGF
HGF

HS
HSPGs
I1AA
IBGE
iIFGF
IGF-1/-2

: General linear models (modelo linear geral)

: Glucose transporter (transportador de glicose dependente de insulina)

: Gonadotropin-releasing hormone (hormonio liberador de gonadotrofinas)
: Golgi apparatus (aparelho de golgi)

: Growth factor receptor-bound protein 2 (receptor do fator de crescimento
ligado a proteina 2)

: Grb2-SOS complex (complexo Grb2-SOS)

: Germline stem cells (células-tronco germinativas)

: Guanosine triphosphate (guanosina trifosfato)

: Germinal vesicle (vesicula germinal)

: Germinal vesicle breakdown (quebra da vesicular germinal)

: Glicose 6-fosfato desidrogenase

: Hour (hora)

: Peroxido de hidrogénio

: Histologia cléssica

: Human chorionic gonadotropin (gonadotrofina coriénica humana)

: Hematoxilina-Eosina

: Fator de crescimento homélogo ao FGF

: Hepatocyte growth factor (fator de crescimento de hepatdcito)

: Heparan sulfato (sulfato de heparina)

: Heparan sulfate proteoglycans (proteoglicanos sulfato de heparina)
: Indol 3-acetic acid (&cido 3-indol acético)

: Instituto Brasileiro de Geografia e Estatistica

: fator de crescimento de fibroblasto intracelular

> Insulin like growth factor-1/-2 (fator de crescimento semelhante & insulina-1/ 2)

IGFBP -2/-3/-4/-5 : Insulin-like growth factor-binding protein-2/-3/-4/-5 (proteina ligante -2/-

IGFR1
IHQ
IL
lb,c
INRA

Ins

3/-4/-5 transportadora de fator de crescimento semelhante a insulina)

: Receptor para IGF-1

: Imunohistoquimica

> Interleucin (interleucina)

: FGF receptor isoforms b and c (Isoformas b e c para o receptor de FGF)

> Institut Nacional de la Recherche Agronomique (instituto nacional da pesquisa
agrondmica)

> Insulin (insulina)
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INSR
IP3
IRS-1/-2
ITS
IVM
JNK

K*

kDa
KGF
KGF-2/-7
KGFR
KL

L/l

> Insulin receptor (receptor de insulina)

> Inositol Triphosphate (inositol-3 fosfato)

> Insulin receptor substrate-1/-2 (substrato do receptor de insulina)

- Insulin, tranferrin and selenium (insulina, transferrina e selénio)

> In vitro maturation (maturag&o in vitro)

: ¢-Jun N-terminal kinases (quinase c-Jun N-terminal)

: fon potéssio

: KiloDalton (quiloDalton)

: Keratinocyte growth factor (fator de crescimento de queratindcitos)
: Keratinocyte growth factor-2/-7 (fator de crescimento de queratindcitos-2/-7)
: KGF receptor (receptor 2b para fator de crescimento de fibroblasto)
: Kit ligand

: Litro

LAMOFOPA : Laboratério de Manipulacdo de Odcitos e Foliculos Ovarianos Pré-Antrais

LH
LHX8
LIF
Lys64
m

M
MAPK
MCI
MEK
MEM
MEM®

MET
mg

MlI
MiIlI
MMPs
min.
MIV

mL

: Luteinizing hormone (hormonio luteinizante)
: LIM-homeobox protein 8
: Leukemia inhibitory factor (fator inibidor de leucemia)
: Lisina 64
: Mitochondria (mitocondria)
: Molar
: Mitogen-activated protein kinase (proteina quinase mitogenicamente ativada)
: Massa celular interna
: MAPK/extracellular protein kinase (proteina quinase extracelular/ MAPK)
: Minimal essential medium (meio essencial minimo)
Supplemented minimal essential medium (meio essencial minimo
suplementado)
: Microscopia eletrnica de transmisséo
: Miligrama
: Metaphase | (metéafase 1)
: Metaphase Il (metéfase 1)
: Matrix metalloproteinases (matriz de metaloproteinases)
: Minutes (minutos)
: Maturagéo in vitro
: Mililitro
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mM

mm

mm3
MOIFOPA
mOsm/L
MRNA
mTORC

mv
N

n

Na+
NCSU23

ne
NF«B

ng

NGF
nm
Nobox
NT
NT-3/-4
NTF5
nu

Nu

OCT4

P <0.05
P>0.05

p2lras
P4

: Milimolar
: Milimetros
: Milimetro cubico
: Manipulacdo de odcitos inclusos em foliculos ovarianos pré-antrais
: Miliosmol/litro
: Ribonucleic acid mensseger (&cido ribonucléico menssageiro)
: Mammalian target of rapamycin complex (proteina alvo da rapamicina em
mamiferos)
: Microvilli (microvilo)
: Nucleus (ntcleo)
: NUmero
: fon sédio
: North Carolina State University Medium-23 (meio 23 da Universidade Estadual
do Norte da Carolina)
: Nuclear envelope ( envelope nuclear)
: Nuclear factor kappa-light-chain-enhancer of activated B cells (factor nuclear
kappa B)
- Nanograma
: Nerve growth factor (fator de crescimento do nervo)
: Nanémetros
: Newborn ovary homeobox gene (gene Nobox)
: Neurotrophins (neurotrofinas)
: Neurotrophin-3/-4 (neurotrofina -3/-4)
: Neurotrophin 5 (neurotrofina tipo 5)
: Nucleolus (nucléolo)
: Oocyte nucleus (ntcleo do odcito)
: Oocyte (O6cito)
Octamer-binding transcription factor-4 (octamero ligado ao factor de
transcricéo 4)
: Probabilidade de erro menor do que 5%
: Probabilidade de erro maior do que 5%
: Pagina
: Proto-Oncogene Protein (proteina oncogénica p21)
: Progesterone (progesterona)
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P-450AROM : Enzyme aromatase P450 (enzima P450 aromatase)

p75

PAS
PBS
PCNA
PCR
PDGF
Pg

PGE

pH

PI3K
PIVE
PKB
PKC/PKCd
PLCyl
PLCy
PMCA
POUSF1

PPGCV
PS
PTB

: Low-affinity NGF receptor (receptor para NGF de baixa afinidade)

: Periodic acid Schiff (&cido periodico de Schiff)

: Phosphate buffer solution (tampé&o fosfato salino)

: Proliferative nuclear cell antigen (antigeno nuclear de proliferacéo celular)
: Polymerase chain reaction (reagdo em cadeia da polimerase)

: Plaquet derived growth fator (fator de crescimento derivado de plaquetas)
: Picogramas

: Prostaglandina E

: Potencial hidrogenionico

: Phosphatidylinositol-3 kinase (fosfatidilinositol 3-quinase)

: Producéo in vitro de embrido

: Protein kinase B (proteina quinase B)

: Protein kinase C/C delta (proteina quinase C/C delta)

: Phospholipase C-gammal (fosfolipase C-gamal)

: Phospholipase C gamma (fosfolipase C-y)

: Plasma membrane calcium ATPase (membrana plasmética célcio ATPase)
: Pituitary octamer neural unc domain, class 5, transcription factor 1 (octamero
neural-ligado ao factor de transcri¢éo 1)

: Programa de P6s-Graduacéo em Ciéncias Veterinarias

: Peptideo sinal

: Phosphotyrosine binding (fosfotirosina de ligagéo)

PtdIns (3,4,5)Ps. Phosphatidylinositol (3,4,5)-triphosphate (fosfatidilinositol 3,4,5 trifosfato)

PTEN

PTP
gPCR

gRT-PCR

Rac

Raf

Ras

: Phosphatase and tensin homolog deleted on chromosome 10 (homdlogo da
fosfatase e tensina deletado no cromossomo 10)

: Protein tirosina phosphatase (proteina tirosina fosfatase)

: Real-time Polymerase chain reaction (reacdo de cadeia polimerase em tempo
real)

: Quantitative reverse transcription-polimerase chain reaction (reagdo em cadeia
polimerase-transcri¢éo reversa quantitativa)

: Ras-related C3 botulinum toxin (Ras-relacionada ao substrato C3 da Toxina
botulinica 1)

: Protein (Ser/Thr) kinase (quinase especifica para Ser/Thr)

: RAt Sarcoma virus (virus do sarcoma de ratos)
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Rho
RNA
RNAase
RNAmM
RT
RT-PCR

s
SAS
SBAC
SD
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ser
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SH2
SH3
Shc
SMADs

SNK
SNT

SOF
SOS
Src
STMN1
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TCM 199
TEM
TGF-a
TGF-B
Thr
TNF

: Ras-homologous (homdlogo do Ras)

: Ribonucleic acid (acido ribonucléico)

: Enzima ribonuclease

: Ribonucleic acid messenger (&cido ribonucléico mensageiro)

: Room temperature (temperatura ambiente)

: Reverse transcription- polimerase chain reaction (reagdo em cadeia polimerase
- transcriptase reversa)

: Sense (senso)

: Statistical analysis system (sistema de analise estatistica)

: Solugéo a base de &gua de coco

: Standard deviation (desvio padrdo)

: Standard error of means (erro padrdo da média)

: Smooth endoplasmic reticulum (reticulo endoplasmatico liso)

: Serine (serina)

: Src homology 2 domain (dominio Src de homologia 2)

: Src homology 3 domain (dominio Src de homologia 3)

> Insulin binding molecule (molécula de ligacdo da insulina)

: Downstream intracellular signalling molecules (moléculas de sinaliza¢do
intracellular)

: Student’s-Neuman-Keuls

: Sucl-associated neurotrophic factor target (proteina alvo Sucl associada ao
fator neurotréfico)

: Synthetic oviductal fluid (fluido sintético do oviduto)

: Son of sevenless (fator de troca do nucleotideo guanina)

: Proteina tirosina-quinase citoplasmatica

: Stathmin 1/oncoprotein 18 (oncoproteina 18 stathmin 1)

: Theca cells (células da teca)

: Tissue Culture Medium 199 (meio de cultivo tecidual 199)

: Transmission electron microscopy (microscopia eletronica de transmisséo)
: Transforming growth factor-a (fator de crescimento transformante- a)

: Transforming growth factor-f3 (fator de crescimento transformante-f3)

: Threonine (treonina)

: Tumor necrosis fator (fator de necrose tumoral)
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UECE
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Ul
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ViV
v/ve
VEGF
VG
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: Tyrosine kinase (tirosina quinase)

: Tyrosine kinase receptor A/B (receptor tirosina quinase A/B)

: Tuberous sclerosis protein 1 (proteina de esclerose tuberosa 1)
: Tuberous sclerosis protein 2 (proteina de esclerose tuberosa 2)
: Tratamento 1/2/3

: Universidade Estadual do Ceara

: Universidade Federal do Ceara

: Unidades internacionais

: Universidade de Brasilia

: Universidade Estadual Paulista

: United States of America (Estados Unidos da America)

: Vacuoles (vactolos)

: volume/volume

: Vesicles (vesiculas)

: Vascular endotelial growth factor (fator de crescimento do endotélio vascular)
: Vesicula germinativa

: Vasoactive intestinal peptide (peptideo intestinal vasoativo)

: Vezes (aumento)

: Year (ano de idade)
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: Alpha (alfa)
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: Alpha minimal essential medium (meio essencial minimo alfa)
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suplementado)

: Beta

: Gamma (gama)

: Micromolar

: Percentage (porcentagem)

: Micrograma
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: Micrémetro

: Aproximadamente

- Menor que
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: Maior que
: Mais ou menos

: Graus Celsius
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1. INTRODUCAO

O rebanho de caprinos no Brasil atinge a cifra de 9.450.312 cabegas, sendo destas
8.788.790 (93%) localizadas na regido Nordeste do pais (IBGE, 2009). Apesar de deter
praticamente todo o rebanho caprino, o Nordeste ainda necessita de pesquisas e tecnologia para
minimizar a relagdo custo/beneficio do sistema de producéo, estimulando o desenvolvimento da
caprinocultura e criando novas possibilidades de agronegécio. Nesse sentido, as pesquisas
realizadas durante as duas Ultimas décadas tém criado oportunidades extraordinérias para a
reproducdo animal e proporcionado uma grande revolugcdo na multiplicacdo de animais de
elevado potencial econdmico.

As biotécnicas reprodutivas, tais como a inseminacéo artificial, sincronizagéo de estro,
fecundacéo in vitro e transferéncia de embrifes séo as mais largamente conhecidas e utilizadas
(TROUNSON et al., 1998). No entanto, essas biotécnicas utilizam apenas uma pequena parcela
de todo o potencial reprodutivo de que uma fémea dispde, uma vez que o ovario mamifero
mantém a sua fertilidade na forma de um estoque de odcitos imaturos inclusos em milhares de
foliculos pré-antrais, que na grande maioria irdo se tornar atrésicos durante as fases de
crescimento e maturacgdo, caso nenhuma medida interventiva seja adotada. Desta forma, com o
proposito de melhorar o aproveitamento do potencial reprodutivo das fémeas é que vem sendo
aprimorada e difundida nos ultimos anos a biotécnica de manipulagéo de odcitos inclusos em
foliculos ovarianos pré-antrais (MOIFOPA), também denominada de ovério artificial
(FIGUEIREDO et al., 2008). A biotécnica de MOIFOPA compreende as etapas de isolamento,
preservacdo (resfriamento e congelamento) e cultivo in vitro de foliculos pré-antrais e tem o
objetivo de recuperar um grande nimero de o6citos inclusos nesses foliculos e cultiva-los in
vitro até sua completa maturagdo (FIGUEIREDO et al., 1997). Além disso, em associacdo com
outras tecnologias reprodutivas como a fecundagdo in vitro e a transferéncia de embrides, a
MOIFOPA podera ndo somente otimizar, como também conservar o material genético de
animais valiosos e espécies em vias de extingdo (CELESTINO et al., 2009a).

Visto que os caprinos sdo considerados economicamente atrativos para a regido
Nordeste, por serem importantes fontes de alimento e renda, a proposta para o desenvolvimento
de um sistema de cultivo folicular bem estabelecido nesta espécie, bem como o estudo de
fatores envolvidos neste processo é de fundamental importancia. Esse sistema de cultivo
permitird a manutencéo da fertilidade das fémeas, através do fornecimento de odcitos para
tecnologias de reproducdo assistida, bem como para aprofundar a compreenséo das interages

oocito/células sométicas em espécies de crescimento folicular prolongado (McLAUGHLIN et
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al., 2010). Desta forma, a identificagdo de fatores produzidos localmente em foliculos ovarianos
caprinos, bem como a avaliagdo do efeito destes fatores sobre o crescimento e a maturagéo
oocitaria podera contribuir para uma melhor compreenséo da foliculogénese. Véarias pesquisas
com cultivo in vitro de foliculos pré-antrais revelaram importantes fatores de crescimento e
hormonios envolvidos no desenvolvimento folicular (NILSSON; DETZEL; SKINNER, 2006;
PICTON et al., 2008). Dentre estes, destacam-se o fator de crescimento do nervo (NGF), o fator
de crescimento de fibroblasto-10 (FGF-10) e a insulina. Diversas pesquisas, em outras especies,
tém sugerido que essas substancias exercem importantes papéis no controle da foliculogénese
inicial, atuando na esteroidogénese (GREISEN; LEDET; OVESEN, 2001), ativagdo
(SKINNER, 2005), crescimento (OJEDA et al., 2000) e/ou inibicdo da atresia folicular
(FORTUNE, 2003). Assim, a elucidagdo dos efeitos dessas substancias sobre o
desenvolvimento folicular em caprinos tornou-se o alvo de estudo da presente tese.

No decorrer deste trabalho, serdo abordados aspectos relacionados a foliculogénese,
classificagdo dos foliculos ovarianos, populacéo e atresia folicular, cultivo in vitro de foliculos
pré-antrais (modelo de cultivo de foliculos in situ e isolados), sistemas de cultivo in vitro para o
desenvolvimento de o6citos imaturos de mamiferos, estado atual do cultivo in vitro de foliculos
pré-antrais, principais técnicas para avaliagdo dos foliculos cultivados e importancia da
composic¢do do meio de cultivo sobre o desenvolvimento folicular, com enfoque para os fatores
e hormonios avaliados na presente tese, que serdo melhor detalhados nos capitulos

subsequentes.
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2. REVISAO DE LITERATURA

2.1. O ovario de mamiferos

O ovério mamifero é um 6rgdo pertencente ao sistema reprodutor feminino e constituido
por duas regides distintas: a medular e a cortical. A regido medular é responsavel pela
sustentacdo e nutricdo do ovério, e na maioria das espécies, consiste na porcao interna do
ovério, sendo composta por tecido conjuntivo, nervos, artérias e veias. A regido cortical, por
sua vez, apresenta uma composicdo altamente organizada de células germinativas (odcitos) e
células sométicas (células da granulosa, da teca e do estroma), cujas interacfes determinam a
formacdo e o desenvolvimento dos foliculos (Figura 1; McGEE; HSUEH, 2000). Outra
estrutura que se localiza na regido cortical é o corpo luteo, que se forma a partir do foliculo
ovariano apos a ovulagdo (RICHARDS; PANGAS, 2010). Todas estas células trabalham em
conjunto para promover um ambiente ideal para que o ovario exerca as suas funcdes exdcrina
(liberacdo de odcitos maturos) e enddcrina (producdo de hormonios esteroides) (BRISTOL-
GOULD; WOODRUFF, 2006). Assim, as diversas funcdes do ovario de mamiferos estdo
integradas no processo continuo de desenvolvimento folicular, ovulacdo, formacao e regressdo
do corpo luteo, dirigidos por mecanismos de retroalimentacdo entre o hipotdlamo e a hipofise
(GOUGEON, 2004; LEITAO et al., 2009).
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Figura 1. O ovério de mamifero subdividido em duas regides distintas: cortex e medula. Na
regido medular pode ser observada a presenca de vasos sanguineos e, na regido cortical, a
presenca dos diferentes tipos de foliculos ovarianos, desde os pré-antrais (primordial, primario e
secundario) até os antrais (terciario e pré-ovulatério), além de um odcito ovulado e um corpo

IUteo.

2.2.  Celulas germinativas primordiais: a origem dos o6citos

Os odcitos de mamiferos se desenvolvem a partir de células germinativas primordiais
(CGP), as quais migram durante o desenvolvimento da gbnada primitiva para se tornarem
oogonias (McCLAUGHLIN; McLVER, 2009).

As CGP sdo recrutadas a partir do epiblasto proximal para o ectoderma
extraembrionario sob influéncia de sinais provenientes de substancias produzidas localmente
como as proteinas morfogenéticas désseas -4 e -8b (BMP-4 e BMP-8b), e ainda da proteina
morfogenética dssea -2 (BMP-2), derivada do endoderma extraembrionério (YING; ZHAO,
2001; YING et al., 2001; OHINATA et al., 2009). Além das BMPs, as moléculas sinalizadoras
dos ligantes das BMPs (SMADs 1 e 5) e do fator de crescimento transformante-p (TGF-B),
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(SMADs 2 e 3), o fator inibidor de leucemia (LIF) e outros fatores repressores e reguladores
transcricionais estdo envolvidos na formacdo e proliferagdo das CGPs (OKTEN, URMAN,
2010). O aparecimento da competéncia das CGP é marcado pela expressdo, sobre as células
germinativas, de uma proteina transmembranar interferon-induzivel denominada fragilis. A
proteina fragilis posteriormente induz a expressdo do gene stella, que é expresso
exclusivamente em uma linhagem restrita de células germinativas. O gene stella permite entdo
que as CGP escapem do destino de se diferenciarem em células somaticas e assim mantenham
sua capacidade de pluripoténcia a medida que migram através do mesentério do intestino
posterior até chegar a génada primitiva (SAITOU; BARTON; SURANI, 2002; LANGE et al.,
2003). Os genes, fatores de transcri¢do e vias de sinalizagdo que estéo envolvidos na formagéo

das células germinativas sdo resumidos na Tabela 1.
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Tabela 1. Os genes e padrbes de sinalizacdo que estdo envolvidos na formacéo das células

germinativas.

Genes Papel Fungao
Bmp-2 Fator de crescimento extracelular Formagdo das CGP (Ying et al., 2001)
Bmp-4 Fator de crescimento extracelular Formagdo das CGP (Ying et al., 2001)
Bmp-8B Fator de crescimento extracelular Formacgdo das CGP (Ohinata et al., 2009)
Fragilis Gene indutor de interferon Competéncia das CGP (Lange et al., 2003)
Stella Proteina Retencdo das CGP e pluripoténcia (Saitou et al., 2002)
Smad-1 Molécula sinalizadora de ligantes Formagdo das CGP (Tremblay et al., 2001)
TGF-B
Smad-5 Molécula sinalizadora de ligantes Formagdo das CGP (Chang e Matzuk, 2001)
TGF-B
Nanos3 Proteina de ligagdo ao RNA Manutengéo das CGP durante a migragéo (Tsuda et al., 2003)
Prdm1 Repressor transcricional Formagéo das CGP (Ohinata et al., 2005)
Prdm14 Regulador transcricional Formag8o das CGP (Yamaji et al., 2008)
Tiar Proteina de ligagio ao RNA Formagdo das CGP (Beck et al., 1998)
Stra8 Fator citoplasmatico Sintese DNA premeidtico e progressdao meidtica (Baltus et al. 2006)

Adaptado de OKTEM; URMAN, 2010.

Uma vez na gbnada, as CGP sofrem uma intensa proliferacdo devido a sua alta taxa de
mitose oogonial. No entanto, no final do periodo gestacional, a taxa de mitose reduz
progressivamente e de forma concomitante com o0 aumento na taxa de atresia oogonial.
Hipoteticamente, de 1 milhdo de células germinativas presentes em um ovario de uma fémea
recém-nascida, somente 3.000 — 4.000 chegardo & puberdade. A grande maioria das CGP
sofrerd atresia, e menos de 1% (~ 300 foliculos) atingira o estado ovulatério antes do
esgotamento da reserva ovariana (OKTEM; OKTAY, 2008).

Quando as CGP chegam as gbnadas primitivas ocorre o aumento da atividade mitdtica
das mesmas, as quais se diferenciam em oogbnias. Essas oogonias passam por Vérias divisdes
mit6ticas antes de iniciar a meiose. A atividade mitética das oogdnias € o principal
determinante do pool de odcitos e junto com a atresia oogonial determinam a formacéo da
reserva ovariana final. Nas Ultimas divises mitdticas, antes do inicio da meiose, ocorre a
formacgdo de um sincicio (ninhos de oog6nias), em que as oogdnias sdo interligadas umas as
outras por suas membranas celulares e por uma ponte citoplasmatica, a qual é formada por uma

citocinese incompleta durante a divisdo celular. Quando as oogbnias estdo conectadas por essas
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pontes citoplasmaticas, a meiose se inicia simultaneamente, o que sugere que o inicio da meiose
ocorre devido a uma melhor propagagédo do sinal favorecido pela formagéo dessas pontes. O
inicio da sintese de DNA premei6tico marca o fim do estigio oogonial, e apds esse evento as
células germinativas passam a ser chamadas de odcitos primarios (OKTEM; URMAN, 2010).
Vale ressaltar que a entrada do odcito na primeira divisdo meidtica comega bem antes da
formacéo do foliculo ovariano.

Em seguida, os o6citos perdem suas pontes intercelulares e sdo circundados por uma
camada de células da pré-granulosa, as quais podem ser derivadas do mesonefro ou do epitélio
da superficie ovariana (McNATTY et al., 2000). Uma vez que o odcito é circundando pelas
células sométicas, ocorre uma parada da meiose no estagio de dipléteno da préfase I, também
conhecido como estagio de vesicula germinativa da profase | (o6cito primério; PICTON;
BRIGGS; GOSDEN, 1998; SUH et al., 2002). Nessa fase as células da pré-granulosa param de
se multiplicar e entram num periodo de quiescéncia (SAWYER et al., 2002) juntamente com o
o6cito, dando inicio & foliculogénese, com a formacéo dos primeiros foliculos ovarianos (Figura
2). A progressdo da divisdo meiotica ocorre somente na puberdade, com a liberacdo do pico
pré-ovulatério de LH, formacgdo dos odcitos secundarios e outra parada da meiose na fase de
metéfase Il (HUTT; ALBERTINI, 2007). A meiose ser4 retomada novamente somente apds a
fecundacdo do od6cito pelo espermatozoide, originando o odcito haploide fecundado, e
marcando assim o fim da oogénese (BRISTOL-GOULD; WOODRUFF, 2006; FIGUEIREDO
et al., 2008).

= > Nucleo
l Vs Af—smcfcio (ifihios dis opgdnias)

‘»‘ Células da pré-granulosa

je \/ Invasdo das células da pré-granulosa

\% ,"';'T Rompimento do sincicio

=4

By, y = Formagao dos foliculos primordiais

LI o
N \‘\0/\ Ndcleo
2= Citoplasma

\ e Pré-granulosa

Figura 2. Formacéo de foliculos primordiais. (I) Ninhos de células germinativas; (I1) Invasdo

das células somaticas (pré-granulosa) causando o rompimento do sincicio (ninho) acompanhado
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por uma intensa apoptose oocitéria; (l11) as células germinativas sobreviventes, no estagio de
préfase | (o6citos primarios), sdo circundadas por uma camada de células da pré-granulosa e
por uma membrana basal, formando os foliculos primordiais. Adaptado de EPIFANO; DEAN,
2002.

2.3. Caracterizacgdo estrutural dos foliculos ovarianos e regulacgéo da foliculogénese

Como visto anteriormente, a unidade folicular é constituida por um odcito circundado
por células somaticas (granulosa e/ou tecais), que interagem entre si, promovendo a
funcionalidade do foliculo (Figura 3; EPPIG; WIGGLESWORTH; PENDOLA, 2002;
MATZUK et al., 2002). Esse foliculo é a unidade morfolégica e funcional do ovario mamifero,
o0 qual proporciona um ambiente ideal para a manutencdo da sobrevivéncia, o crescimento e
maturacdo do odcito (CORTVRINDT; SMITZ, 2001).

Odcito

Células da granulosa Ff’ S

Membrana basal

Células da teca
Estroma ovariano

Figura 3. Desenho esquematico dos compartimentos foliculares (odcito, células da granulosa e

da teca) e o estroma ovariano.

Na maioria das espécies mamiferas, o desenvolvimento de foliculos e odcitos passam
por uma sequéncia de eventos caracteristicos que inicia com a formagdo do ovario logo ap6s a
concepcéo e termina com a ovulagdo de um odcito fertilizavel com nucleo em metéfase 11 apds
a puberdade, em um processo denominado foliculogénese (VAN DEN HURK; ZHAO, 2005;
GOUGEON, 2010; ZHANG et al., 2010b).
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Durante a foliculogénese, a morfologia folicular € alterada, uma vez que o odcito cresce
e as células circundantes se multiplicam e diferenciam (BRISTOL-GOULD; WOODRUFF,
2006), dando origem a diferentes tipos foliculares. De acordo com o grau de evolucdo, 0s
foliculos podem ser classificados como pré-antrais ou ndo cavitarios (primordiais, transicao,
primarios e secundarios) e antrais ou cavitarios (terciarios e pré-ovulatérios) (Figura 4;
DRIANCOURT, 2001; SILVA et al.,, 2005). Vale ressaltar que os foliculos pré-antrais
representam 90% da populacdo folicular e sdo responsaveis pela renovacdo continua de
foliculos antrais no ovario (KATSKA-KSIAZKIEWICZ, 2006). A regulagdo do
desenvolvimento folicular consiste hoje em um dos maiores enigmas relacionados a
reproducdo, haja vista que este é um evento complexo que envolve fatores enddcrinos,
parécrinos e autdcrinos. Esses fatores sdo coordenados de maneira estagio-especifica a fim de
melhorar o entendimento da fisiologia ovariana e controlar os varios processos fisiolégicos,
entre eles a proliferacdo e diferenciacdo de células foliculares, esteroidogénese, vascularizagao
e atresia folicular (WEBB et al., 2003; ACOSTA; MIYAMOTO, 2004; FORTUNE; RIVERA;
YANG, 2004).

Foliculos isolados

Foliculos in situ g%

Primordial  Transi¢do Primario Secundario Terciario Pré-ovulatério

Pré-antrais ou nao cavitarios Antrais ou cavitarios

Figura 4. Classificacdo folicular de acordo com o grau de evolucéo, evidenciando os foliculos

inseridos no tecido ovariano (in situ) e os isolados.
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Ao longo das Gltimas décadas, uma série de estudos trouxe avangos na compreensdo da
biologia das células germinativas e sométicas que compfem os foliculos ovarianos. Tais
estudos tém mostrado que o desenvolvimento folicular pode ser subdividido em fases distintas,
caracterizadas por mudancas morfoldgicas, e por alteragbes no padrdo de sinalizagdo e de
expressdo génica que determinam as diferentes necessidades foliculares em cada fase: a) de
primordial para primério, b) de priméario para secundério, c) de secundério para foliculo

terciario e d) destes para os foliculos pré-ovulatorios.

2.3.1 Formacéo do foliculo primordial

A foliculogénese se inicia com o recrutamento de células da pré-granulosa para o o6cito,
a fim de formar os primeiros foliculos que aparecem nos ovarios de mamiferos, os quais sdo
denominados foliculos primordiais (McLAUGHLIN; McLVER, 2009). Os foliculos
primordiais consistem de um odcito que se encontra na fase de dipléteno da meiose I, que é
circundado por uma Unica camada de células da pré-granulosa de morfologia pavimentosa
(ADHIKARI; LIU, 2009). Estudos transcriptomicos em roedores tém identificado uma
variedade de genes envolvidos na formagdo do foliculo primordial, tais como o fator de
linhagem germinal alfa (Figa ou Figla), as proteinas zona, as enzimas meiose-especificas e 0s
fatores neurotréficos (OKTEM; URMAN, 2010).

O gene Figlo é expresso pelo odcito durante o estidgio embrionario (SOYAL; AMLEH;
DEAN, 2000). Estudos mais recentes tém revelado que o Figla regula a foliculogénese inicial
aumentando diversos outros genes, incluindo o POU5F1. O POU5F1 (ou OCT4) € um fator
transcricional cujo principal alvo ndo é conhecido e o papel dele na oogénese tem sido
recentemente descrito (PANGAS; RAJKOVIC, 2006). Ele é expresso nas CGP até elas
migrarem para a gonada primitiva e a expressdo € entdo reprimida apés o inicio da préfase |
meiotica no o0cito, voltando a ser reexpresso apos 0 hascimento, o que coincide com o periodo
de crescimento do odcito (PARFENOV et al., 2003). Pouco € conhecido sobre o papel do
POUSF1 no ovério pds-natal, contudo camundongos nocauteados para esse fator nas CGP
demonstraram a sua importancia na sobrevivéncia dessas células, uma vez que na sua auséncia
nenhum foliculo foi encontrado no ovério, o que foi atribuido a uma apoptose prematura das
CGP antes da colonizagdo da gbnada (KEHLER et al., 2004). Outro fator que vem
demonstrando importancia neste processo é o LHX8. Esse fator estd envolvido no padréo de

formacéo e sobrevivéncia do foliculo primordial, sendo preferencialmente expresso no odcito

47



de camundongos fémeas. Foi observado que camundongos fémeas nocauteadas para esse fator
perderam todos os foliculos primordiais na primeira semana de vida (CHOI et al., 2008).

Outras substancias importantes e que podem estar envolvidas na sinalizagéo entre CGP e
células sométicas no momento da formacédo dos foliculos primordiais s&o as neurotrofinas. Essa
afirmativa esta baseada nas mudancas observadas no padrdo de expressdo da neurotrofina 4 e
do seu receptor de alta afinidade (Trk) ao longo do desenvolvimento em odcitos de humanos e
ovérios murinos (ANDERSON et al., 2002). Estudos in vitro tém sugerido que o fator de
crescimento do nervo (NGF) pode estar envolvido ndo apenas na inervagdo ovariana, mas
também na formag&o folicular em ratas e camundongos fémeas (OJEDA et al., 2000). Além
disso, o NGF participa do processo de diferenciacdo de células mesenquimais, as quais dardo
origem aos foliculos primordiais em camundongos fémeas (DISSEN et al., 2001). A revisdo de
literatura apresentada no Capitulo 2 desta Tese abordara os detalhes sobre a acdo do NGF na
foliculogénese inicial.

Ainda ndo estd completamente esclarecido a respeito de quando os foliculos primordiais
aparecem pela primeira vez no ovario. No entanto, alguns relatos mostraram que o primeiro
foliculo primordial em fetos humanos é formado em torno de 15-22 semanas de gestacdo,
quando os od6citos sdo delimitados por uma Unica camada de células da pré-granulosa
(MAHESHWARI; FOWLER, 2008). Este processo continua até logo ap6s 0 nascimento
(McGEE; HSUEH, 2000), e os odcitos que ndo estdo inclusos em foliculos primordiais séo
perdidos, presumivelmente por apoptose (PEPLING; SPRADLING, 2001).

Em ruminantes e primatas, a formacdo de foliculos primordiais, 0s quais representam
95% do total de foliculos pré-antrais presentes no ovario, comeca durante o desenvolvimento
fetal e ocorre durante um longo periodo de tempo (FORTUNE et al., 2000; SMITZ;
CORTVRINDT, 2002). Em caprinos especificamente, esse processo ocorre por volta do 62° dia
de vida fetal (JUENGEL et al., 2002a). Em contraste, em ratos e camundongos, a formagéo de
foliculos primordiais ocorre dentro de poucos dias apds o nascimento (HIRSHFIELD, 1991).

A ativacgdo de alguns foliculos primordiais comeca logo ap6s a sua formagéo, o que da
origem a primeira onda de foliculos antrais por volta do 15° dia poés-parto em ratos e
camundongos (HIRSHFIELD, 1991). Segundo ADHIKARI; LIU (2009), embora teoricamente
todos os foliculos primordiais tenham o potencial para crescer, amadurecer e ovular, isto ndo
acontece na realidade, uma vez que cada foliculo primordial pode ter trés destinos possiveis: (i)
permanecer em repouso, ou seja, em estagio de quiescéncia por diferentes periodos de tempo
durante a vida reprodutiva, em que as células da pré-granulosa param de se multiplicar, até

receberem estimulos para entrar no pool de crescimento, (ii) ser ativado e entrar para o pool de

48



foliculos em crescimento, podendo numa fase posterior do desenvolvimento sofrer atresia ou
ovulac&o; ou (iii) sair da quiescéncia direto para a atresia, contribuindo para o envelhecimento
reprodutivo feminino (McGEE; HSUEH, 2000; BROEKMANS et al., 2007). Uma vez
formado, o pool de foliculos primordiais serve como uma fonte de desenvolvimento de

foliculos e odcitos que declina com a idade (HANSEN et al., 2008).

2.3.2. Transic&o de foliculos primordiais para primério

O inicio do crescimento folicular, também conhecido como ativagdo, € um processo que
ocorre através da passagem dos foliculos quiescentes para as diferentes fases de crescimento
(transicdo, primario, secundario, terciario e pré-ovulatério) (RUSSE, 1983), sendo considerado
0 maior evento bioldgico que controla o potencial reprodutivo das fémeas (McLAUGHLIN;
MCcIVER, 2009). As caracteristicas morfoldgicas que marcam o inicio do crescimento dos
foliculos primordiais incluem o aumento do didmetro oocitario, proliferacdo das células da
granulosa e transformacdo da morfologia destas células de pavimentosas para cubicas. Durante
esta fase, os foliculos que apresentam uma camada com células da granulosa pavimentosas e
clbicas sdo denominados foliculos de transicdo (SILVA et al., 2004b). A diferenca na
morfologia das células da granulosa pode ser devido & sua origem, isto €, originadas a partir do
epitélio germinativo ou mesonefro (McNATTY et al.,, 2000; JUENGEL et al., 2002b) ou
mesmo do processo de ativagdo folicular. Quando o odcito é circundado por uma camada
completa de células da granulosa de morfologia cubica, os foliculos sdo denominados primarios
(GOUGEON; BUSSO, 2000). As substancias e mecanismos responsaveis pela ativacdo de
foliculos primordiais sdo pouco conhecidos. Acredita-se que este processo seja regulado por um
balanco entre fatores inibitorios e estimulatdrios originarios do ovario (VAN DEN HURK;
ZHAO, 2005).

O recrutamento inicial do foliculo primordial do pool de reserva € um processo
independente de gonadotrofinas, em que o foliculo podera se desenvolver até o estagio antral,
no qual se tornara dependente de FSH. Diversos estudos moleculares com supressdo de genes e
ainda, avaliagdes no transcriptoma de ovarios em diferentes estagios de desenvolvimento, tém
dado suporte ao fato de que mecanismos de supressédo do crescimento folicular influenciam a
manutencdo da dorméncia dos foliculos primordiais (FORTUNE et al., 1998; O'BRIEN;
PENDOLA; EPPIG, 2003; SCHMIDT et al., 2004). Dentre os fatores estudados, podem ser
citados um supressor de tumor chamado TSC1 que estd envolvido na manutencdo da

quiescéncia do foliculo primordial. A proteina TSC1 é parte de um heterodimero (TSC1/TSC2)
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que inibe a ativagdo de um complexo de proteinas quinase (MTORC) que por sua vez, atua no
crescimento celular (ADHIKARI et al., 2010). A supressao da atividade do complexo mTORC
pelo gene TSC1-TSC2 nos odcitos, € essencial para a manutengdo da quiescéncia. Por outro
lado, a elevada atividade do mTORC1 no odcito € necessaria para a ativacdo folicular em
camundongos fémeas (ADHIKARI; WALL; ADAMS, 2009). De maneira semelhante ao TSC1,
o PTEN (homdlogo da fosfatase e tensina deletado no cromossomo 10) foi identificado como
inibidor da ativacdo de foliculos primordiais. Este fator atua como regulador negativo da via de
sinalizacdo fosfatidilinositol-3-quinase (PI3K), a qual esta relacionada com o crescimento
folicular (REDDY et al., 2008). Além destes, outros fatores supressores de tumores parecem
estar envolvidos, como o Foxo3a (Forkhead transcription factor) (LIU et al, 2007) e o FoxI2
(Forkhead box L2), que é importante para a diferenciacdo de células da pré-granulosa em
células da granulosa durante a ativacao folicular (REDDY; ZHENG; LIU, 2010), e 0 horménio
Anti-Milleriano (AMH).

O AMH é um membro da superfamilia do fator de crescimento transformante-f3 (TGF-
B), que tem sido correlacionado com o numero de foliculos antrais no ovario e o nimero de
oocitos recuperados nos programas de reprodugdo assistida em humanos sendo, portanto,
considerado um importante marcador da reserva ovariana (EBNER; MOSER; TEWS, 2006). O
AMH é liberado a partir de células da granulosa de foliculos em crescimento e promove a
inibicdo, mas ndo o blogueio completo, da ativagdo de foliculos primordiais para o pool de
foliculos em crescimento (DURLINGER; VISSER; THEMMEN, 2002). Essa hipétese foi
confirmada quando se verificou que em camundongos fémeas, a supressdao do gene para AMH
promoveu uma deplecéo significativa dos foliculos primordiais (DURLINGER et al., 1999).

Além dos sinais inibitérios que bloqueiam a ativacdo prematura dos foliculos
primordiais, existem outros sinais que estimulam a transi¢cdo de foliculos primordiais para
primario, como o gene Nobox (newborn ovary homeo-box), o qual é expresso em células
germinativas (RAJKOVIC et al., 2004). Um estudo utilizando ratas com nocaute para o gene
Nobox indicou a importancia desse gene na ativagdo, uma vez gque sua auséncia interrompeu a
transicdo dos foliculos primordiais para o estagio priméario (RAJKOVIC et al., 2004). Com
acOes coordenadas e sinérgicas, os sinais decorrentes dos diferentes compartimentos foliculares,
como odcitos e células sométicas (granulosa e teca), e ainda do estroma ovariano, iniciam o
crescimento dos foliculos primordiais. Isto pode explicar o motivo pelo qual os foliculos
primordiais ndo sobrevivem quando cultivados isoladamente, mas crescem quando cultivados
inclusos no tecido ovariano (O'BRIEN; PENDOLA; EPPIG, 2003).
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Dentre os fatores estimulatorios, o Kit ligand (KL) produzido pelas células da granulosa
e seu receptor c-Kit, expresso no odcito e células da teca (NILSSON; KEZELE; SKINNER,
2002; NILSSON; SKINNER, 2004), compdem um sistema de grande importancia para a
promogcdao da ativagdo folicular. Além de estimular a ativagdo, o KL promove o crescimento do
o6cito, bem como o recrutamento e a proliferacdo das células da teca do estroma circundante
(NILSSON; SKINNER, 2004). O papel do sistema KL na ativacdo folicular foi confirmado
apos a injecdo de anticorpos contra o c-kit (YOSHIDA et al., 1997) em camundongos fémeas
recém-nascidas em que o crescimento folicular foi inibido, bem como ap6s o cultivo de ovarios
de ratas na presenca do KL ou de anticorpos contra o c-kit (PARROTT; SKINNER, 1998).
Aliado a isto, um estudo recente realizado na espécie caprina evidenciou o papel do KL (50
ng/mL) na ativagdo folicular, bem como na manutencdo da integridade ultraestrutural de
foliculos pré-antrais ap6s cultivo in vitro (CELESTINO et al., 2010a). Além destas evidéncias,
tem sido descrito que 0 AMH reduz a expressdo de c-kit em ratas (NILSSON; ROGERS;
SKINNER, 2007), mostrando que o sistema KL/c-kit desempenha um papel fundamental, se
ndo central, no inicio do crescimento folicular.

Da mesma forma, varios membros da superfamilia TGF-B, como as proteinas
morfogenéticas dsseas -4, -7 e -15 (BMP-4, -7 e -15) expressas por células do estroma ovariano
e/ou celulas da teca (LEE et al., 2001; NILSSON; SKINNER, 2003) e o fator de crescimento e
diferenciacdo-9 (GDF-9) expresso em odcitos (VITT et al., 2000) tem um papel importante na
ativacdo folicular, uma vez que seu efeito tem sido demonstrado sobre a transi¢do de foliculos
primordiais para primarios em camundongos fémeas (MOORE; SHIMASAKI, 2005) e cabras
(CELESTINO et al., 2011). Além disso, estudos tém mostrado que injecbes de BMP-7 na bursa
ovariana de ratas reduziram o namero de foliculos primordiais e concomitantemente
aumentaram o nimero de foliculos primarios, secundérios e antrais (LEE et al., 2004). Tendo
em vista que a BMP-7 é produzida pelas células da teca, tais resultados deixam clara sua acdo
parécrina sobre as células da granulosa de foliculos em crescimento. Ovelhas com mutagBes
inativadoras no gene Bmp-15 sdo inférteis, tendo o desenvolvimento bloqueado em estagio de
foliculo primordial (HANRAHAN et al., 2004). As células tecais/intersticiais produzem BMP-4
e a exposicdo de ovérios a anticorpos neutralizantes para BMP-4 resultou em reducéo do
volume dos ovarios, acompanhada da perda progressiva de foliculos primordiais, e aumento da
apoptose celular (NILSSON; SKINNER, 2003).

Outros fatores de crescimento e citocinas que atuam a nivel paracrino na formagéo de
foliculos primarios, tais como o fator inibidor de leucemia (LIF), expresso em células da

granulosa e agem sobre o odcito, bem como sobre outras células da granulosa (NILSSON;
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KEZELE; SKINNER, 2002). LIF também pode estimular a proliferacdo das CGP, o
crescimento do odcito e recrutamento das células da teca do tecido circundante do estroma
(NILSSON; KEZELE; SKINNER, 2002; NILSSON; SKINNER, 2004).

O fator de crescimento de queratindcitos (KGF, também conhecido como fator de
crescimento de fibroblastos-7, FGF-7) derivado das células da teca e estroma e o FGF-2
(também conhecido como fator de crescimento de fibroblastos bésico) tém sido implicados
como reguladores positivos da transicdo dos foliculos primordiais para primarios, em que
exercem seus efeitos regulando a expressdo de KL nas células da granulosa (NILSSON;
SKINNER, 2004; KEZELE; NILSSON; SKINNER, 2005). Além dessas, outras substancias,
como o fator de crescimento derivado de plaquetas (PDGF; NILSSON; DETZEL; SKINNER,
2006), ativina (OKTAY et al., 2000), o fator neurotrépico derivado da glia (GDNF, DOLE;
NILSSON; SKINNER, 2008), as neurotrofinas (NGF, neurotrofina tipo 5 [NTF5] e fator
neurotréfico derivado do cérebro [BDFN]; ROMERO et al., 2002; SPEARS et al., 2003;
PAREDES et al., 2004; DOLE; NILSSON; SKINNER, 2008), o fator de crescimento epidermal
(EGF; CELESTINO et al. 2009b) e 0 horménio insulina (KEZELE; NILSSON; SKINNER,
2002) podem estimular o inicio do crescimento folicular. Nesse contexto, as revisdes de
literatura apresentadas nos Capitulos 3 e 5 desta tese abordardo os detalhes sobre a acdo da

familia FGF e da insulina, respectivamente, na foliculogénese inicial.

2.3.3. Progressao do foliculo primério para secundario

Com a expansdo mitética das células da granulosa, o foliculo priméario com uma Unica
camada de células de formato cubico é transformado em foliculos com multicamadas de células
da granulosa de morfologia cubica circundando o od6cito, também conhecido como foliculo
secundério. No entanto, a passagem de foliculo primario para secundéario ndo € caracterizada
apenas pela proliferagdo das células da granulosa, mas por uma série de outros eventos como o
aumento no tamanho e contetido proteico do odcito, formac&o de ldmina basal, da zona pelucida
e da camada de células da teca (VAN DEN HURK; ZHAO, 2005; KNIGHT; GLISTER, 2006).
Durante esta fase, o diametro do foliculo aumenta de 40-60 um no estagio primario para 120-
150 um no estagio secundério. O nlcleo do odcito assume uma posicdo excéntrica e as
organelas comegam a mover-se para a periferia. Com o desenvolvimento dos foliculos, também
aumenta o nimero de microvilos e inicia-se a formagéo da zona pelucida (LUCCI et al., 2001).
Neste estagio, 0 oocito entra em fase de crescimento intensivo aumentando seu volume como

resultado do acimulo de &gua, ions, carboidratos, proteinas e lipideos (FAIR et al., 1997), as
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células da granulosa ao redor se proliferam e uma camada de células da teca se desenvolve em
torno das células da granulosa, a partir de células do estroma intersticial. Apds a formacdo da
camada da teca, ja se inicia a formacéo de vasos sanguineos. Além disso, ocorre a formacéo de
uma extensiva rede de juncbes do tipo gap, que sdo canais membranarios que permitem a
passagem de nutrientes, ions inorganicos, segundo mensageiros e pequenos metabolitos entre as
células da granulosa e os odcitos, projetando-se através da zona pelicida, chegando a
membrana plasmatica do odcito (JUENEJA et al., 1999; KIDDER; MHAWI, 2002). Uma
complexa organizagdo citoplasmética é necesséria e depende tanto da formagéo de produtos de
genes novos e organelas, como da modificagdo e redistribuicdo daquelas j& existentes
(PICTON; BRIGGS; GOSDEN, 1998). Dessa forma, como consequéncia do aumento da
sintese de RNAm e de proteinas, o nimero de ribossomos, mitocdndrias e outras organelas
celulares aumentam nos o6citos em crescimento. Além disso, muitas organelas mudam sua
aparéncia e se movem para a periferia do odcito (VAN DEN HURK; ZHAO, 2005). Essa
progressdo parece ser controlada, tanto por peptideos e hormdnios esteroides, bem como por
fatores de crescimento intraovarianos (FORTUNE, 2003; VAN DEN HURK; ZHAO, 2005).

A medida que o foliculo cresce, a camada de células da teca se estratifica e se diferencia
em duas partes. A parte externa, denominada teca externa, é composta de células ndo
diferenciadas, enquanto que as células localizadas mais internamente formam a teca interna, na
qual algumas células precursoras de fibroblastos diferenciam-se e passam a secretar esterdides
(GOUGEON, 2010). As células da teca interna sdo definidas quando os foliculos apresentam
quatro ou mais camadas de células da granulosa (LUCCI et al., 2001). Desta forma, o
surgimento da camada de célula da teca no estigio de foliculo secundéario é um importante
evento fisioldgico para o desenvolvimento folicular inicial, evidenciado por: (i) concomitante
organizacdo da camada de células da teca e crescimento do foliculo além de adquirir resposta
esteroidogénica as gonadotrofinas (WANDJI; EPPIG; FORTUNE, 1996; GUTIERREZ et al.,
2000); (ii) aumento no suprimento sanguineo pelas células da teca o qual contém reguladores
ovarianos para o desenvolvimento do foliculo (GOUGEON, 1996; BRAW-TAL; YOSSEFI,
1997); e (iii) aumento na producdo de andrdgenos pela aromatizacéo tecal para biossintese de
estrogeno pelas células da granulosa e teca (VENDOLA et al., 1998; WEIL et al., 1999;
WANG et al., 2001).

Em primatas e ruminantes, o desenvolvimento de um foliculo secundério é um processo
demorado que leva meses para ser concluido. Este lento processo, parece ndo ser mediado pela
acdo das gonadotrofinas, mas existe uma grande divergéncia sobre este fato. Embora foliculos

primarios e secundéarios ja expressem os receptores para FSH nas células da granulosa
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(OKTAY; BRIGGS; GOSDEN, 1997), essa gonadotrofina desempenha apenas um papel
responsivo, ao invés de essencial, ao desenvolvimento desses foliculos. Por outro lado, o FSH
aumentou a sobrevivéncia de enxertos de ovario transplantado em camundongos hipogonadais
imunodeficientes e induziu o crescimento folicular até o estégio antral (OKTAY et al., 1998).

O GDF-9 e a BMP-15 tém se mostrado essenciais para formacgdo de foliculos
secundérios, uma vez que animais geneticamente deficientes para esses fatores apresentaram
um bloqueio do desenvolvimento folicular além do estagio de priméario (McNATTY et al.,
2007; GOUGEON, 2010). Na espécie caprina, estudos recentes em foliculos pré-antrais
confirmaram a importancia da atuagéo tanto da BMP-15 (CELESTINO et al., 2011) como do
GDF-9 (MARTINS et al., 2008) na progressao de foliculos primérios até o estagio secundario
in vitro, destacando ainda os efeitos positivos destes dois fatores de crescimento sobre a
manutenc&o da viabilidade folicular durante essa fase.

Outras substancias ainda tém se mostrado importantes para essa fase. YANG;
FORTUNE (2007) mostraram apds o cultivo in vitro de foliculos pré-antrais bovinos, que a
testosterona e o fator de crescimento do endotélio vascular (VEGF) também podem influenciar
a transicdo de foliculos priméarios para secundarios. Dentre as neurotrofinas, o NGF parece ser
um bom candidato para estimular o desenvolvimento folicular inicial, inclusive de foliculos
secundérios. Na presenca de FSH em niveis normais no soro, ovarios de camundongos fémeas
deficientes para o NGF exibiram uma marcada redu¢do no nimero de foliculos primarios e
secundérios, sendo a proliferacéo das células da granulosa extremamente reduzida apds cultivo
in vitro de bidpsias ovarianas desses camundongos fémeas (DISSEN et al., 2001).

Conforme observado em foliculos primordiais, 0 AMH parece desempenhar um papel
inibitério no desenvolvimento de foliculos primérios e secundarios. De fato, em camundongos
fémeas, o AMH inibiu o crescimento in vitro de foliculos secundarios induzido pelo FSH
(DURLINGER et al., 2001). Além disso, estudos em humanos demonstraram que a expressao
do AMH é primeiramente detectada em células da granulosa de foliculos primérios e que o
maior nivel de expressdo deste horménio é observado em células da granulosa de foliculos
secundérios e pequenos foliculos antrais (< 4 mm de didmetro) (VISSER; THEMMEN, 2005),
sugerindo um efeito negativo do AMH no desenvolvimento do foliculo secundario (OKTEM;
URMAN, 2010).
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2.3.4. Progressao do foliculo secundario para terciério (antral)

Apos os foliculos secundérios atingirem um didmetro de 200 um, normalmente, eles
entram na fase antral. E nesta fase que o foliculo comeca a exibir alguns espacgos cheios de
liquido entre as camadas das células da granulosa, que vdo se unir para formar a cavidade
antral. A partir deste estagio, os foliculos passam a ser denominados terciarios ou antrais.
Aliado a isso, ocorrem 0 aumento da vascularizagdo da camada da teca, o crescimento continuo
dos odcitos e a proliferacdo de células da granulosa e da teca (KNIGHT; GLISTER, 2006). O
fluido folicular que caracteriza os foliculos antrais pode servir como uma importante fonte de
substancias regulatérias ou moduladoras derivadas do sangue ou das secrecBes de células
foliculares, como por exemplo, &gua, gonadotrofinas, esteroides, fatores de crescimento,
enzimas, proteoglicanos e lipoproteinas, dentre outras substancias (BARNETT et al., 2006).
Durante o desenvolvimento folicular, a producdo de fluido antral é intensificada pelo aumento
no nimero e na permeabilidade dos vasos sanguineos foliculares. Contudo, embora alguns dos
mecanismos de desenvolvimento da cavidade antral sejam conhecidos, 0s sinais para formagéao
do antro ainda ndo foram plenamente elucidados (VAN DEN HURK; ZHAO, 2005).

O crescimento dos foliculos secundéarios é primariamente controlado pelos reguladores
intraovarianos (fatores de crescimento, citocinas e esteroides gonadais) e ndo séo dependentes
de gonadotrofinas (HALPIN et al., 1986). Apesar destes foliculos possuirem RNAm para
receptores de FSH nas células da granulosa e varios experimentos in vivo e in vitro
demostrarem que o nimero de foliculos secundarios, seu tamanho, nimero de células e taxa de
atresia séo influenciados pelas gonadotrofinas (VAN DEN HURK et al., 2000; VAN DEN
HURK; ZHAO, 2005). Diversos fatores locais, como ativina (YOKOTA et al., 1997), EGF
(ROY; TREACY, 1993), TGF-p (LIU et al., 1999), FGF-2 (PARROTT et al., 1994), VEGF
(BRUNO et al., 2009a), fator de crescimento de hepatécitos (HGF; PARROTT et al., 1994),
GDF-9 (HAYASHI et al., 1999), fatores de crescimento semelhantes a insulina (IGF-I;
MARTINS et al., 2010a) e BMPs (OTSUKA et al., 2000) foram considerados estimuladores da
sobrevivéncia e desenvolvimento de foliculos secundarios em varias espécies de roedores e
animais domésticos, ja que a supressdo destes favorece a apoptose celular e interfere na
proliferacdo e diferenciagdo das células da granulosa em estudos in vitro (VAN DEN HURK et
al., 2000; ZHAO, 2000; CAMPBELL, 2009).

O horménio do crescimento (GH) é outro fator enddcrino que pode promover o
desenvolvimento de foliculos secundarios. A presenca de RNAm para o receptor de GH tem
sido detectada em todos os compartimentos de foliculos pré-antrais de ratas (ZHAO et al.,
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2002). Estudos in vitro usando GH tém demonstrado que esse fator desempenha um importante
papel controlando as fases iniciais do desenvolvimento folicular. A adi¢gdo de GH ao meio de
cultivo in vitro de foliculos pré-antrais estimulou a producdo de estradiol e a proliferacéo das
células da granulosa e da teca em murinos (KOBAYASHI et al., 2000), além de promover um
aumento no didmetro de foliculos pré-antrais de camundongos fémeas cultivados in vitro
(KIKUCHI et al., 2001). Recentemente, MAGALHAES et al. (2011) demonstraram que o GH
estimula o desenvolvimento de foliculos secundarios caprinos, favorecendo a formacéo do antro

e a posterior maturacao oocitéria.

2.3.5. Crescimento folicular apos estagio antral e o processo de sele¢do e dominancia

O desenvolvimento dos foliculos antrais pode ser subdividido nas fases de recrutamento,
selegcdo e domindncia (VAN DEN HURK; ZHAO, 2005), sendo a formacdo de foliculos pré-
ovulatérios um pré-requisito para a ovulacdo e formacdo do corpo liteo, bem como para a
manutencdo da fertilidade nas fémeas (DRUMMOND, 2006). O crescimento ciclico de uma
coorte de pequenos foliculos antrais € conhecido como recrutamento folicular. Esse
recrutamento dos foliculos antrais e o seu crescimento sincronizado em ondas foliculares séo
induzidos pelas gonadotrofinas (FORTUNE et al., 2001). A emergéncia de cada onda folicular
é precedida por um aumento no FSH circulante, que pode ser uma onda que culmine ou ndo
com a ovulacéo (onda ovulatéria ou ndo ovulatoria), a depender da fase do ciclo estral em que
ocorre 0 aumento do FSH (BAERWALD et al., 2009).

Com a progressdo do desenvolvimento dos foliculos antrais, o FSH torna-se
criticamente determinante para o crescimento e a sobrevivéncia dos foliculos, 0s quais passam a
ser dependentes desta gonadotrofina. A partir deste ponto, serd a concentragdo de FSH
circulante disponivel que determinard se o foliculo sofrerd atresia ou continuara o seu
desenvolvimento até os estagios antrais tardios. Este é o primeiro processo de sele¢do no qual o
foliculo é submetido apds sair do estagio quiescente (BAKER; SPEARS, 1999). No entanto,
como o numero de foliculos que continuam o desenvolvimento apos a selecdo ainda é maior do
que 0 nimero que ird ovular, outro processo seletivo devera ocorrer. O novo desafio que o
foliculo sera submetido envolve o surgimento de um foliculo dominante entre a coorte de
foliculos em desenvolvimento (BAERWALD et al., 2003).

Nessa fase final do desenvolvimento folicular, ocorre uma diminuicdo dos niveis
circulantes de FSH em resposta ao alto nivel de estradiol e inibina produzidos pelo foliculo e

observa-se entdo a formacéo do foliculo pré-ovulatério, o qual é caracterizado por um o6cito
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circundado por células da granulosa especializadas, denominadas de células do cumulus e com
um maior namero de receptores para FSH. Em todas as espécies, a formacéao de foliculos pré-
ovulatorios ocorre geralmente durante a puberdade (DRIANCOURT, 2001). As células da
granulosa de foliculos pré-ovulatorios param de se multiplicar em resposta ao horménio
luteinizante (LH) e iniciam o programa final de diferenciagéo. Algumas horas antes da ovulagéo
e, em resposta a fatores angiogénicos (WULFF et al., 2001), as células da granulosa murais, que
eram avasculares, comecam a ser invadidas por vasos sanguineos provenientes da teca. Além
disso, o LH (pico pré-ovulatério) provoca um declinio significativo nas jungdes gap
(AMSTERDAM, 1987), e em associagdo com a prostaglandina E (PGE), BMP-15 e GDF-9
leva a dissociacdo entre as células da granulosa murais e as células do cumulus, culminando
com a expansdo do complexo cumulus-odcito (CCO) e a maturacdo oocitaria (HERNANDEZ-
GONZALEZ et al., 2006; GUERIPEL; BRUN; GOUGEON, 2006; EDSON; NAGARAJA;
MATZUK, 2009).

Dessa forma, o destino dos foliculos ovarianos durante todo o desenvolvimento folicular
é determinado pelo equilibrio entre diversos processos estimulatdrios e inibitorios. A Figura 5
ilustra resumida e esquematicamente os diferentes fatores envolvidos na formagéo e no

crescimento folicular.
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Figura 5. Representacdo dos fatores estimulatérios (em verde) e inibitérios (em vermelho) que
atuam em diferentes etapas do desenvolvimento folicular: 1) formacgdo dos foliculos
primordiais, 2) de primordial para priméario, 3) de primario para secundério, 4) de secundario

para antral e 5) destes para os foliculos pré-ovulatorios).

2.4.  Populacéo e atresia folicular

A quantidade total de foliculos presente no ovério de um mamifero é definida na vida
intrauterina em primatas e ruminantes (KNIGHT; GLISTER, 2006) ou em breve periodo apés o
nascimento em roedores (OJEDA et al., 2000). Apesar de este conceito ter sido descrito desde
1870 por Waldeyer e vigorar h4 mais de 150 anos (BYSKOV et al., 2005), trabalhos
desenvolvidos na Gltima década tém demonstrado mecanismos envolvidos na formacéao, apds o
nascimento, de novas células germinativas e foliculos na mulher (BUKOVSKY et al., 2005) e
camundongos fémeas adultas (JOHNSON et al., 2004). Esses autores demonstraram indicios da
continuidade da oogénese e foliculogénese no periodo pos-natal, pela atuacdo de células-tronco.

Para BUKOVSKY et al. (2005), a renovacdo folicular pés-natal ocorre regularmente em
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mulheres, mas a origem das células-tronco para tal ndo seria a medula 6ssea, e sim células
germinativas presentes na superficie do epitélio ovariano. No entanto, devido aos resultados
controversos até 0 momento, mais trabalhos sobre esse assunto sdo necessarios para esclarecer
esse fendmeno.

Independente disto, a populagéo folicular difere entre as espécies, além de ser observada
uma forte variagéo individual (KATSKA-KSIAZKIEWICZ, 2006), sendo de aproximadamente
1.500 em camundongo fémea (SHAW; ORANRATNACHAI; TROUNSON, 2000); 20.000 na
cabra (BEZERRA et al., 1998); 33.000 na ovelha (AMORIM et al., 2000) e aproximadamente
2.000.000 na mulher (ERICKSON, 1986). Durante a vida reprodutiva das fémeas, ocorre uma
reducdo ordenada no numero de foliculos pré-antrais (SHAW; ORANRATNACHAL,
TROUNSON, 2000). Essa redugdo é devido a dois fenbmenos que ocorrem naturalmente no
ovério: (i) a ovulacdo e (ii) a atresia ou morte folicular. Somente uma pequena parte (0,1%) dos
foliculos primordiais chega a ovulagdo (NUTTINCK et al., 1993), pois a maioria (99,9%)
torna-se atresica durante as fases de crescimento e maturacdo oocitéria (OTALA et al., 2002).

O processo de atresia usualmente ocorre de forma diferenciada entre foliculos pré-
antrais e antrais. Em foliculos pré-antrais, os primeiros sinais de morte folicular surgem no
oocito, onde se pode observar a retracdo da cromatina nuclear e a fragmentagdo oocitéria
(SILVA et al., 2002). Apds a formacdo do foliculo antral ocorre uma alteracdo na sensibilidade
do odcito e das células da granulosa. A partir deste estagio, o odcito torna-se altamente
resistente e as primeiras alteragcBes indicativas de atresia sdo observadas nas células da
granulosa (JORIO et al., 1991).

A atresia, apesar de causar a perda de varios foliculos ovarianos, é um evento crucial
para manutencdo da homeostase ovariana em mamiferos (para revisdo veja CELESTINO et al.,
2009a), assegurando a ciclicidade dos animais e prevenindo o desenvolvimento de mdltiplos
embribes durante a gestacdo (AMSTERDAM et al., 2003). E um fendmeno natural, comum a
todas as espécies domesticas, e acomete foliculos em qualquer fase do desenvolvimento, sendo
mais comum nos estagios antrais mais avangados (GLAMOCLIJA et al., 2005) e pode ocorrer
por via apoptética ou degenerativa (MARKSTROM et al., 2002).

A apoptose, também conhecida como morte celular programada, € um processo
determinado geneticamente, ou seja, depende da expressdo de genes pro- e antiapoptoticos e
tem como caracteristica marcante a fragmentacdo do DNA a cada 180-200 pares de base e a
formacdo de corpos apoptoticos (RACHID et al., 2000; HUSSEIN, 2005). De acordo com o
estimulo inicial, a apoptose pode ocorrer através de receptores de superficie celular (receptores

de morte), constituindo a via extrinseca, ou ainda através da mitocondria com liberacdo de
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citocromo c, constituindo esta a via intrinseca (JOZA et al., 2002). Independente da via, duas
familias importantes regulam o processo apoptotico: a familia das caspases e a familia Bcl-2.
As caspases sdo consideradas as executoras principais da via apoptotica e atuam ativando
DNases, que sdo endonucleases responséveis pela fragmentacdo do DNA internucleossomal a
cada 180-200 pares de bases.

A progressdo da apoptose pode ser dividida nas fases de iniciagdo, execugdo e
terminacdo. A fase de iniciacdo pode ser promovida por fatores extrinsecos, tais como citocinas,
ativacdo de genes promotores de apoptose e proteinas virais ou pela remogdo de fatores de
crescimento. A morte celular também pode ser induzida por fatores intrinsecos, tais como o
estresse oxidativo ou irradiagéo. Independentemente dos tipos de fatores envolvidos, ocorre o
envolvimento de uma ou mais caspases de iniciagdo (caspase 8 e 9) (JOHNSON; BRIDGHAM,
2002). A fase de execugdo é caracterizada por mudancas na membrana celular, fragmentacdo
nuclear, condensagdo da cromatina e degradacéo do DNA. Esta fase é considerada irreversivel e
ocorre devido a ativacdo das caspases efetoras (caspase 3, 6 e 7). Finalmente, a fase de
terminacdo consiste na fagocitose de corpos apoptoticos fragmentados através de um processo
ndo inflamatério (CELESTINO et al., 2009a). No sentido de evitar a morte celular por
apoptose, existem processos de sobrevivéncia celular que promovem a transcricdo de Varias
proteinas anti-apoptoéticas, tais como alguns membros da familia Bcl-2, que bloqueiam a
progressdo da apoptose em diferentes etapas ao longo deste processo (JOHNSON, 2003). A
familia Bcl-2 compreende tanto membros anti-apoptdticos, como o Bcl-2 e membros pro-
apoptoticos, incluindo Bax, Bid, Bik (MARKSTROM et al., 2002).

A degeneracdo por necrose é considerada uma forma ndo programada de morte celular,
iniciada devido a algum estimulo intenso e de curta duracdo que resulta na quebra da
homeostasia celular (BRAS et al., 2005). Ocorre por mecanismos néo celulares como isquemia,
deficiéncia de niveis de ATP (BATHIA, 2004) ou trauma, levando a danos irreversiveis na
célula (McCULLY et al., 2004). Em injurias isquémicas e/ou hipoxicas, a deplecdo de energia
ocorre devido a uma producdo de ATP deficiente associada a um répido consumo dessa
molécula pelas bombas Na'-K*, bem como devido a sua hidrdlise e perda. O aumento do
volume celular associado com a morte por necrose € iniciado com a entrada de Na* e liberagédo
de ATP devido & ruptura da membrana folicular (PADANILAM, 2003). Severas deple¢des de
ATP levam a falhas no mecanismo de balango da bomba de ions, levando a um influxo de Na* e
agua, o qual resulta no aumento do volume intracelular, cariélise e lise da célula. Em virtude do

envolvimento de elevado nimero de grupos celulares e da perda precoce dos componentes
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citoplasmaticos para o espaco extracelular, a necrose geralmente resulta em resposta
inflamatoria intensa (CARINI et al., 1995).

Diante disso, visando evitar a enorme perda folicular pela atresia, nas Gltimas décadas,
tém sido desenvolvidos varios modelos de cultivo in vitro que possibilitam o estudo dos fatores

que controlam a atresia e estimulam o crescimento folicular.

2.5. MOIFOPA - Cultivo in vitro de foliculos pré-antrais

A MOIFOPA é uma biotécnica da reproducéo que vem sendo aprimorada nos dltimos
tempos e consiste numa das principais ferramentas utilizadas atualmente para a elucidagéo da
foliculogénese inicial. Tal biotécnica tem como principal objetivo resgatar odcitos oriundos de
foliculos pré-antrais, a partir do ambiente ovariano, e posteriormente cultiva-los in vitro até a
maturacéo, prevenindo-os da atresia e possibilitando sua utilizagdo em outras biotécnicas como
FIV, transgénese e clonagem (FIGUEIREDO et al., 2008). Para alcancar esse objetivo é
necessario o desenvolvimento de um sistema de cultivo in vitro ideal para cada etapa do
desenvolvimento folicular, considerando o sistema de cultivo a ser empregado, o método
utilizado para o isolamento folicular, a espécie animal selecionada para o estudo, bem como a
composicéo do meio.

O cultivo in vitro de foliculos pré-antrais, também conhecido como ovario artificial, é
uma importante etapa da MOIFOPA que vem sendo largamente empregada com o intuito de
avaliar o efeito de diferentes substancias, em diferentes concentracdes e em diferentes fases do
desenvolvimento folicular, a fim de mimetizar in vitro os eventos que ocorrem in vivo no ovario
durante a foliculogénese (BOLAND et al., 2001; FORTUNE, 2003). Além disso, o cultivo in
vitro de foliculos pré-antrais € uma ferramenta que permite aperfeicoar o conhecimento bésico
sobre 0s mecanismos envolvidos na foliculogénese ovariana (FIGUEIREDO et al., 2008;
SANCHEZ et al., 2009; ARUNAKUMARI; SHANMUGASUNDARAM; RAO, 2010).

Dessa forma, diversos sistemas de cultivo tém sido desenvolvidos no sentido de
promover o crescimento e garantir a manutencdo da viabilidade de foliculos pré-antrais in vitro
(VAN DEN HURK et al., 2000b). Nesses sistemas de cultivo in vitro, os foliculos ovarianos
podem ser cultivados inclusos no préprio tecido ovariano (cultivo in situ) ou na forma isolada
(cultivo isolado). Aliado a isto, pode ainda ser realizado um cultivo de dois passos associando
esses dois sistemas de cultivo, em que é inicialmente realizado o cultivo dos foliculos

primordiais inseridos em fragmentos de tecido ovariano até a formacdo dos foliculos
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secundarios e em seguida esses foliculos secundarios sdo isolados e cultivados in vitro até a
formacdo dos foliculos antrais (O‘BRIEN; PENDOLA; EPPIG, 2003; TELFER et al., 2008).

O cultivo de foliculos pré-antrais no 6rgédo inteiro foi descrito pela primeira vez em
camundongos fémeas. EPPIG; SCHROEDER (1989) comprovaram a eficicia deste sistema
cultivando foliculos de camundongos fémeas em estagios iniciais por 10 dias antes da
maturagéo in vitro, com obtengdo de um animal nascido. Em roedores, a pequena dimenséo dos
ovérios possibilita o cultivo do d6rgdo inteiro, o que tem sido bastante util para o estudo da
foliculogénese inicial em pequenos mamiferos (FORTUNE, 2003). O’BRIEN et al., (2003)
realizaram cultivo em dois passos e alcangaram uma taxa de 62% de retomada da meiose e 44%
de metéfase Il. Inicialmente, os foliculos primordiais inclusos no ovério inteiro foram
cultivados in vitro por 8 dias, e posteriormente os foliculos crescidos apds esse periodo foram
isolados e cultivados até estagio antral, caracterizando desta forma o cultivo em dois passos.
Estes autores obtiveram grande sucesso com a ativacdo in vitro de foliculos primordiais e a
partir de entéo, o modelo de cultivo em dois passos tem sido avaliado por diferentes grupos de
pesquisadores (TELFER et al., 2008; JIN et al., 2010). Nesta espécie, o cultivo em dois passos
possibilita a manutencdo da interagdo celular entre o estroma e os foliculos nos estagios mais
iniciais garantindo uma boa ativacdo (JIN et al., 2010) e fornecendo em seguida um maior
nimero de foliculos secundérios para a utilizagdo em cultivos isolados (SMITZ et al., 2010).

Por outro lado, as grandes dimensfes dos ovarios de animais domésticos de médio e
grande porte, ndo permite que estes sejam cultivados inteiros. Para estes animais, a primeira
etapa do cultivo em dois passos pode ser mimetizada através o cultivo de pequenos fragmentos
de cortex ovariano (TELFER; McLAUGHLIN, 2011), rico em foliculos primordiais, uma vez
que esse sistema tem sido realizado para o estudo da ativagdo e crescimento de foliculos
primordiais em diferentes espécies como caprinos (SILVA et al., 2004), bovinos (BRAW-TAL,;
YOSSEFI, 1997) e humanos (SCOTT et al., 2004). Embora o cultivo in vitro de foliculos pré-
antrais inclusos em fragmentos ovarianos seja pratico, ndo requeira muito tempo para execucéo,
mantenha a arquitetura tridimensional do foliculo e preserve as interagdes entre foliculos e
células do estroma circundantes, o tecido cortical pode agir como uma barreira a perfusdo do
meio de cultivo, resultando em um crescimento de foliculos primordiais somente até o estagio
de foliculo secundéario (FORTUNE, 2003; MARTINS et al., 2008).

J& o cultivo in vitro de foliculos isolados permite um monitoramento individual dos
foliculos ao longo do cultivo, além de favorecer uma melhor perfusdo do meio para o foliculo.
No entanto, € um procedimento demorado que pode ser afetado pelo método de isolamento

folicular (mecénico ou enzimético), além de ser aplicado normalmente para foliculos
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secundérios e ndo para os foliculos menores (primordiais e primérios) (FIGUEIREDO et al.,
2011b). Este sistema pode ser realizado de forma bidimensional (camundongo:
CORTVRINDT; SMITZ; VAN STEIRTEGHEM, 1996), na qual o foliculo é cultivado
diretamente sobre o suporte de plastico ou sobre uma matriz, ou ainda de forma de
tridimensional, na qual o foliculo é incluso em uma matriz, como por exemplo, o colageno
(HIRAO et al., 1994) e o alginato (XU et al.,, 2006; WEST et al., 2007). O cultivo
bidimensional pode ser realizado em microgotas de meio sob 6leo mineral ou em placas de
multipogos que requerem maior volume de meio, porém dispensam o uso de 6leo. Ja o cultivo
tridimensional (em esferas) deve assegurar a manutencdo da arquitetura tridimensional do
foliculo durante seu desenvolvimento in vitro, ser permeavel ao meio permitindo o acesso dos
hormonios e fatores de crescimento as células foliculares e ainda, permitir o crescimento
folicular sem prejudicar sua forma (SMITZ et al., 2010).

Para ambos os sistemas de cultivo de foliculos isolados (bi ou tridimensional), diferentes
métodos mecanicos e/ou enzimaticos tém sido desenvolvidos para a obtencdo de um grande
nimero de foliculos intactos em diferentes espécies (bovinos: FIGUEIREDO et al., 1993;
caprinos: LUCCI et al., 1999; ovinos: CECCONI et al., 1999; ratas: ZHAO, 2000;
camundongos fémeas: PESTY et al., 2007). Apesar do método enzimético de isolamento ser
mais pratico, 0 método mecénico tem sido mais comumente adotado para o isolamento de
foliculos pré-antrais de ovarios bovinos (ITOH et al., 2002), caprinos (ARUNAKUMARI et al.,
2007), ovinos (AMORIM et al., 2000), ratas (ZHAO, 2000) e camundongos fémeas (PESTY et
al., 2007). Tal método tem proporcionado & recuperagdo de um grande nimero de foliculos pré-
antrais, sendo mais utilizado o isolamento pelo tissue chopper para recuperagéo de foliculos
menores que 150 pm de diametro (MARTINEZ-MADRID et al., 2004), a microdissecgdo para
obtencdo de foliculos com didmetro igual ou superior a 150 um (LEE et al., 2007) ou ainda a
associacdo de ambas as técnicas (GUPTA et al., 2008). Além disso, o isolamento mecénico
mantém a integridade da estrutura folicular, a membrana basal permanece intacta apds o
procedimento e as interacdes odcito-células da granulosa-teca séo mantidas (DEMEESTERE et
al., 2002).

Embora diversos sistemas de cultivo in vitro de foliculos pré-antrais tenham sido
estabelecidos, em todos os protocolos, algumas caracteristicas sdo comuns para otimizar o
crescimento in vitro: o fornecimento de nutrientes, eletrélitos, antioxidantes, aminoéacidos,
substratos energéticos, vitaminas, hormonios e fatores de crescimento (PICTON et al., 2008).
Diante disso, nossa equipe vem testando uma série de substancias no cultivo in vitro de

foliculos pré-antrais caprinos.
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2.5.1. Cultivo in vitro de foliculos pré-antrais caprinos inclusos em fragmentos de

cOrtex ovariano

Os primeiros estudos realizados com o cultivo in situ de foliculos pré-antrais caprinos
tiveram o intuito de estabelecer um meio de base que atendesse as necessidades dessa espécie.
Uma solugéo a base de agua de coco (SBAC), Meio Essencial Minimo (MEM) e adicdo dessas
duas substéancias foi inicialmente empregada para o cultivo de foliculos pré-antrais caprinos, em
que foi verificado que o MEM apresenta as melhores taxas de sobrevivéncia e ativacéo folicular
(SILVA et al., 2004a). Ainda nesse estudo de SILVA et al., (2004a), foi observado que a adi¢éo
de suplementos ao meio de base MEM, como hipoxantina e substratos energéticos, tais como
piruvato e glutamina, e ITS (Insulina, Transferrina e Selénio) foram considerados importantes
para manter a sobrevivéncia de foliculos pré-antrais caprinos cultivados in vitro.

Posteriormente, MATOS et al., (2006) testaram somente a auxina presente na 4gua de
coco, denominado &cido 3-indol acético (IAA), sobre os pardmetros de sobrevivéncia, ativagao
e crescimento de foliculos de foliculos pré-antrais caprinos. Embora o IAA a 20 ou 40 ng/mL
tenha aumentado a ativagdo de foliculos primordiais, estudos ultraestruturais ndo confirmaram a
manutenc¢do da integridade morfolégica (MATOS et al., 2006).

Durante estes experimentos observou-se uma clara necessidade em determinar a melhor
temperatura e tempo de transporte para ovarios caprinos visando um posterior cultivo in vitro,
em virtude do tempo gasto entre a coleta dos ovarios e a chegada ao laboratério. CHAVES et
al. (2008) ao testar diferentes tempos e temperaturas de transporte, verificaram que o transporte
de fragmentos ovarianos resfriados a 4 °C por até 4 h mantém a viabilidade e assegura o
crescimento folicular durante o cultivo in vitro em comparagdo as temperaturas mais altas (20 e
35 °C).

A importancia do uso de antioxidantes tais como o a-tocoferol, ternatina e &cido
ascorbico também foram investigados. Quando o a-tocoferol e a ternatina foram estudados nas
concentragdes de 0, 5, 10 ou 15 uM, verificou-se que esses antioxidantes ndo mantiveram a
integridade ultraestrutural de foliculos pré-antrais caprinos cultivados por 5 dias, bem como néo
tiveram efeito adicional sobre a ativacéo e o crescimento folicular (LIMA-VERDE et al., 2009).
Por outro lado, o &cido ascorbico mostrou ser um importante antioxidante para o cultivo in vitro
de foliculos caprinos por um longo periodo (14 dias). Quando testado o acido ascorbico em
diferentes concentragdes (50 ou 100 pg/mL), sozinho ou associado ao FSH (50 ng/mL), foi

verificado que a adi¢do de 50 ug/mL de acido ascorbico associado ao FSH manteve a
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integridade folicular, além de promover a ativacdo e o crescimento de foliculos pré-antrais
caprinos (ROSSETTO et al., 2009).

Devido ao fato de o soro ser uma substancia rica em nutrientes, hormonios e fatores de
crescimento, foi investigada a importéancia de diferentes origens (soro fetal bovino, soro de
cabra em estro e em diestro) e concentragfes (10 ou 20%) desta substéncia, no cultivo in vitro
de foliculos pré-antrais caprinos. Independente da origem ou concentragdo, o soro ndo manteve
a integridade ultraestrutural de foliculos pré-antrais caprinos cultivados in vitro por 7 dias, além
de n&o ter mostrado efeitos adicionais sobre a ativacdo e o crescimento folicular (BRUNO et
al., 2008).

Diante da importancia dos hormonios e fatores de crescimento ovarianos para a
regulacdo da foliculogénese, seus efeitos também foram investigados em muitos experimentos
com o cultivo in vitro de foliculos pré-antrais caprinos. Uma das substancias mais estudadas em
diversos grupos de pesquisa é a gonadotrofina FSH. Essa gonadotrofina na concentracéo de 50
ng/mL demonstrou manter a integridade morfoldgica, além de estimular a ativacdo de foliculos
primordiais e o crescimento de foliculos pré-antrais caprinos ap6s 7 dias de cultivo (MATOS et
al. 2007a). No entanto, o tipo e a origem do FSH podem influenciar a sobrevivéncia e o
crescimento folicular em caprinos. MAGALHAES et al. (2009a) constataram que o Stimufol
(Universidade de Liege, Liége, Bélgica) é capaz de preservar a ultraestrutura folicular,
enquanto o Folltropin (Tecnopec, Sdo Paulo, Brasil) € eficiente na promocao do crescimento
folicular. Em outro estudo, as diferentes origens de FSH (pituitario e recombinante) em
diferentes concentragfes foram comparadas. Verificou-se que o FSH recombinante (FSHr) foi
mais eficiente do que pFSH, uma vez que 50 ng/mL de FSHr manteve a integridade
ultraestrutural de foliculos pré-antrais caprinos, e ainda promoveu a ativagdo dos foliculos
primordiais e o posterior crescimento dos foliculos cultivados por 7 dias (MAGALHAES et al.,
2009b). SARAIVA et al. (2008) demonstraram que o FSH (50 ng/mL) associado com uma
baixa concentragdo de LH (1 ng/mL) também manteve a integridade ultraestrutural, mas altas
concentragdes de LH (5 ng/mL) associadas ou ndo ao FSH induziram a atresia.

Além das gonadotrofinas, outros horménios como o estradiol (1, 5, 10, 20, 40 pg/mL;
LIMA-VERDE et al., 2010a), GH (10 ng/mL; MARTINS et al., 2010b), insulina (10 ng/mL;
CHAVES et al, 2011) apresentaram efeitos benéficos sobre a sobrevivéncia e o
desenvolvimento folicular. Por outro lado, a androstenediona (1, 10, 50, ou 100 ng/mL) sozinha
ou adicionada de FSH ndo apresentou nenhum efeito adicional sobre a sobrevivéncia de
foliculos pré-antrais caprinos (LIMA-VERDE et al., 2010b).
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A influéncia de varios fatores de crescimento intraovarianos no cultivo in vitro de
foliculos pré-antrais caprinos também foi reportado. Muitas das moléculas sinalizadoras
implicadas na regulagdo do inicio da foliculogénese ja foram testadas por nossa equipe. Muitos
desses fatores de crescimento sdo pertencentes a superfamilia do fator de crescimento
transformante B (ativina, a folistatina, as BMPs -6, -7 e -15 e GDF-9), a familia dos fatores de
crescimento de fibroblastos (FGF-2, FGF-7 e FGF-10), neurotrofinas (VIP e NGF), alem do
fator de crescimento semelhante a insulina-1 (IGF-1), KL, fator de crescimento epidermal
(EGF), fator de crescimento do endotélio vascular (VEGF), fator inibidor de leucemia (LIF). Os
principais resultados obtidos com essas substancias no cultivo de foliculos pré-antrais caprinos
foram sumarizados no quadro 1. Como podemos observar, apesar de foliculos inclusos em
tecido ovariano serem mantidos saudaveis, ativarem e crescerem, poucos desses foliculos
progridem até o estagio de foliculo secundario. Na tentativa de melhorar tais resultados, outras
substancias, isoladamente ou em associagdo, por longo periodo de cultivo (16 dias) e de forma

dindmica vém sendo testadas.
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Quadro 1. Principais resultados obtidos pelo LAMOFOPA com cultivo in vitro de foliculos pré-

antrais caprinos inclusos em tecido ovariano.

Integridade ultraestrutural: FSH ou FSH + FGF-2 (7
d; 50 ng/ml)

Tratamento Duracio Técnica para Efeito/concentracio Referéncia
(substancia/condi¢do) do avaliacdo
cultivo
Agua de coco 5d HC Ausente Silva et al., 2004b
Martins et al., 2005
EGF + pFSH 5d HC e IHQ Ausente Silva et al., 2004a
IAA 5d HC e MET Ativacdo e crescimento: 20 ng/ml Matos et al., 2006
Ativina 5d HC Sobrevivéncia e crescimento: 100 ng/ml Silva et al., 2006
FGF-2 5d HC e MET Sobrevivéncia, ativacdo e crescimento: 50 ng/ml Matos et al., 2007a
FSH 7d HC e MET Sobrevivéncia, ativacdo e crescimento: 50 ng/ml Matos et al., 2007b
Soro fetal 7d HC e MET Ausente Bruno et al., 2008
bovino/cabra estro
GDF-9 7d HC e MET Sobrevivéncia e ativacdo: 200 ng/ml/ Foliculos Martins et al., 2008
secundarios (23%)
LH ou LH + pFSH 7d HC e MET Sobrevivéncia e crescimento: 1 ng/ml (LH) ou 1 Saraiva et al., 2008
ng/ml (LH) + 50 ng/ml (FSH)
Temp. transporte (4, 7d HC e MET Sobrevivéncia, ativacdo e crescimento: 4 °C por Chaves et al.,, 2008
20, 35°C) até 4 h
A-tocoferol e 5d HC e MET Ausente Lima-Verde et al., 2009
ternatina
VEGF 7d HC e MET Sobrevivéncia: 200 ng/ml e Crescimento: 10 Bruno et al., 2009
ng/ml
EGF 7d HC e MET Sobrevivéncia e ativacdo: 1 ou 10 ng/ml Celestino et al., 2009
Acido ascérbico com 14d HC e FLUO Sobrevivéncia, ativagdo e crescimento: 50 pg/ml Rossetto et al., 2009
ou sem pFSH acido ascérbico + FSH
FSH porcino x FSH 7d HC e MET Sobrevivéncia, ativacdo e crescimento: 50 ng/ml Magalh3es et al., 2009
recombinante FSHrec
KL 7d HC e MET Sobrevivéncia, ativagao e crescimento: 50 ng/ml Celestino et al., 2010
VIP 7d HC e MET Sobrevivéncia e crescimento: 10 ng/ml Bruno et al., 2010
Estradiol sem ou com 7d HC e MET Sobrevivéncia, ativacdo e crescimento: 1pg/ml Lima-Verde et al., 2010a
pFSH estradiol + FSH
IGF-1 7d HC e FLUO Sobrevivéncia e ativagdo: 50 ng/ml Martins et al., 2010b
GDF-9 + IGF-1 + GH 7d HC e FLUO Sobrevivéncia, ativagdo e crescimento: interagdo Martins et al., 2010a
GDF-9 (200 ng/ml); IGF-1 (50 ng/ml); GH (100
ng/ml)
BMP-7 7d HC e MET Sobrevivéncia: 1 ng/ml Aratjo et al., 2010
Androstenediona 7d HC e FLUO Sobrevivéncia e ativacdo: 50 ng/ml Lima-Verde et al,, 2010b
NGF 7d HC, MET e FLUO Sobrevivéncia: 1 ng/ml Chaves et al., 2010a
FGF-10 7d HC, MET e FLUO Sobrevivéncia e crescimento: 50 ng/ml Chaves et al., 2010b
BMP-15 7d HC, MET e FLUO | Sobrevivéncia e crescimento: 100 ng/ml/ Foliculos Celestino et al., 2011
20 (17%)
KGF (FGF-7) 7d HC e MET Sobrevivéncia: 1 ng/ml Faustino et al., 2011
LIF 7d HC e FLUO Sobrevivéncia e ativacdo: 10 e 50 ng/ml Nobrega Jr. et al., 2011
Meio dindmico: KL + 16d HC e MET Sobrevivéncia, ativacdo e crescimento: 50 ng/ml Limaetal., 2011
FSHrec (ambos)
FGF-2 + pFSH 21d HC e MET Sobrevivéncia e ativacdo: FSH (28 d; 50 ng/ml) Matos et al., 2011

Adaptado de CELESTINO, 2010b.

Nota: HC - histologia classica; MET - microscopia eletrénica de transmissdo; FLUO -

microscopia de fluorescéncia.
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2.5.2. Cultivo in vitro de foliculos pré-antrais caprinos isolados

Paralelo aos experimentos com cultivo in vitro de fragmentos ovarianos, experimentos
voltados para o cultivo de foliculos pré-antrais isolados em categorias mais avancadas vém
sendo realizados, com o0 objetivo de manter a viabilidade, promover a formacéo da cavidade
antral, estimular o crescimento e capacitar os o6citos inclusos nesses foliculos a serem
maturados e fecundados in vitro. Embora o nimero de resultados obtidos até o momento com
esse sistema e nesta espécie ainda seja pequeno, bons resultados tém sido alcancados, inclusive
com a obtencdo dos primeiros embrifes caprinos gerados a partir de foliculos pré-antrais
crescidos in vitro.

Até pouco tempo, os melhores resultados haviam sido demonstrados por ZHOU;
ZHANG (2000), que mostraram ser possivel cultivar foliculos primérios e secundérios caprinos
isolados (50-150 pum de diametro) até o estdgio secundario e antral, respectivamente.
Posteriormente, RAJARAJAN et al. (2006) demonstraram que o FSH estimulou o
desenvolvimento de pequenos foliculos pré-antrais, enquanto EGF, TGF-a e IGF-II
estimularam o crescimento de pequenos (40-60 pum) e grandes (61-100 um) foliculos pré-
antrais caprinos. No entanto, os avangos mais significativos no que se refere ao cultivo de
foliculos secundarios caprinos (didmetro >150 pm) foram obtidos recentemente através de
estudos realizados pela equipe de FIGUEIREDO et al. (2011a). Tais resultados se encontram
resumidos no quadro 2.

Os primeiros trabalhos executados por nossa equipe foram direcionados para o
desenvolvimento de um meio de cultivo in vitro adequado para o crescimento dos foliculos
secundarios e posterior maturacgao de seus odcitos, visando a produ¢édo de um grande nimero de
odcitos aptos a serem fertilizados e produzirem embrides saudaveis. Para tanto, indmeras
substancias foram testadas simultaneamente, de modo que o0s avangos obtidos eram
incorporados imediatamente aos trabalhos em curso. De forma gradativa, foram obtidos
resultados satisfatorios, os quais implicaram inicialmente na definicdo da melhor tenséo de
oxigénio (20%; SILVA et al., 2010) e no melhor intervalo de trocas de meio (a cada 2 dias para
a espécie caprina; MAGALHAES et al., 2011). A partir destes resultados, foi possivel a
obtencdo de antro, crescimento folicular e oocitario e retomada de meiose dos 00citos
provenientes de foliculos pré-antrais caprinos (SILVA et al., 2010; MAGALHAES et al.,
2011).

Outro estudo testou ainda a influéncia de diferentes condi¢Ges de troca de meio sobre o

desenvolvimento in vitro de foliculos pré-antrais caprinos cultivados por 18 dias. Nesse estudo
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foi testado trés diferentes regimes de troca: T1 (remogdo de meio seguida da adi¢cdo do mesmo
volume de meio fresco a cada troca); T2 (somente adicdo de meio fresco a cada troca) e T3
(remogdo de meio seguida da adicdo de 5 pl a mais de meio fresco a cada troca, ou seja,
aumento de 5 pl do volume final em cada troca). Como concluséo, foi observado que embora o
T3 tenha sido tdo bom quanto o T2 no pardmetro de crescimento folicular, o T2 (adigdo
periddica de meio) foi o procedimento recomendado por ser mais pratico, manter a
sobrevivéncia, aléem de promover o desenvolvimento in vitro de foliculos pré-antrais caprinos,
com uma superior percentagem de odcitos destinados & MIV quando comparado as demais
condicbes (ARAUJO et al., 2011).

A utilizagdo do &cido ascorbico (50 pg/mL) também se mostrou muito importante para a
manutenc¢do da viabilidade e desenvolvimento apds cultivo. Além disso, esse antioxidante pode
ter participado do processo de remodelamento da membrana basal, devido a sua agdo
regulatdria sobre a metaloproteinase 9 (SILVA et al.,, 2011). A albumina sérica bovina na
concentracdo de 3 mg/mL foi responsavel pela formagdo da cavidade antral, melhor
desenvolvimento folicular e oocitério, com o6citos meioticamente competentes apds 24 dias de
cultivo in vitro (RODRIGUES et al., 2010b).

Outras formas de cultivo também foram testadas (individual ou em grupo, com ou sem
FSH, na presenca ou auséncia de foliculos antrais). DUARTE et al. (2010) observaram que na
auséncia do FSH, o cultivo de foliculos pré-antrais em grupo (3 foliculos por microgota)
aumentou as taxas de sobrevivéncia e crescimento em relacdo aos foliculos cultivados
individualmente por 24 dias. Por outro lado, na presenca de FSH (1000 ng/mL), esses
pardmetros ndo foram afetados, mas foi observado um incremento no nimero de odcitos
crescidos e que retomaram a meiose quando os foliculos foram cultivados em grupo.
Finalmente, na presenca do FSH (1000 ng/mL), o cocultivo de um foliculo pré-antral com um
foliculo antral afetou negativamente a sobrevivéncia e o crescimento folicular. Por outro lado, o
cultivo de foliculos pré-antrais em grupo mostrou taxas superiores de sobrevivéncia e
crescimento em relacdo aos foliculos cultivados individualmente, além de 9.1% de retomada da
meiose. No entanto, essa percentagem também foi muito baixa, o que refletiu a necessidade de
melhorar tal sistema de cultivo. Utilizando ainda esse horménio, em outro estudo foi verificado
que o FSH na presenca de 10% de soro fetal bovino teve um importante papel no crescimento
folicular, ndo sé na espécie caprina, mas também na espécie ovina, apds 18 dias de cultivo
(RODRIGUES et al., 2010D).

Na tentativa de melhorar o sistema até entdo empregado, e sabendo que os foliculos

possuem diferentes niveis de exigéncias nos diferentes estidgios de desenvolvimento, foi
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desenvolvido um meio de cultivo sequencial utilizando FSH. Esse hormonio foi utilizado em
concentragdes crescentes ao longo do cultivo (FSH 100 ng/mL- dia 0 a 6; FSH 500 ng/mL- dia
6 a 12; FSH 1000 ng/mL- dia 12 a 18) e resultou em melhores taxas de sobrevivéncia e
formacdo do antro, além de reduzir as taxas de extrusdo precoce de o6citos (SARAIVA et al.,
2011). Diante desse resultado promissor, novos experimentos foram delineados utilizando o
meio com adi¢do de FSH sequencial como base.

Outro estudo recente demonstrou que EGF e o FSH promoveram o crescimento de
foliculos secundérios caprinos isolados cultivados por 6 dias (CELESTINO et al., 2011). Aliado
a esse estudo, a adicdo de LH nas concentracdes de 50 e 100 ng/mL ao meio de base
(sequencial) foi testada, e foi detectado que as duas concentragdes melhoram as taxas de
retomada da meiose em relacdo ao controle (meio sequencial sozinho) (SARAIVA et al., dados
ndo publicados). De fato, a partir da utilizagdo de um meio de base que continha FSH
sequencial suplementado com LH (100 ng/mL) e EGF (100 ng/mL) (SARAIVA et al., 2010) ou
GH (50 ng/mL) (MAGALHAES et al., 2011), foi possivel a obtencio dos primeiros embrides
caprinos oriundos de foliculos secundarios isolados crescidos, maturados e fecundados in vitro.

Apesar desses resultados promissores, novos ajustes devem ser realizados nesse
protocolo visando aumentar o nimero de odcitos maturados para serem empregados em outras
biotecnologias. Nesse sentido, foi observado que estudos com foliculos pré-antrais em
diferentes espécies vém empregando concentragdes mais baixas de insulina (proximas a
fisioldgica) (SMITZ et al., 2010; McLAUGHLIN et al., 2010; ROMERO et al., 2011). Em
caprinos, verificou-se que a utilizagdo de insulina a 10 pg/mL (ITS) ndo foi capaz de manter a
ultraestrutura folicular ap6s 7 dias de cultivo in situ (CHAVES et al. 2010a; FAUSTINO et al.
2011). Além disso, ACEVEDO; DING; SMITH, (2007) afirmaram que concentracdes
suprafisiologicas de insulina prejudicam o desenvolvimento oocitério. Diante disso, surgiu o
questionamento se uma concentragdo mais baixa de insulina seria capaz de manter a
ultraestrutura folicular em caprinos e ndo prejudicar a competéncia oocitaria. A idealizagéo
deste estudo tornou-se um dos focos da presente tese resultando no trabalho que constitui o
capitulo 9 da mesma. Nesse estudo, observou-se que o emprego de uma concentragdo 1000
vezes mais baixa de insulina (10 ng/mL) adicionada com FSH sequencial foi melhor para
manter a sobrevivéncia, estimular o crescimento folicular e aumentar as taxas de retomada da
meiose quando comparada a concentragdo utilizada no ITS (10 pg/mL) e dos demais
tratamentos testados nesse estudo (CHAVES et al., dados ndo publicados). Essa descoberta
ajudard a melhorar os resultados com o cultivo folicular, sem prejudicar o desenvolvimento do

o6cito e reduzindo os custos com a preparagdo do meio.
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Apesar dos grandes avangos obtidos, o rendimento referente & produgdo de odcitos

maturos, bem como a obtencdo de embrides a partir de foliculos pré-antrais caprinos isolados

ainda é extremamente baixo, o que refor¢a a necessidade de melhorar tal sistema de cultivo.

Quadro 2. Principais resultados obtidos pelo LAMOFOPA com cultivo in vitro de foliculos pré-

antrais caprinos isolados.

50 ng/ml

Tratamento Duracdo Técnica para Efeito/concentracdo Referéncia
(substancia/condigdo) do cultivo avaliacdo

5 ou 20 % Oxigénio 18d MORF e Formagé&o de antro, crescimento e retomada da Silva et al., 2010
FLUO meiose: 20% O,

Regime de troca (2 ou 6 d) 24d MORF e Viabilidade, formagdo de antro e crescimento Magalhdes et al., 2010
FLUO oocitdrio : trocaacada 2d

BSA (1,25 ou 3 mg/ml) 24d MORF e Formagdo de antro, desenvolvimento folicular Rodrigues et al., 2010
FLUO e o6citos maturados: 3 mg/ml

Cultivo individual ou grupo, 24d MORF e Viabilidade e crescimento: em grupo, sem FSH e Duarte et al,, 2010

com ou sem FSH e/ou FLUO com antral

foliculo antral Retomada da meiose: grupo, com FSH

FSH sequencial (T1: 100, 18d MORF e Viabilidade, formagéo de antro e retomada da Saraiva et al., 2010

500, 1000 ng/mle T2: 100 e FLUO meiose: T1 (DO-6: 100 ng/ml; D6-12: 500 ng/ml;

500 ng/ml) D12-18: 1000 ng/ml FSH)

LIF (10 ou 50 ng/ml) na 18d MORF e Sobrevivéncia e formac&o de antro: LIF (10 Luz et al.,, 2010

auséncia ou presenca de FLUO ng/ml)

FSH Retomada da meiose e maturacdo: LIF (50 ng/ml)

+ FSH

FSH sequencial (T1) + EGF + 18d MORF e Retomada meiose e obtengdo de morula: FSH Saraiva et al., 2010

LH FLUO sequencial + EGF + LH (100 ng/ml)

FSH sequencial (T1) + GH (10 18d MORF e Retomada da meiose e obtenc¢do de morula: FSH Magalhdes et al., 2010

ou 50 ng/ml) FLUO sequencial + GH (50 ng/ml)

FGF-2 12d Morfoldgica Crescimento folicular: 50 ng/ml Almeida et al., 2011a

GDF-9 (100 ou 200 ng/ml), 18d MORF e Viabilidade, formacdo de antro e retomada da Almeida et al., 2011b

na auséncia ou presenca de FLUO meiose: GDF-9 (100 ng/ml) sem FSH

FSH

Regimes de troca de meio 18d MORF e Viabilidade, crescimento e retomada da meiose: Aratjo etal.,, 2011

(T1: remocdo e adicdo; T2: configuragdo T2 (adigéo periodica de meio)

adicdo de 5 ul; T3: remogdo da cromatina

e adiciocom 5l a

EGF (10 ng/ml) na auséncia 6d Morfoldgica Formac&o de antro, Celestino et al., 2011

ou presenca de FSHrec (100 crescimento: EGF + FSH

ng/ml)

KL (50 ou 100 ng/ml) na 18d MORF e Viabilidade, formacdo de antro e retomada da Limaetal., 2011

auséncia ou presenca de FLUO meiose: KL (50 ou 100 ng/ml) sem FSH

FSH sequencial

Momento da adigdo de LH 18d MORF e Viabilidade e retomada da meiose: adicdo LHa Silvaet al,, 2011

100 ng/ml (0,6 0u 12d) FLUO partir do dia 6 de cultivo

Acido ascérbico (50 ou 100 18d MOREF, FLUO, Viabilidade, formagdo de antro, crescimento, Silva et al., 2011

ng/ml) PCR aumento da expressao de metaloproteinases: AA

Adaptado de CELESTINO, 2010b.
Nota: MORF — morfologia; FLUO - fluorescéncia.
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2.6. Estado atual do cultivo in vitro de foliculos pré-antrais em diferentes espécies

Um notével progresso tem sido observado no cultivo in vitro de foliculos pré-antrais em
diferentes espécies animais. Os resultados mais satisfatorios foram obtidos a partir de estudos in
vitro com o cultivo de foliculos pré-antrais de camundongos fémeas, 0s quais demonstraram
que é possivel a obtencdo de crias vivas a partir de odcitos oriundos de foliculos cultivados in
vitro (O’BRIEN; PENDOLA; EPPIG, 2003; HASEGAWA et al., 2006). Ja em animais de
producdo, como caprinos (SARAIVA et al., 2011; MAGALHAES et al., 2011), ovinos
(ARUNAKUMARI; SHANMUGASUNDARAM; RAO, 2010), bubalinos (GUPTA et al.,
2008) e suinos (HIRAO et al., 1994; WU; EMERY; CARRELL, 2001), o cultivo in vitro de
foliculos secundérios resultou na produgdo de odcitos maturos, os quais foram fecundados in
vitro gerando embries. Contudo, a quantidade de embrides produzidos a partir de odcitos
provenientes de foliculos pré-antrais crescidos in vitro ainda é limitado nestas espécies. Na
espécie bovina (GUTIERREZ et al., 2000; ITOH et al., 2002), humana (ROY; TREACY, 1993)
e canina (SERAFIM et al., 2010), foliculos pré-antrais isolados foram cultivados in vitro e se
desenvolveram somente até o estagio antral. Em gatas (JEWGENOW; STOLTE, 1996), gambés
(BUTCHER; ULLMANN, 1996) e macacas (FORTUNE et al., 1998), j& foi observado o
crescimento de foliculos pré-antrais isolados apds o cultivo in vitro, porém sem a formacgéo de
antro, o que reflete diretamente a dificuldade da técnica e a diferenca entre as espécies.

O limitado conhecimento sobre a regulagéo das diferentes etapas da foliculogénese e das
condigBes necessarias para o crescimento, diferenciacdo e maturacdo dos odcitos sdo as
principais causas do limitado sucesso na obtencdo de crias a partir de foliculos pré-antrais
cultivados in vitro em animais domésticos. Uma revisdo mais detalhada sobre a maturacdo
oocitaria é apresentada no capitulo 1 da presente tese. O presente desafio é determinar
condi¢Bes de cultivo apropriadas para dar suporte a transicdo de foliculos primarios para
secundérios in vitro, visto que esta fase apresenta alta sensibilidade a degeneracdo em virtude
da alta atividade biosintética e consumo de nutrientes, sendo a composi¢cdo do meio um
importante fator para a obtencdo de sucesso durante o cultivo in vitro de foliculos pré-antrais
(WANDIJI et al., 1997).
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2.7.  Importancia da composicao do meio de cultivo no desenvolvimento de foliculos pré-

antrais

A eficiéncia do cultivo in vitro de foliculos pré-antrais pode ser afetada por diversos
fatores, incluindo a espécie animal, tipo de sistema de cultivo (bi ou tridimensional), pH,
temperatura, tensdo de oxigénio e principalmente pela composicdo do meio, o qual deve
garantir o fornecimento adequado de nutrientes, eletrdlitos, antioxidantes, aminoécidos,
substratos energéticos, vitaminas, fatores de crescimento e hormonios (FORTUNE, 2003;
PICTON et al., 2008). Diferentes meios comerciais podem ser utilizados para o cultivo de
foliculos ovarianos in vitro. Dentre os meios de cultivo de base utilizados para foliculos pré-
antrais, destacam-se o Meio Essencial Minimo (MEM) (SILVA et al., 2004b; MATOS et al.,
2007a), o Meio de Cultivo Tecidual 199 (TCM 199) (RAJARAJAN et al., 2006) e os meios
Waymouth (MURUVI et al., 2005) e McCoy's (TELFER et al., 2008).

Estudos tém demonstrado que a adi¢do de diferentes suplementos ao meio de cultivo,
como piruvato, glutamina, hipoxantina e ITS (Insulina, Transferrina e Selénio), aumentou o
percentual de foliculos morfologicamente normais e estimulou o crescimento folicular (SILVA
et al., 2004b; DEMEESTERE et al., 2005). A insulina é normalmente adicionada ao meio de
cultivo como fator de sobrevivéncia, permitindo um melhor aproveitamento das fontes de
energia do meio e aumentando os precursores metabolicos como amino&cidos e glicose (LI1U et
al., 2002). Os antioxidantes, selénio e transferrina, séo relatados como importantes substancias
a serem adicionadas ao meio. Alguns autores sugerem que o processo de maturacdo folicular
esta relacionado aos altos niveis de transferrina e seus receptores na célula e que o selénio pode
ser adicionado ao meio de cultivo para ativar enzimas envolvidas na detoxificacdo e eliminagéo
de radicais livres (DEMEESTERE et al., 2005). Além disso, tem-se observado que o &cido
ascorbico, importante antioxidante, também atua beneficamente sobre a foliculogénese,
promovendo uma reducéo da apoptose em foliculos pré-antrais de camundongos (MURRAY et
al., 2001) e estimulando a manutencéo da viabilidade folicular em caprinos (ROSSETTO et al.,
2009) apos cultivo de longa duracéo.

Diante dessa complexidade de eventos durante a foliculogénese, em que é possivel
observar a participagdo de diferentes substancias, diversas pesquisas tém sido realizadas em
diferentes espécies. Essas pesquisam objetivam determinar o melhor modelo de cultivo in vitro,
baseado na morfologia, ultraestrutura e viabilidade dos foliculos pré-antrais, podendo dispor de
vérias técnicas de anélise folicular. Nesse contexto, e com o intuito de estudar o efeito de

importantes fatores de crescimento no desenvolvimento folicular em caprinos, experimentos
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com cultivo in vitro de foliculos pré-antrais foram realizados nesta espécie utilizando as

substancias NGF, FGF-10 e insulina, os quais serdo abordados nos Capitulos 6 a 9 desta tese.

2.8.  Técnicas para anélise folicular apds cultivo in vitro

A utilizacdo de técnicas para a avaliagdo da qualidade de foliculos pré-antrais antes e
apoés o cultivo in vitro permite 0o monitoramento das alteracdes ocorridas in vitro, sendo,
portanto, de grande importancia para a melhoria dos sistemas de crescimento in vitro de
foliculos pré-antrais. Dentre as diferentes técnicas disponiveis, podemos destacar aquelas que
permitem a avaliagdo da qualidade folicular, como por exemplo, a histologia classica (HC), a
microscopia eletronica de transmissdo (MET) e a microscopia de fluorescéncia. Além disso,
existem ainda as técnicas de biologia molecular que permitem o estudo da expressdo de genes
que codificam ligantes e/ou receptores de diferentes substancias importantes para a
foliculogénese, contribuindo para uma melhor elucidacdo desse processo. A seguir, serd

abordada brevemente cada uma dessas técnicas.

2.8.1. Histologia classica

A histologia classica (HC) é uma técnica importante para avaliacdo de foliculos pré-
antrais antes e apos cultivo in vitro, pois além de permitir uma analise quantitativa, ou seja, de
um grande nimero de foliculos cultivados, permite ainda verificar a mudanga na morfologia das
células da granulosa de pavimentosa para cubica, por ocasido da ativagdo folicular, além de
analisar a integridade morfol6gica do o6cito e das células da granulosa (MATOS et al., 2007b).
Tal técnica emprega normalmente a coloracdo com hematoxilina-eosina ou acido periédico de
Schiff-hematoxilina e permite a classificacdo dos foliculos quanto ao seu estagio de
desenvolvimento (primordial, transi¢do, primario ou secundério), e ainda quanto as suas
caracteristicas de integridade morfoldgica (normais ou atrésicos). Entretanto, a HC possui como
desvantagens ndo permitir a avaliacdo da integridade de membranas e das organelas
citoplasmaticas (GOSDEN, 2000). Vale salientar que tal técnica pode ser realizada tanto em
foliculos inclusos em fragmentos de cdrtex ovariano, como em foliculos isolados. Nesse Gltimo
caso, para que os foliculos isolados ndo sejam perdidos durante o processamento histologico,
uma opgéo seria que 0s mesmos fossem previamente encapsulados em uma matriz de alginato e
em seguida corados com azul de alcian para marcacdo de glicoproteinas (PARSHAD; KAURR,;
NATT, 2008).
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Estudos realizados mostraram que a HC pode dar resultados similares aos de viabilidade
folicular utilizando marcadores fluorescentes como a calceina e o corante azul de tripan
(AMORIM et al., 2003; ROSSETTO et al., 2009). Além disso, outro estudo relatou ainda que a
HC pode ser utilizada para avaliar a morte da célula por necrose, atraves da visualizagdo da
presenca de vactolos (MARTINEZ-MADRID et al., 2007).

2.8.2. Microscopia eletronica de transmisséo

O microscopio eletronico de transmissdo (MET) é um equipamento versétil que permite
a obtencdo de informacdo estrutural e quimica de amostras diversas. Um feixe de elétrons
atravessa uma amostra ultrafina e gera particulas e radiacdo que podem ser usadas para formar
uma imagem ampliada (superiores a 10° vezes) ou realizar analise quimica da amostra
(JUNQUEIRA, 2004). Desta forma, a MET é considerada uma técnica qualitativa e acurada,
capaz de permitir a avaliagdo da integridade de membranas celulares e organelas
citoplasmaticas (SALEHNIA; MOGHADAM; VELOJERDI, 2002).

A MET se mostra como uma ferramenta valiosa para detectar modificagdes
morfoldgicas iniciais devido & atresia, as quais podem ser observadas apenas a nivel
ultraestrutural, antes de se tornarem mais visiveis e possiveis de serem identificadas por
microscopia Optica. Tal técnica €, portanto capaz de verificar a qualidade do odcito e das
células da granulosa (LUCCI et al., 2001; LOPES et al., 2009; CHAVES et al., 2010a). Com
esta técnica, é possivel ainda avaliar a atresia, ou seja, a morte do foliculo tanto por apoptose
(STALDEMANN; LASSMAN, 2000) como pelo processo degenerativo de necrose
(MARTINEZ-MADRID et al., 2007).

2.8.3. Microscopia de fluorescéncia

Outra técnica empregada para avaliar a viabilidade folicular ap6s o cultivo in vitro é a
microscopia de fluorescéncia, a qual utiliza marcadores fluorescentes, que quando excitados
com radiacdo de baixo comprimento de onda, absorvem energia e emitem luz de comprimento
de onda maior (JUNQUEIRA; CARNEIRO, 2005). A microscopia de fluorescéncia é
considerada uma técnica confidvel, prética e rapida (LOPES et al., 2009). Recentemente,
estudos vém sendo realizados empregando a técnica de fluorescéncia para avaliar a viabilidade
folicular apés o cultivo in vitro (ROSSETTO et al., 2009; SILVA et al., 2010; BRUNO et al.,

2010). Nesses trabalhos, os foliculos e/ou odcitos foram analisados por fluorescéncia tendo
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como base a deteccdo simultanea de células vivas e mortas marcadas por calceina acetoximetil
(calceina-AM) e pelo etidio homodimero-1 (EthD-1), respectivamente.

A calceina-AM é um diéster fluorogénico que atravessa passivamente a membrana
celular, quando entdo é convertido por esterases intracelulares (ativas somente em células
integras), a seu analogo negativo, impermeavel e de fluorescéncia verde, também conhecido
como calceina (DE CLERCK et al., 1994). Com a perda da integridade ou aumento da
permeabilidade da membrana, a atividade esterasica cessa e o EthD-1 reage com os &cidos
nucléicos, produzindo fluorescéncia vermelha (VAN DEN HURK et al., 1998). Assim, a
calceina permite a verificagdo da viabilidade celular através da diminuicdo da atividade
esterasica, enquanto EthD-1 permite constatar as alteragGes fisicas e quimicas na membrana
celular verificadas na membrana danificada, com elevacéo de 40 vezes em sua fluorescéncia a
medida que se associa a acidos nucléicos (LOPES et al. 2009).

A microscopia de fluorescéncia é ainda empregada no intuito de avaliar a configuracéo
da cromatina de odcitos oriundos de foliculos pré-antrais, indicando assim o estagio mei6tico
alcancado apds terem sido cultivados e maturados in vitro (DUARTE et al., 2010). Para tal
finalidade, utiliza-se marcador Hoechst 33342, que penetra nas células e se intercala entre as

bases nitrogenadas do DNA.

2.8.4. Biologia molecular

As técnicas de biologia molecular podem ser utilizadas antes, durante e apds o cultivo in
vitro de foliculos pré-antrais, com o intuito de identificar e quantificar o local de atuagéo e
producdo de cada substancia (ligante e receptor) envolvida nas diferentes etapas do
desenvolvimento folicular. De fato, muitos papéis das células foliculares ovarianas relacionados
a sobrevivéncia, ao crescimento e a diferenciacdo sdo refletidos na alteracdo dos padrdes da
expressdo génica. Desta forma, a capacidade de quantificar os niveis de transcricdo de genes
especificos é fundamental para qualquer investigacdo das funcdes foliculares (ZAMORANO;
MAHESH; BRANN, 1996). Seu conjunto de técnicas fundamenta-se principalmente no estudo
das interagBes entre os varios mecanismos celulares, partindo da relacéo entre 0 DNA, o RNA e
a sintese de proteinas, e 0 modo como essas interagdes sao reguladas.

Dentre as técnicas de biologia molecular, podem ser citadas aquelas que detectam,
localizam ou identificam os &cidos nucléicos (hibridizacdo in situ, Southern e Northern
Blotting) ou proteinas (Western Blotting), as que podem efetuar a quantificagdo do DNA
(Reagéo de Cadeia de Polimerase - PCR) ou do RNA (Reagédo de Transcriptase Reversa de
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Cadeia de Polimerase - RT-PCR), as que permitem a quantificacdo da expressdo do RNAm
mesmo em uma mistura complexa de RNA total (ensaios de protecéo de ribonuclease) ou que
possibilitam a andlise da expressdo de milhares de genes simultaneamente (Microarranjos de
DNA) (ALMEIDA et al., 2010). No entanto, estes métodos tém sua utilizacdo limitada devido
ao elevado custo (BUCHER, 1999).

Apesar dos custos, dois desses métodos desenvolvidos para mensurar 0s transcritos tém
adquirido muita popularidade e séo frequentemente aplicados. A analise de microarranjos, que
permite uma andlise em paralelo de milhares de genes em duas popula¢gdes de RNA marcados
(SCHENA et al., 1995), e o RT-PCR em tempo real (qQRT-PCR), que fornece uma mensuragao
simultanea da expressdo génica em diferentes amostras para um nimero limitado de genes, e é
especialmente desejavel quando apenas um pequeno numero de células estd disponivel
(KREUZER; MASSEY, 2002). Ambas as técnicas tem a vantagem da velocidade e alto
potencial de automagdo quando comparada a métodos tradicionais de quantificacdo, como as
analises de Northern blotting, hibridizacdo in situ e ensaio de protecdo de ribonuclease
(ALMEIDA et al., 2010).

Apos a extragdo do RNAm a partir de foliculos ovarianos, e sua posterior conversao em
DNA complementar (DNAc), a DNA polimerase realiza a sintese de milhGes de copias deste
DNAC através de ciclos com diferentes etapas térmicas, caracterizando o principio fundamental
da técnica que é a amplificacdo do DNA. Esse método utiliza um sistema fluorescente em
plataforma, capaz de detectar a luz oriunda da reagdo de amplificagédo de um determinado gene
no momento real da amplificacdo (BUSTIN, 2002). Através da técnica de qRT-PCR e da RT-
PCR convencional, ja foi possivel identificar a presenca de diferentes substancias, como
hormonios e fatores de crescimento, presentes em foliculos ovarianos caprinos (SILVA et al.,
2004b, 2005, 2006; CELESTINO et al., 20103, 2011; SARAIVA et al., 2011).

2.8.5. Dosagem de estradiol

O 17B-estradiol é o estrogeno biologicamente ativo produzido pelo ovario apresentando
controle, através do hipotalamo, sobre a liberacdo de FSH e LH. O estradiol é sintetizado por
enzimas esteroidogénicas como o citocromo P450scc nas células da teca e pelo citocromo
P450aromatase nas celulas da granulosa. Essas enzimas realizam a conversdo de colesterol a
pregnenolona e a sintese de estradiol a partir de precursores de andrdgenos, respectivamente
(TAMURA et al., 2007).
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Em ruminantes, a androstenediona é o substrato preferido para producéo de estradiol, e é
convertido pelo complexo enzimatico P450 aromatase (P-450AROM) (CONLEY; BIRD,
1997). Em bovinos, a expresséio do RNAm para P-450AROM foi amplamente detectada
especificamente em células da granulosa de foliculos antrais saudaveis. Essa expressdo aumenta
ao longo do desenvolvimento folicular e diminui drasticamente em foliculos atrésicos (BAO et
al., 1997). Estudos in vitro com celulas da granulosa de bovinos cultivados em meio livre de
soro demonstram a capacidade do FSH em aumentar tanto a produgdo de estradiol quanto a
expressdo do RNAm da aromatase (SILVA; PRICE, 2000), e este efeito é amplificado pela
presenca do hormonio insulina (SILVA; PRICE, 2002). Desta forma, a concentragdo de
estradiol no meio de cultivo esta correlacionada com o niimero de foliculos em crescimento,
sobrevivéncia e funcionalidade folicular (BEN SAID et al., 2007), sendo, portanto, considerado

como uma importante técnica de avaliagdo do cultivo folicular.
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3. JUSTIFICATIVA

A caprinocultura nos ultimos anos vem despontando no agronegécio brasileiro como
uma opgdo de diversificagdo da producéo, gerando oportunidades de emprego, renda e fixagéo
do homem no campo, o0 que demonstra seu importante papel no contexto da pecuéria brasileira.
Dentre vérios aspectos, a exploracdo de caprinos no Nordeste brasileiro destaca-se pelo seu
efetivo, uma vez que mais de 90% do rebanho nacional sdo explorados nessa regido e por
apresentar material genético com bom potencial para producdo de pele, carne e leite. No
entanto, ainda é insatisfatorio o nivel de desfrute, produtividade e articulagdo do setor primario
da cadeia produtiva em questdo. Esse fato dificulta as melhorias de competitividade e
remuneracao dos proprios produtores, ameacando o pleno desenvolvimento e a sustentabilidade
da atividade. Desta forma, faz-se necessario o desenvolvimento de uma cultura de cooperacgdo
entre os diversos setores da cadeia produtiva, inclusive nos segmentos de pesquisa cientifica
fundamental e aplicada. Esses segmentos visam compreender melhor a fisiologia,
especialmente a reproducéo, promovendo o desenvolvimento e aplicagdo de biotécnicas que
possibilitem uma rapida multiplicagdo de animais geneticamente superiores e,
consequentemente, um aumento na produtividade animal, o que ird melhorar significativamente
a qualidade de vida da populagéo rural dessa regido. Nesse contexto, surge a importancia da
aplicabilidade da biotécnica de MOIFOPA, que visa recuperar um grande nimero de 00citos
inclusos em foliculos ovarianos pré-antrais, resgatando-os da atresia, a fim de promover o seu
crescimento e completa maturagéo por meio do uso de sistemas de cultivo in vitro.

A exequibilidade da biotécnica de MOIFOPA para a producdo de animais vidveis a
partir do crescimento e maturacgéo in vitro de odcitos oriundos de foliculos pré-antrais j& foi
demonstrada na literatura. Apesar da obtencdo de produtos viaveis a partir de foliculos pré-
antrais ja ter sido relatada em animais de laboratério, em animais de producdo este objetivo
ainda ndo foi alcangado. O fator limitante para a producéo in vitro de embrides a partir de
foliculos pré-antrais de animais domésticos é a auséncia de um meio de cultivo eficaz que
assegure a manutencdo da viabilidade, crescimento e completa maturagdo de o6citos inclusos
em foliculos pré-antrais. Além disso, os fatores que regulam o crescimento de foliculos pré-
antrais de animais de producdo ainda sdo pouco compreendidos. Portanto, o desafio atual dos
pesquisadores que trabalham nesta area € o desenvolvimento de um meio de cultivo dindmico
(ovario artificial) que atenda a estes requisitos.

Desta forma, com o intuito de elaborar um sistema eficiente de cultivo in vitro de

foliculos pré-antrais, diferentes formas de cultivo (in situ e/ou isolado) e substancias (fatores de

79



crescimento e/ou horménios) vém sendo testadas no cultivo de foliculos pré-antrais de animais
de laboratdrios e domésticos. Contudo, o efeito do NGF, FGF-10 e da insulina sobre o
desenvolvimento in vitro de foliculos pré-antrais caprinos ainda ndo havia sido avaliado. Dessa
forma, este trabalho podera contribuir para o fornecimento de importantes informagdes a fim de
reduzir as grandes perdas foliculares in vivo, possibilitando o fornecimento de um maior
nimero de odcitos caprinos aptos a serem maturados in vitro. Para este fim, além da técnica de
histologia cléassica, foi empregada a microscopia eletrdnica de transmissdo e microscopia de
fluorescéncia para determinar a qualidade de foliculos pré-antrais caprinos inclusos em
fragmentos ovarianos ou isolados cultivados in vitro e, consequentemente, melhor avaliar a
eficiéncia dos meios de cultivo testados. Além disso, foram realizadas provas de
funcionalidade, as quais foram avaliadas por dosagem hormonal e expressdo génica em

foliculos isolados cultivados.
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4. HIPOTESE CIENTIFICA

Diante do exposto, foram formuladas as seguintes hipoteses:

1) O NGF, o FGF-10 e a insulina mantém, de uma maneira concentragdo-dependente, a
viabilidade folicular e influenciam positivamente a ativacdo e o crescimento de foliculos

primordiais caprinos inclusos em fragmentos de tecido ovariano cultivados in vitro.

2) A insulina, associada ou ndo ao FSH, afeta positivamente a sobrevivéncia, a formagéo
de antro, o crescimento, os niveis de estradiol e a expressdo do RNAm para o0s receptores
de FSH, insulina e P450 aromatase em foliculos secundarios caprinos isolados, permitindo

que seus 00citos se tornem meioticamente competentes.
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5. OBJETIVOS

5.1 Objetivo Geral:

1)

Avaliar o efeito do NGF, FGF-10 e insulina sobre o desenvolvimento de foliculos pré-

antrais caprinos cultivados in vitro.

5.2 Objetivos Especificos:

1)

2)

3)

4)

Estabelecer a curva concentragdo-resposta de NGF, FGF-10 e insulina no cultivo de
foliculos primordiais caprinos inclusos no tecido ovariano, tendo como parametros as

taxas de sobrevivéncia, ativagao e crescimento folicular.

Estabelecer a curva concentragdo-resposta de insulina no cultivo de foliculos
secundérios caprinos isolados, através das taxas de sobrevivéncia, formacéo de antro,
crescimento folicular e oocitario, bem como a retomada da meiose em odcitos oriundos

de foliculos pré-antrais.

Verificar o efeito da insulina, na presenca ou auséncia de FSH, sobre os niveis de
expressdo relativa de RNAm para os receptores de FSH, insulina e P450 aromatase em

foliculos ovarianos caprinos ap6s 18 dias de cultivo.

Analisar a viabilidade folicular através de pardmetros morfoldgicos, ultraestruturais e
por marcacdo fluorescente dos foliculos pré-antrais caprinos cultivados inclusos no
tecido ovariano na presenga de NGF, FGF-10 e insulina, bem como de foliculos
secundarios isolados cultivados na presenca da insulina, com ou sem FSH, além da
analise da funcionalidade dos foliculos isolados através da dosagem de estradiol no meio

de cultivo.
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6. CAPITULO I

Sistemas de cultivo in vitro para o desenvolvimento de o6citos imaturos de mamiferos

(Systems in vitro development of immature oocytes of mammalians)

Periddico: Revista Brasileira de Reprodu¢do Animal, 34: 37-49, 2010.
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Resumo

O ovério mamifero possui um grande estoque de foliculos primordiais, que é uma fonte
potencial de odcitos para a producéo in vitro de embrides. Sendo assim, o desenvolvimento de
sistemas de cultivo in vitro que explorem o grande nimero de o6citos imaturos oriundos de
foliculos pré-antrais de ovarios mamiferos torna-se importante para maximizar o potencial
reprodutivo das fémeas. A presente revisdo aborda os aspectos relacionados aos sistemas de
cultivo in vitro para desenvolvimento de odcitos imaturos oriundos de foliculos pré-antrais,

bem como as técnicas para analisar sua eficiéncia.

Palavras-chave: competéncia mei6tica, crescimento folicular, odcito.
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Resumo

O ovario mamifero possui um grande estoque de foliculos primordiais, que é uma fonte
potencial de odcitos para a producéo in vitro de embrides. Sendo assim, o desenvolvimento de
sistemas de cultivo in vitro que explorem o grande nimero de odcitos imaturos oriundos de
foliculos pré-antrais de ovarios mamiferos torna-se importante para maximizar o potencial
reprodutivo das fémeas. A presente revisdo aborda os aspectos relacionados aos sistemas de
cultivo in vitro para desenvolvimento de odcitos imaturos oriundos de foliculos pré-antrais,

bem como as técnicas para analisar sua eficiéncia.

Palavras-chave: O6cito, competéncia meiotic, crescimento folicular.

Abstract

The mammalian ovary has a large population of primordial follicles, which is a
potential source of oocytes useful for embryo in vitro production. Due to this potential, the
development of in vitro culture systems to exploit the large number of immature oocytes from
the preantral follicles in the mammalian ovary becomes very important to maximize the female
reproductive potential. The present review approaches related aspects of in vitro culture
systems for the development of immature oocytes originated from the preantral follicles, as well

the techniques to analyze their efficiency.

Keywords: Oocyte, meiotic competence and follicular growth.
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Introducéo

A disponibilidade de odcitos é um fator limitante no desenvolvimento de novas técnicas
reprodutivas (Smitz e Cortvrindt, 2002). Os métodos atuais para a producdo in vitro de
embrides sdo dependentes de uma oferta de odcitos competentes, oriundos de grandes foliculos
antrais ou pre-ovulatdrios, que estdo presentes no ovario em numero relativamente reduzido
(Telfer, 1998). Sabe-se que os foliculos pré-antrais representam cerca de 90 a 95% de toda a
populacéo folicular, armazenando assim a maioria dos odcitos presentes em ovarios mamiferos
(Silva et al., 2003). Dessa forma, a possibilidade de desenvolver sistemas de cultivo in vitro que
explorem o grande niimero de odcitos imaturos provenientes de foliculos pré-antrais de ovarios
mamiferos deve ser considerada. Atualmente, hd um crescente interesse em compreender 0s
mecanismos envolvidos na ativacdo e posterior crescimento folicular até a maturagdo dos seus
oocitos (Hemamalini et al., 2003).

A maturagdo in vitro (MIV) é uma técnica que consiste na obtengdo, sob condicdes
artificiais, da maturacdo de odcitos, preparando-os para a fecundagdo e subsequente
desenvolvimento embrionéario (Gongalves et al., 2008). A maturagdo e fecundagéo in vitro de
oocitos originados de foliculos pré-antrais cultivados in vitro tem resultado na produgdo de
embrifes em suinos (Wu e Tian, 2007) e bubalinos (Gupta et al., 2008) e no nascimento de
camundongos (O’ Brien et al., 2003).

Este trabalho ird rever aspectos relacionados ao crescimento oocitario, sistemas de
cultivo in vitro para o crescimento de foliculos pré-antrais, principios e sistemas para maturacdo

in vitro, e técnicas para avaliar a eficiéncia da maturagdo oocitéria.

Caracteristicas do crescimento folicular e oocitario

Ao longo do desenvolvimento folicular, os odcitos passam por diversas modificagdes
morfoldgicas e bioquimicas. Tais eventos, que iniciam com a formacéo do foliculo primordial e
continuam até o momento da ovulagdo, tornam o odcito competente (Brevini-Gandolfi e
Gandolfi, 2001). A aquisicdo da competéncia ocorre de maneira gradual e sincronizada com 0s
eventos foliculares (Bevers et al., 1997), visto que o desenvolvimento do foliculo e seu o6cito
séo eventos paralelos e relacionados funcionalmente (Aguillar et al., 2001).

Durante o estagio de foliculo pré-antral, os o6citos aumentam o volume, passando de
aproximadamente 20 um de didmetro no foliculo primordial para 120 pm no foliculo pré-

ovulatério (Salha et al., 1998), o que esta correlacionado com o incremento do contetdo
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proteico (Schultz e Wassarman, 1977) e acimulo de substancias essenciais para a maturacéo,
fecundacdo e desenvolvimento embrionério pré-implantacdo (Eppig, 1994). A formagdo do
embrido é diretamente dependente dos transcritos produzidos pelo odcito durante os eventos
antes da concepcdo. Durante o crescimento, 0 odcito acumula muitos RNAs mensageiros que
irdo atuar no desenvolvimento embrionario (Nogueira et al., 2006; Feuerstein et al., 2006). As
células da granulosa multiplicam suas camadas e as células tecais se diferenciam do estroma
circundante e ocorre a formagédo das jungBes gap entre o odcito e as células da granulosa. No
citoplasma, desenvolve-se o complexo de Golgi, o reticulo endoplasmatico liso e as goticulas
lipidicas, que assumem uma localizacdo periférica, além da formagéo da zona pelicida e dos
granulos corticais (Van Weeler e Rodgers, 1996).

Apesar de todos esses eventos, 0s odcitos de foliculos pré-antrais ainda séo incapazes de
retomar o desenvolvimento. Entretanto, é nesta fase que sdo sintetizadas moléculas essenciais
para o reinicio da meiose e de componentes do fator promotor da meiose (Goudet et al., 1998).
Além disso, a capacidade dos odcitos de completar todas as etapas do desenvolvimento esta
diretamente relacionada com o tamanho do foliculo (Crozet et al., 1995) e do prdprio odcito
(Hyttel et al., 1997). Desta forma, o desenvolvimento de sistemas in vitro que suportem o
crescimento do odcito ajudaria a identificar alguns fatores essenciais para a aquisicdo de

competéncia do desenvolvimento.
Sistemas in vitro para crescimento dos foliculos pré-antrais
Diferentes métodos de cultivo in vitro tém sido desenvolvidos a fim de se manter a

viabilidade, promover o crescimento de foliculos pré-antrais in vitro e obter odcitos maturos

para producéo in vitro de embrides (PIVE) (Fig. 1).
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ESPECIE Crescimento Embriao Nascimento

Antro

GATA

Jewgenow et al., 1998

MACACA
Nayuduet al., 2003

CADELA
Serafimet al., 2010

VACA
McCaffery et al., 2000

OVELHA

Arunakumariet al., 2010

CABRA
Magalh3esetal., 2010

PORCA
Wuetal,, 2001

BUFALA
Guptaet al., 2008

CAMUNDONGA
O’Brienet al., 2003

Figura 1. Principais avangos obtidos com a utilizacdo de odcitos oriundos de foliculos pré-

antrais de mamiferos cultivados in vitro.

Variagdes nos sistemas de cultivo sdo adotadas, no entanto, em termos de morfologia
folicular e do tipo de contato do foliculo com o substrato (plastico da placa; agar; componentes
da matriz extracelular - colageno, fibronectina, laminina, matrigel; monocamada de células
somaticas) eles podem ser divididos em: (i) cultivos em que o objetivo é manter a estrutura
esférica do foliculo intacta, através da internalizacdo do foliculo no substrato (sistema
tridimensional), e (ii) cultivos que permitem que os foliculos sejam remodelados, uma vez que
o foliculo fica sobre o substrato (sistema bidimensional) (Demeestere et al., 2002; Pangas et al.,
2003; Basso et al., 2007; Figueiredo et al., 2008).

Em cultivos bidimensionais, mesmo que 0s componentes individuais permanecam
funcionais, a arquitetura folicular ndo pode ser mantida, devido a aderéncia e achatamento dos
foliculos ao substrato (Gomes et al., 1999). Como alternativa, pode-se utilizar um sistema
tridimensional, como por exemplo, o cultivo de ovério inteiro ou de seus fragmentos visando
manter a arquitetura tridimensional, preservar a integridade estrutural do tecido e permitir as
interacdes entre os foliculos, que sdo essenciais para desenvolvimento normal (Abir et al.,

2006). No entanto, estes sistemas podem ter significativas limitacdes de nutrientes quando a
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massa de tecido se desenvolve, ou o estroma pode exercer controle inibitorio sobre o inicio do
crescimento dos foliculos primordiais (Wandji et al. 1996).

A escolha do sistema de cultivo serd ditada pelos objetivos do estudo. Quando o
objetivo é usar as células sométicas no cocultivo de odcitos, um melhor rendimento € obtido
quando se emprega um sistema bidimensional. Quando o objetivo é determinar as relacdes
fisioldgicas intrafoliculares, é melhor manter os foliculos encapsulados no substrato, utilizando
um sistema tridimensional (Smitz e Cortvrindt, 2002).

Outro aspecto muito importante do sistema in vitro para o crescimento de foliculos pré-
antrais é a composicdo do meio de cultivo (Smitz e Cortvrindt, 2002). Varias substancias
adicionadas podem influenciar a sobrevivéncia e o crescimento folicular, incluindo os
antibidticos, tampdes, substratos nutricionais (lipideos, proteinas, aminoécidos, &cidos
nucléicos, vitaminas, monossacarideos, etc.), diferentes fontes proteicas, antioxidantes,
hormaonios e diversos fatores de crescimento (Figueiredo et al., 2008). A escolha do sistema de
cultivo e a adicdo de fatores que promovam o crescimento e obtencéo de odcitos competentes
para producdo de embriBes in vitro podem variar de acordo com a classe e tamanho do foliculo
e ainda, com a espécie em estudo. No entanto, é conhecido que o crescimento oocitario em
foliculos pré-antrais é estimulado por fatores de crescimento como Kit Ligand (ovino:
Driancourt et al., 2000), fator inibidor de leucemia (camundongo: Reynaud et al., 2000), fator
de crescimento semelhante & insulina 1 (caprinos: Zhou e Zhang, 2005), fator de crescimento
epidermal (caprinos: Silva et al., 2004) e pela gonadotrofina FSH (caprinos: Matos et al., 2007).
Entretanto, um sistema que suporte todo o desenvolvimento folicular desde o estagio primordial

ainda ndo foi alcancado em animais domesticos até o0 momento (Picton et al., 2008).

Principios da maturag&o oocitaria

A maturacdo in vitro (MIV) é uma técnica reprodutiva que permite que 0s odcitos
atinjam a metafase Il in vitro e adquiram a competéncia para serem fecundados e iniciem a
embriogénese (Smitz et al., 2004). Na maioria das espécies, 0s odcitos inclusos em foliculos
primordiais presentes no ovario se encontram em estagio quiescente, além de serem pequenos e
imaturos. Contudo, em intervalos regulares, certo nimero deles comeca a crescer e maturar,
mas de todo esse potencial in vivo, somente um od6cito serd ovulado e o restante sofrera atresia
(Hardy et al., 2000). Assim, a MIV tem o potencial de resgatar uma grande quantidade de

00citos imaturos ainda no ovario e cultivé-los in vitro até a maturacdo (Gilchrist et al., 2008).
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No entanto, os o6citos maturados in vitro ndo tém o mesmo potencial de desenvolvimento que
0s 06citos maturados in vivo (Chian et al., 2004).

O processo de maturagdo oocitaria consiste em uma complexa sequéncia de eventos
nucleares e citoplasméticos (Fissore et al., 2002). Este processo é composto por indmeras
modificacOes estruturais e moleculares no citoplasma (maturagdo citoplasmatica) que culminam
com a configuragdo cromossdmica em metafase 1l (maturagdo nuclear) precedendo a
penetracdo do espermatozoide e sua ativagdo para fecundagdo (Roth e Hansen, 2005).
Atualmente, evidéncias disponiveis indicam que as condi¢des de cultivo adequadas suportam a
maturacdo nuclear, mas frequentemente ndo conseguem sustentar a maturacéo citoplasmatica
(Combelles et al., 2002). A natureza desta deficiéncia ainda esta sujeita & especulagdo
(Vanhoutte et al., 2007).

Os foliculos em crescimento e/ou dominantes apresentam 00citos que permanecem
bloqueados no estigio de diploteno da profase meidtica. In vivo, a retomada da meiose é
iniciada por uma onda pré-ovulatéria de LH e acontece somente em odcitos de foliculos
dominantes (pré-ovulatérios), totalmente crescidos e meioticamente competentes (Van Der
Hurk e Zhao, 2003). Além dos eventos fisiologicos, a retomada da meiose pode ocorrer como
consequéncia da atresia, quando a qualidade do foliculo e o controle mei6tico estdo
comprometidos (Downs, 1993). Ocorrendo também naqueles odcitos retirados de foliculos
terciarios ou apds a ovulagdo que perderam o contato com o fator inibidor da meiose presente
no foliculo e nos quais a maturagdo nuclear passa a ocorrer espontaneamente (Sirard e Coenen,
1993).

Antes e durante o periodo da onda de LH, o o6cito é circundado por uma camada
compacta de células do cumulus. Das células mais internas do cumulus, numerosas projecoes
penetram na zona pellcida e atingem o oolema com juncdes gap. Pouco antes da onda de LH,
ocorre uma quebra dessas jungdes. Entdo, durante o periodo entre a onda de LH e a ovulagéo, o
oocito sofre alteracBes marcantes, que culminam com a maturagdo oocitéria (Richards et al.,
2002).

O odcito é entdo considerado o “regente” porque, desde o periodo de organizacao
folicular e progressdo até a ovulacdo, ele coordena o desenvolvimento do foliculo. Além de
controlar a proliferacdo e diferenciacdo de células da granulosa em células que produzam
proteinas e esteroides. Essa caracteristica leva ao aumento da responsividade as gonadotrofinas,
diferenciacdo de células da teca e expansdo do cumulus até a ruptura da parede folicular (Van
Der Hurk et al., 2000). Porém, algumas caracteristicas macroscdpicas do foliculo também séo

importantes para determinar o potencial da maturacéo nuclear e citoplasmética do odcito.
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Maturacéo nuclear

A maturacdo nuclear é caracterizada pelo odcito em estagio de metéfase Il. A quebra de
vesicula germinativa é o primeiro sinal visivel de retomada da meiose e pode ocorrer, na
espécie caprina, dentro de 3 horas ap6s o odcito ter sido colocado em meio de maturacdo
(Crozet et al., 1995; Sharma et al., 1996). A maturacdo nuclear de odcitos pré-ovulatorios é
regulada por fatores presentes no fluido folicular, pela interacdo dos odcitos e células
foliculares, bem como por fatores enddcrinos, tais como as gonadotrofinas (Kim et al., 2008).
Odcitos provenientes de foliculos pré-antrais e antrais iniciais adquirem capacidade de quebra
da vesicula germinativa apenas quando atingem um determinado didmetro de acordo com a
espécie (maior que 75 pm para camundongos e maior que 110 pm para ruminantes (Eppig e
Schroeder, 1989; Fair et al., 1995; Anguita et al., 2007).

Em bovinos, odcitos de 115 pm podem alcangar a quebra de vesicula germinativa, mas
para adquirir capacidade de desenvolvimento embrionario devem estar com didmetro superior a
120 um (Pavlok, et al., 1992). Em suinos, a maturacdo nuclear melhora conforme aumento do
didmetro do odcito e este, por sua vez, cresce conforme aumento do tamanho folicular e
permanece constante quando o foliculo atinge 2,8 mm, o que corresponde a odcitos de 120 um
(Bagg et al., 2004). Em caprinos, o diametro do odcito esta positivamente correlacionado com a
percentagem de odcitos que alcangam a metéafase 1l e que séo capazes de se desenvolver até o
estagio de blastocisto. Em od6citos caprinos, a competéncia meidtica é adquirida quando o
didmetro do o6cito é maior do que 136 um tanto em fémeas adultas quanto pré-puberes
(Anguita et al., 2007).

Durante o crescimento do odcito dentro do foliculo, muitas proteinas séo sintetizadas.
Algumas dessas proteinas, como o fator promotor de meiose no citoplasma séo essenciais no
processo de desenvolvimento do o6cito antes e apds a ativagdo do genoma do zigoto (Krisher,
2004). Esse fator € uma proteina quinase constituida por uma subunidade catalitica (p34) e
outra regulatéria (ciclina B) (Gautier e Maller, 1991). E mediada por eventos de fosforilagdo e
desfosforilaco, e sua atividade aumenta no estagio de quebra da vesicula germinativa, com alta
atividade em metafase I, decrescendo em anafase e teléfase e alcangando outro pico em
metafase Il. Além disso, esta relacionado com a retomada da meiose, que € mantida por altos
niveis deste fator no citoplasma do odcito, o qual é também descrito como um regulador
universal do ciclo celular tanto na mitose como na meiose (Crozet et al., 2000).

O bloqueio meidtico no estagio de vesicula germinativa é mantido pelas altas

concentracdes do AMP ciclico que sdo produzidos pelas células da granulosa e transportados
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para o0 00cito via jungBes gap. Apés a puberdade, uma onda de LH causa o declinio do AMP
ciclico, primeiro pelo desligamento das juncBes gap entre odcito e células da granulosa e
também pela reducéo da sua producéo pela granulosa (Kawamura et al., 2004). O declinio do
AMP ciclico provoca a desfosforilagdo e consequente ativacdo do complexo fator promotor da
meiose, que por sua vez esta envolvido com a quebra do envelope nuclear, condensacédo de
cromatina, reorganizagdo do citoesqueleto e bloqueio da atividade transcricional (Miller e
Russell, 1992).

A quebra da vesicula germinativa consiste na condensacdo da cromatina, aparecimento
de estruturas denominadas cinetécoros (pontos de ancoragem dos Cromossomos aos
microtUbulos) e na dissolucdo da membrana nuclear. Ocorre duplicacdo dos centriolos, e 0s
cromossomos em pares diploides, que se encontram livres no citoplasma, migram para a regiéo
equatorial caracterizando a metéfase 1 (Mermillod e Lannou, 1999). O od6cito primério sofre
divisdo meidtica, originando duas células filhas, sendo que uma delas contém a maior parte do
citoplasma e constitui o odcito propriamente dito. A outra parte, muito menor, é expulsa para o
espaco perivitelino, sendo denominada corpusculo polar, que, além de cromossomos, possui
uma variedade de organelas, incluindo mitocondrias, ribossomos e granulos corticais. Nesse
momento, o odcito é considerado secundéario, e os cromossomos se alinham no centro do fuso,
caracterizando o estagio de metafase Il (Sirard et al., 1992). Em diferentes espécies, varia o
tempo requerido para o odcito atingir a metafase Il (Thibault et al., 1987). Odcitos de algumas
espécies, inclusive em humanos, quando cultivados in vitro podem sofrer parada em metéfase |
e se tornarem incapazes de alcancar a metafase Il (Hardy et al., 2000). Esta condi¢do poderia
ocorrer pelo fato do odcito ainda ndo ter atingido sua competéncia meiotica, ou por erros
ocorridos na recombinacdo genética que, sob condi¢des normais, ocorre na fase de profase | no
estagio de paquiteno. Isto indica que a recombinacdo genética é um fator chave para que o
oocito retome a meiose. Outros fatores responsdveis pelo funcionamento do fuso meidtico
exercem uma funcdo importante na transicdo de metafase | para metéfase Il. Os
microfilamentos agem na migragdo dos cromossomos e alteragdes na sua estrutura podem levar
a parada em metafase I. Mesmo quando fecundados, odcitos com defeitos no fuso meidtico
frequentemente resultam em embrides com poliploidia (Mrazek e Fulka, 2003).

Em ratos, a pro-metafase | com condensacdo dos cromossomos e formacdo da placa
metafésica dura cerca de 6 horas e a metéfase | cerca de 4 horas. Esta duracdo é importante para
a sintese e formagdo do fuso meiltico, j& que a passagem pela anéafase e telofase | é
relativamente rapida (Mermillod e Lannou, 1999). Estudos em o6citos humanos com falha ap6s

FIV apresentaram anormalidades no fuso em metafase 1l com alta probabilidade de sofrer
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parada nesta fase da meiose devido a alteracBes na ativagdo do odcito. Mesmo apés a
fecundacdo, falhas na ativacdo podem ocorrer e impedir a formacdo dos pro-nicleos, com
consequente descondensacdo da cromatina do espermatozoide. Outras falhas como a néo
extrusdo do segundo corpusculo polar podem ocorrer, devido a erros na localizacdo do fuso e
ainda, por ativacdo partenogenética, estes odcitos podem clivar ou apresentar dois pré-nucleos

com apenas um corpusculo polar (Mrazek e Fulka, 2003).

Maturacéo citoplasmatica

A maturacéo citoplasmatica pode ser considerada como o conjunto de processos pelo
qual o odcito de mamiferos passa para se tornar uma célula capaz de fecundar e dar suporte ao
desenvolvimento embrionéario inicial. Estas mudancas dizem respeito a redistribuicdo das
organelas celulares, dentre elas os granulos corticais, estocagem de proteinas e RNAm,
desenvolvimento de mecanismos regulatérios do célcio, entre outros (Anguita et al., 2007). No
entanto, os mecanismos celulares envolvidos na competéncia do odcito ainda ndo sdo bem
descritos.

A maturacdo citoplasmética é necessaria para a obtencdo de condi¢des de blogueio da
polispermia, para descondensar o nlcleo do espermatozoide que penetrou e formar o pro-nucleo
masculino apds a fecundagdo. Inclui ainda a redistribuicdo das organelas celulares, com a
migracdo das mitocondrias para a posi¢do perinuclear e acimulo de granulos na extenséo do
oolema (Picton et al., 1998). Um odcito que ndo completou ainda sua maturagéo citoplasmética
possui baixa qualidade e é incapaz de se desenvolver normalmente (Krisher, 2004).

A competéncia meiotica é gradualmente adquirida durante o periodo final da oogénese.
O estagio final para um bom desenvolvimento, antes da ovulacdo, requer sincronizagdo entre a
maturacdo nuclear e citoplasmética (Eppig et al., 1994). Od6citos de muitas espécies que
completaram seu desenvolvimento, quando liberados do foliculo, podem maturar
espontaneamente. Acredita-se que prolongando a parada meidtica in vitro por blogqueio
temporéario da maturagdo nuclear, com uma técnica denominada “cultivo pré-maturacdo” pode-
se estimular a sincronizacdo entre a maturagdo nuclear e citoplasmética. Este bloqueio pode dar
tempo para que ocorram as mudangas estruturais e bioquimicas (transcricdo de RNAmM,
modificacbes de proteinas, relocacdo e modificacdes de organelas) que o odcito necessita para
se tornar capaz de ser fecundado e desenvolver o embrido com sucesso (Dieleman et al., 2002;
Vanhoutte et al., 2007). Algumas substéancias podem ser utilizadas para prolongar esse blogueio

da meiose in vitro (Nogueira et al., 2003). Estas substancias manipulam as concentra¢fes de
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AMP ciclico intraoocitérios pela inibicdo de fosfodiesterases especificas no citoplasma do
o6cito e o mantéem parado no estagio de vesicula germinativa (Nogueira et al., 2006). As
fosfodiesterases exercem uma funcdo no controle da maturacdo nuclear do odcito, sendo
responséveis pela degradacédo do AMP ciclico que esta ligado & retomada da meiose (Feuerstein
et al., 2006).

Nos ultimos anos, véarios grupos de pesquisa vém trabalhando com o intuito de
aprimorar a maturacdo citoplasmaética in vitro e, consequentemente, melhorar a capacidade de
desenvolvimento embrionario de odcitos provenientes de foliculos antrais pequenos. Fatores de
crescimento produzidos pelas células durante o desenvolvimento folicular tais como, fator de
crescimento semelhante & insulina-1 (IGF-I), fator de crescimento epidermal (EGF) e fator de
crescimento de fibroblasto (FGF), fator de crescimento e diferenciacdo 9 (GDF-9) e a proteina
morfogenética 6ssea 15 (BMP-15) j& foram testados durante maturagdo in vitro e melhoraram a
capacitacdo dos odcitos (Gongalves et al., 2007).

Atualmente, a maturacdo nuclear, a retomada da meiose e a finalizacdo da primeira
divisdo meidtica ocorrem in vitro para todas as espécies estudadas. Numeros significativos de
o0citos imaturos que sdo maturados até metéafase Il e em seguida sdo submetidos a fecundacéo,
clivagem e desenvolvimento embrionério até a formagdo de um individuo viavel variam de
acordo com a espécie. No entanto, altera¢cbes na maturacdo citoplasmética sdo mais aparentes
nos estdgios finais do desenvolvimento embrionario (Trouson et al., 2001). Além disso, 0s
baixos resultados da produgdo in vitro de embries podem ser seguramente atribuidos a dois
principais fatores: as condig@es de cultivo in vitro (Russel et al., 2006) e a qualidade dos odcitos

selecionados para a maturag&o in vitro (Camargo et al., 2006).

Qualidade do o6cito

O odcito adquire sua capacidade para fecundagdo e desenvolvimento apds longo periodo
de crescimento. Este processo envolve tanto a sintese de componentes citoplasmaticos como o
rearranjo e reducdo no nimero de cromossomos. Estes dois eventos sdo interligados e sua
cronologia € determinante para assegurar que 0 oOcito atinja a maturacdo nuclear e
citoplasmatica simultaneamente. O desenvolvimento embrionario é diretamente comprometido
se a maturagéo do o6cito ndo for completa (Hunter, 2000).

Existem grandes variacfes quanto aos padrbes morfoldgicos dos odcitos entre as
espécies. Odcitos de camundongos e ruminantes apresentam ooplasma claro e quase ausente de

granulacBes, enquanto em equinos, suinos e caninos observa-se ooplasma escuro e com
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granulacbes. Essas podem se apresentar de forma heterogénea, devido a quantidade e a
distribuicdo dos lipideos citoplasméticos (Carneiro et al., 2002). Desta forma, o o6cito pode ter
seu potencial de maturagdo, fecundacdo e capacidade de desenvolvimento embrionario
estimado pela aparéncia do complexo cumulus-odcito. A classificacdo dos odcitos pode ser
realizada em uma escala de 1 a 4, sendo, Qualidade 1: Cumulus compacto presente, contendo
mais de trés camadas de células. Ooplasma com granulagées finas e homogéneas, preenchendo
o interior da zona pelicida e de coloragdo marrom. Qualidade 2: Cumulus compacto
parcialmente presente em volta do odcito ou rodeando completamente o odcito, com menos de
trés camadas celulares. Ooplasma com granulacdes distribuidas heterogeneamente, podendo
estar mais concentradas no centro e mais claras na periferia ou condensadas em um sé local
aparentando uma mancha escura. O ooplasma preenche o espaco do interior da zona peltcida.
Qualidade 3: Cumulus presente, mas expandido. Ooplasma contraido com espago entre a
membrana celular e a zona pelucida, preenchendo irregularmente o espaco perivitelino.
Qualidade 4: O6cito sem cumulus, também conhecido como o6cito desnudo (Gongalves et al.,
2008).

Diferente da maturacdo in vivo, 0s o6citos maturados in vitro frequentemente tém seu
metabolismo alterado e um potencial de desenvolvimento reduzido. Este fato pode ser devido a
deficiéncias no meio de maturacdo, a uma habilidade intrinseca do odcito, ou ambos. A
regulacdo na disponibilidade de nutrientes e de enzimas pode ocorrer em diversos niveis
(Krisher et al., 2004). Para foliculos pré-antrais, o cultivo pode apresentar vantagens
provocando alteracdes significativas no microambiente do foliculo e do odcito antes e durante
0s processos de maturagdo. Além disso, pode ser Gtil para explorar as diferentes respostas do
oocito e das células somaticas do foliculo quando submetidos a diferentes ambientes e
concentracdes de moléculas e fatores (Sun et al., 2004). Assim, a qualidade do ambiente onde o
oocito foi produzido parece ser de vital importdncia para o desenvolvimento de sua
competéncia. Muitos estudos tém avaliado as diferentes caracteristicas foliculares, que podem
apresentar fatores associados com o aumento da competéncia oocitéria. Algumas caracteristicas
como tamanho e integridade folicular, homogeneidade do ooplasma, perfil hormonal e status
ovariano possivelmente influenciam o desenvolvimento da competéncia oocitaria (Oussaid et
al., 2000).
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Sistemas in vitro para maturacao oocitaria

O sistema in vitro ideal para o desenvolvimento oocitario seria aquele em que odécitos
isolados atingissem o crescimento e a competéncia para maturagdo em um meio definido sem a
unidade folicular (Telfer, 1998). Os odcitos isolados de foliculos pré-antrais e cultivados sem
suas células da granulosa ou em cocultivo com células da granulosa ndo apresentam um
crescimento significativo (Eppig, 1994). Entretanto, odcitos cultivados com jungdes gap
intactas entre o odcito e células da granulosa crescem e tornam-se competentes para se
submeterem & maturacdo nuclear. Por isso, as ligacOes fisioldgicas intimas entre os o0citos e as
células sométicas no foliculo séo indispensaveis para o desenvolvimento normal do odcito
(Matzuk et al., 2002).

Recentemente, varios sistemas de cultivo tém sido desenvolvidos para permitir o
crescimento in vitro de odcitos. A natureza do sistema de cultivo depende do estégio inicial do
foliculo, o qual tem influéncia sobre o nimero de foliculos disponiveis, a capacidade de
desenvolvimento e a taxa de crescimento e a duragdo do cultivo. O ideal seria que esse cultivo
iniciasse com foliculos primordiais, porque eles sdo mais abundantes, mas tem como
desvantagem o fato do crescimento desta categoria folicular ser mais lento (Eppig, 2001). No
entanto, este procedimento aumentaria drasticamente o potencial reprodutivo das espécies
mamiferas (Eppig, 2001). Além disso, o tempo requerido para maturagdo in vitro pode variar
entre as diferentes espécies (Mingoti, 2005), sendo de 18-24 horas para bovinos (Merton et al.,
2003), 28-36 horas para equinos (Carneiro, 2002), 30 horas para caprinos (Sharma et al., 1996)
e de 48 horas em suinos (Somfai et al., 2005).

In vitro, diferentes condigBes de cultivo e protocolos j& foram testadas para a maturagao
de odcitos, varios meios de maturacdo, tais como fluido sintético de oviduto (SOF; Gandhi et
al., 2000), DMEM, Ham’s F-10, Ham’s F-12 (Smetanina et al., 2000) e meio de cultivo tecidual
199 (TCM 199), tém sido utilizados. O TCM 199 proposto por Moor et al. (1984) é o meio
mais difundido entre os laboratérios de producéo in vitro sendo, geralmente, suplementado com
soro fetal bovino, FSH, LH, piruvato, glutamina e antibiético e/ou outros fatores. Esta
suplementacéo tem o objetivo de estimular o desenvolvimento in vitro (Guixue et al., 2001).
Entretanto, existem variagGes entre os diferentes protocolos de PIVE.

Os efeitos moleculares que mediam a influéncia positiva destes suplementos néo estéo
completamente esclarecidos, mas dados recentes suportaram o possivel envolvimento dos
fatores de crescimento influenciando a MIV e melhorando a competéncia oocitaria elevando

significativamente o nimero de blastocistos produzidos (Carneiro et al., 2003). As substancias
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como fatores de crescimento, gonadotrofinas, soros especificos e diferentes condicdes de
cultivo revelaram algum efeito nas taxas de producéo e qualidade embrionaria, mas nunca ao
ponto de todos os odcitos responderem a estas condi¢des (Sirard et al., 1998). Por essa razdo, é
evidente que as condi¢des de cultivo tm um efeito significativo em permitir ao odcito
expressar seu potencial, mas os constituintes originais do odcito controlam a sua habilidade de
responder as melhores condic@es (Sirard, 2001).

A MIV é comumente realizada utilizando meio coberto por 6leo de parafina ou 6leo
mineral para evitar a evaporacdo (Shimada et al., 2001). No entanto, o 6leo pode absorver
rapidamente os horménios esteroides adicionados ao meio ou aqueles secretados pelas células
do cumulus (Gongalves et al., 2008) podendo limitar a competéncia de desenvolvimento de
o0citos suinos. Segundo Shimada et al. (2002), a exposicdo de odcitos suinos ao 6leo mineral
durante a M1V reduz consideravelmente as taxas de maturacdo mei6tica nessa espécie.

Além da utilizagdo de substancias reconhecidamente reguladoras da maturacdo nuclear
de odcitos em mamiferos como as citadas anteriormente, outros fatores também estdo
envolvidos no processo de foliculogénese como o fluido folicular e o cocultivo com células da
granulosa (Carneiro, 2007). O fluido folicular tem sido utilizado com relativa eficiéncia, com
excecdo do fluido folicular proveniente de foliculos atrésicos. O uso de fluido folicular nos
meios de maturacdo em suinos é utilizado com sucesso, pois contém substancias que agem na
expansdo do cumulus-o6cito, na maturacdo nuclear e na fecundacdo, por conter altas
concentragdes da enzima superoxido dismutase, que exerce fungdo importante na protecdo do
00cito ao estresse oxidativo (Tatemoto et al., 2004). Ali et al. (2004) observaram que a adi¢do
de fluido folicular de foliculos maiores que 8 mm ao meio de maturacéo foi capaz de aumentar
a producdo de embrides. A importancia das células sométicas durante o processo de maturacdo
in vivo é clara e tem sido positiva nos sistemas de cultivo para MIV em bovinos (Squires,
1996). Segundo Matzuk et al. (2002), as células da granulosa sdo indispensaveis para o
crescimento folicular, diferenciacdo, estdgio nuclear mei6tico, maturacdo citoplasmaética e
atividade transcricional gendmica. Sendo constatado que, quando atingem um diametro limite,
0s odcitos suprimem a habilidade das células da granulosa em promover a continuidade de seu
crescimento, indicando que o odcito determina ndo somente o crescimento folicular, mas
também indiretamente o seu préprio crescimento.

Marques et al. (2007) avaliaram a matura¢do in vitro em o6citos suinos em dois
diferentes meios (TCM 199 e NCSU23) suplementados com fluido folicular, alcool polivinilico
e diferentes suplementacbes de hormonios, fator de crescimento epidermal (EGF),

gonadotrofina corionica humana e equina (hCG e eCG). Esses pesquisadores verificaram maior
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eficiéncia na maturacdo quando utilizaram o TCM 199 suplementado com EGF (10 ng/mL),
hCG (10 Ul/mL) e eCG (10 Ul/mL). O EGF é um fator de crescimento bastante utilizado em
meios de maturacdo e o seu principal efeito é estimular a sintese de glutationa intracelular no
oocito. A glutationa protege o DNA, age na sintese de proteinas e transporte de aminoacidos,
regula a maturacdo oocitéria através do estimulo para a quebra da vesicula germinativa e
expansdo das celulas do cumulus-odcito (Buccione et al., 1990), além de promover a formagdo
do prd-nucleo masculino durante a fecundagdo (Whitaker e Knight, 2004). Yoshida et al. (1993)
reportaram que o cultivo de odcitos suinos com meio suplementado com cisteina promoveu a
formacgdo do pro-nicleo masculino apds FIV. A cisteina € um aminoacido que compbe a
glutationa. Essa glutationa também tem funcdo importante na acdo contra os efeitos toxicos dos
danos oxidativos, inclusive causados pelo metabolismo da glicose no odcito, pois a maturacdo
induzida pelo FSH parece estimular enzimas que aumentam o metabolismo da glicose e a
quebra da vesicula germinativa (Downs et al., 1998). No entanto, o metabolismo da glicose é
dependente tanto da tensdo de oxigénio utilizada para o cultivo como também da concentragdo
de espécies reativas de oxigénio no odcito. O estresse oxidativo excessivo contribui para
reducdo no desenvolvimento do odcito e dos embrides in vitro (Tatemoto et al., 2001).

Carneiro et al. (2001) determinaram que o IGF-1 (200 ng/mL) incrementa os indices de
maturacdo nuclear em equinos. Posteriormente, foi determinado que sua adigdo ao meio induz
maior acimulo de proteina quinase mitogenicamente ativada (MAPK) no citoplasma, o que, por
sua vez, refletiu em maior desenvolvimento embrionario apés a partenogénese de odcitos
equinos (Li et al., 2004). Willis et al. (1991) constataram uma redugdo significativa na
maturacdo nuclear dos odcitos em meio suplementado com albumina sérica bovina (BSA),
quando comparado & utilizacdo de outras fontes proteicas. Entretanto, devido as preocupaces
sanitarias, a utilizacdo de BSA como suplemento proteico é amplamente difundida na MIV de
o6citos equinos (Curcio, 2005).

Além das substancias adicionadas ao meio, 0s odcitos em cultivo também séo afetados
por condicBes fisioldgicas especificas, tais como a osmolaridade, composi¢do ibnica,
temperatura, pH, CO, e tensdo de oxigénio, que por sua vez, tornam-se parametros
influenciadores importantes da capacidade de desenvolvimento do odcito (Hunter, 2000). Sob
condigBes de alta tensdo de oxigénio durante a MIV, odcitos bovinos necessitam de baixas
concentracdes de glicose para diminuir as espécies reativas de oxigénio, aumentar a
concentragdo de glutationa e assim manter a sua competéncia para o desenvolvimento
(Hashimoto et al., 2000). Por outro lado, quando se utiliza baixas tensdes de oxigénio na MIV

de odcitos bovinos, apesar de diminuir as espécies reativas de oxigénio, tem a desvantagem de
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inibir a producdo de ATP e a progressdo até metdfase Il. No entanto, quando a glicose €
adicionada ao meio nestas condigdes, aumenta a propor¢do de odcitos que atingem metafase 1.
Em camundongos, a exposicdo dos odcitos a baixas tensdes de oxigénio pode aumentar o
nimero de células dos blastocistos, entretanto o peso fetal foi reduzido quando comparado a
altas concentragdes de oxigénio (Banwell et al., 2007).

A exposicdo de odcitos a temperaturas muito baixas ou elevadas (i.e. choque térmico) na
fase de vesicula germinativa (Payton et al., 2004) ou durante a fase inicial de maturagéo (Roth e
Hansen, 2004) interfere com o processo de maturacdo (Roth e Hansen, 2005), devido alteracdes
que ocorrem no citoesqueleto (Shin e Kim, 2003). A exposicdo das células sométicas ao choque
térmico durante a fase S pode resultar em condensacdo prematura do cromossomo e formagéo
de microndcleos (Swanson et al.. 1995) e durante a fase M, resulta na desmontagem do fuso
mitético, poliploidia e falha na citocinese (Vidair et al., 1993). No campo da producéo de
animais domésticos, como também na medicina humana e nos estudos ligados a preservacao de
espécies, as biotecnologias reprodutivas acabam tendo uma aplicagdo limitada visto que nem
todos os odcitos estdo realmente aptos para se desenvolverem in vitro. Neste sentido, varios

métodos de avaliacdo para determinar a eficiéncia da maturacéo in vitro vém sendo estudados.

Técnicas de avaliagdo da maturacéo oocitaria

A morfologia e o grau de expansdo das células do cumulus sdo métodos cléssicos para
avaliacdo da maturacdo oocitaria. Em bovinos, a expansdo e enegrecimento do cumulus sdo
caracteristicas utilizadas para verificar a maturacdo oocitaria e estdo diretamente relacionadas
com boa qualidade embriondria (Wurth e Kriup, 1992). Odcitos bovinos que exibiram
citoplasma mais heterogéneo apresentam maior capacidade de fecundagdo normal e com
reducdo da polispermia, pois exibem melhor distribuicdo dos granulos corticais ap6s a MIV
(Nagano et al., 1999).

O estagio nuclear dos odcitos apds a MIV pode ser examinado sob microscopia Gtica
com contraste de fase, apds fixa¢do dos odcitos com metanol-acido acético e coloragdo com 1%
de lacmdide em 45% de solugéo de &cido acético (Hunter e Polge, 1966) ou com 1% de orceina
em 40% de solucdo de &cido acético (Li et al., 2002). Outra técnica para visualizagdo dos
cromossomos dos odcitos e determinacéo dos estagios nucleares de maturagéo é a microscopia
por fluorescéncia (Miyara et al., 2003). Apds serem submetidos as técnicas de M1V, os oécitos
sdo desnudados, marcados com Hoechst 33342 e visualizados em microscopio invertido com

fluorescéncia (Grondahl et al., 1995). Os o6citos que sdo capazes de retomar a meiose
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apresentam dois grupos de cromossomos bem condensados com corpusculo polar evidente (Sun
et al., 2004). O fuso de metéfase | e Il, as pontes citoplasméticas e o corplsculo polar podem
ser corados por meio da imunofluorescéncia com anticorpo anti-tubulina (isolado de ovos de
ourico do mar ou de outras fontes). Este procedimento tem sido utilizado para acompanhamento
da progressdo da maturacdo in vitro em odcitos de camundongos, bovinos e outras espécies
(Hoth e Hansen, 2005). A imunofluorescéncia de odcitos humanos com fosfodiesterase é
largamente utilizada para verificar a parada nuclear temporaria em vesicula germinativa. Esta
técnica também pode ser melhor observada em microscopia confocal por varredura a laser para
uma melhor visualizagdo de diferentes planos da mesma estrutura (Vanhoutte et al., 2007).

Infelizmente, somente métodos invasivos que causam a destruicdo dos odcitos sao
capazes de predizer com relativa precisdo a qualidade dos mesmos. No entanto, recentemente
tem sido utilizado o corante Azul Cresil Brilhante, um método nao invasivo, para tal finalidade.
Esta substancia é capaz de determinar a atividade da enzima glicose 6-fosfato desidrogenase
(G6PDH) presente em o6citos durante o crescimento (Rodriguéz-Gonzélez et al., 2003).

A maturacdo citoplasméatica pode ser avaliada pela distribuicdo das organelas por
microscopia eletronica (Fernandes, 2004), migragdo dos granulos corticais (Curcio, 2005),
clivagem partenogenética (Carneiro et al., 2001) ou técnicas de fecundacdo (Carnevale, 1996).
A despeito da grande quantidade de informacdes disponiveis sobre o assunto, ndo se chegou
ainda a um método ideal para avaliacdo da maturacdo citoplasmatica que ndo seja a propria

fecundacéo e o posterior desenvolvimento normal do embri&o e do feto (Krisher et al., 2004).

Consideracoes finais

O crescimento de foliculos primordiais in vitro seguido pela maturacdo oocitéria é capaz
de fornecer um grande nimero de odcitos maturos para posteriores programas de transferéncia
embrionaria e clonagem. Nesse contexto, o0s sistemas de maturagéo in vitro oferecem condi¢des
razoaveis para o desenvolvimento do odcito apés a fecundagdo e o cultivo, visto que a
maturagdo nuclear e a fecundagdo ndo diferem substancialmente do processo in vivo.
Entretanto, para a produgéo in vitro de embrides em larga escala faz-se necessario um melhor
entendimento das substancias que controlam a foliculogénese inicial, visando o
desenvolvimento de meios de cultivo que assegurem a ativagdo, crescimento e maturacgéo de
o6citos oriundos de foliculos pré-antrais.

Até o presente momento, as razdes para a falha dos odcitos de ruminantes em completar

a meiose in vitro ndo foram determinadas, porém podem estar relacionadas a alteracdes nas
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reacOes bioquimicas envolvidas no processo meidtico. O entendimento das particularidades da
fisiologia, adicdo de horménios e fatores de crescimento especificos nos meios de cultivo
proporcionaram avancgos na MIV em mamiferos. Entretanto, mais estudos sdo necessarios para

incrementar de forma eficiente a produco in vitro de embrides nas diferentes espécies.
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Resumo

O fator de crescimento do nervo (NGF) é o peptideo protétipo da familia das neurotrofinas, que
tem uma estrutura terciaria baseada em um n6 de cistina composta por filamentos-beta torcidos
em torno de si e ligados por pontes dissulfeto. O NGF desempenha agdes na manutencéo da
viabilidade e proliferacdo de células neurais e ndo neurais, como as células do ovério. Desta
forma, o foco da presente revisdo foi examinar o papel do NGF e seus receptores no
desenvolvimento folicular ovariano. O NGF exerce suas multiplas a¢fes através da ligacdo a
duas classes de receptores: o receptor tirosina-quinases A (TrkA) de alta afinidade e o receptor
p75 de baixa afinidade. Devido essa variagdo de receptores, diferentes vias de sinalizagdo
intracitoplasméticas podem ser ativadas com a ligagdo do NGF. O receptor TrkA desencadeia
predominantemente a ativacdo de fosfatidilinositol-3-quinase (PI3K) e proteina quinase
mitogenicamente ativada (MAPK) garantindo a sobrevivéncia e diferenciagéo celular. Ainda foi
descrita a ativagdo da via fosfolipase tipo Cy (PLCy) que gera diacilglicerol (DAG) e inositol
trifosfato (IP3) induzindo liberagdo de célcio de estoques celulares intracitoplasmaticos. No
entanto, a ativagdo via receptor p75 € menos compreendida. A expressdo de RNAm para o NGF
e seus receptores foi verificada em células ovarianas (o6cito, células da granulosa, teca e células
intersticiais) de varias espécies. Esse fato sugere que o NGF e seus receptores regulem diversas
funcdes no ovario, tais como a sobrevivéncia e desenvolvimento folicular. Por isso, 0 emprego
de meios de cultivo adequados ao desenvolvimento folicular utilizando NGF torna esta area
bastante atraente para futuros grupos de pesquisa, embora o entendimento completo da ac¢éo do

NGF na comunicag&o folicular ainda seja um desafio.

Palavras-chave: NGF, foliculos, ovario, receptores.
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Abstract

Nerve growth factor (NGF) is a prototype member of the neurotrophins family, which
has important functions in the maintenance of viability and proliferation of neuronal and
nonneuronal cells, such as certain ovarian cells. Thus, the present review will highlight the role
of NGF and its receptors on ovarian follicle development. NGF initiates its multiple actions
through binding to two classes of receptors: the high affinity receptor tyrosine kinase A (TrkA)
and the low affinity receptor p75. Due to the variation of receptors, different intracytoplasmic
signaling pathways may be activated through binding to NGF. The TrkA receptor
predominantly activates the phosphatidylinositol-3-kinase (PI3K) and the mitogenic activated
protein kinase (MAPK), promoting cell survival and proliferation. The activation of the
phospholipase type Cy (PLCy) pathway, which results in diacilglicerol (DAG) and inositol
triphosphate (IP3), culminates in the release of calcium from the intracytoplasmic cellular
stocks. However, activation through p75 receptor is less known. The expression of NGF and its
receptors is localized in ovarian cells (oocyte, granulosa, theca and interstitial cells) from
several species, suggesting that NGF and its receptors may regulate some ovarian functions,
such as follicular survival and development. Thus, the use of NGF in the culture medium of
ovarian follicles may be of critical importance for future researchers wanting to promote

follicular development in vitro.

Keywords: NGF, follicles, ovary, TrkA, p75.

Introduction

Previous researchers have described growth factors as controlling the regulation of
neural cells development and differentiation. They also participate in regulating these processes
in nonneuronal cells (Dissen et al., 2002). The neurotrophic factors, for example, demonstrate
this double activity, contributing with the development of a variety of nonneural tissues,
including within the pancreas, thymus, heart, adenohypophysis and ovaries (Ojeda & Dissen,
1994; Tessarollo, 1998).

Neurotrophic factors consist of two main families: the neurotrophins (NT) and the glia
derived neurotrophic factor (GDNF) (Airaksinen & Saarma, 2002; Chao, 2003). The NT family
consists of some peptides with a high degree of structural homology, whose main components

are: the nerve growth factor (NGF), the brain-derived neurotrophic factor (BDNF),
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neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5) (Ibafies, 1998; Aloe, 2004; Dissen et al.,
2009).

It is known that NTs, especially NGF, have been widely studied in the reproductive
aspect, since they are present in the ovaries and the knockout of their genes impairs both
follicular formation and development (Dissen et al., 2002). However, it is not known if NGF
only functions in the ovary, despite its evident action as a trophic support in the sympathetic
innervation of the organ and its important role during ovarian and follicle development
(Mayerhofer, 1997; Dissen et al., 2001). In this way, the focus of the present review is to

describe the role of NGF and its receptors on ovarian follicular development.

Structural characterization of NGF and its receptors

NGF is a prototype glycoprotein of the NT family, initially synthesized as a pro-NGF
(306 amino acids), which is cleaved and translocated to the rough endoplasmic reticulum, being
further changed by extracellular proteases, producing a biologic active protein (118 amino
acids). The mature NGF is thus a covalent homodimer with a molecular weight of 130 kDa
(Covaceuszach et al., 2004; Mouri et al., 2007; Nomoto et al., 2007).

The tridimensional structure of NGF was revealed by McDonald et al. (1991), who
verified using x-ray crystallography that this substance has an elongated shape with a core that
is formed by twisted beta sheets and bound by disulfide bridges. The molecule is also composed
by 3 subunits (o, B and y complex). The B-NGF subunit is responsible for the biological activity
and the y-NGF subunit is a highly specific active protease (26-kDa serine protease of the
kallikrein protease group) responsible for the conversion of the pro-NGF transcript in its active
form. The a-NGF subunit has not shown a known function, appearing inactive (Sofroniew et
al., 2001). During the activation of NGF, the y-NGF subunit proteins are hydrolyzed to convert
pro-NGF synthesized from the gene into active homodimer NGF. In this process, the protein
remains stable and there is no segregation of a-NGF and y-NGF subunits. It is believed that
although this protein has not shown biological function, they may serve to protect NGF from
the proteolytic enzymes present in the tissues (Montalchini & Pietro Calissano, 1990).

NGF begins its biological role through binding to two known receptors (Fig. 1). One of
them shows high affinity to NGF and is known as a tyrosine kinase receptor A (TrkA) (Ibaries,
1998; Terenghi, 1999). The other is a low affinity receptor called neurotrophin receptor p75
(p75"™® or p75). NGF signaling preferentially occurs through TrkA receptor (Kaplan et al.,
1991), whereas p75 may potentiate or inhibit the biological responses mediated by TrkA (Kohn,
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1999). Phylogenetic analysis between NGF and its TrkA receptor identified a co-evolution

between these locos, increasing the receptor-ligand specificity (Halbook et al., 1998).

Proteolysis
ProNGF NGF

p75

/N

Survival and Growth

Fig. 1. Squematic model illustrating high (TrkA) and low (p75) affinity receptors for NGF.
Adapted from Grandpré et al., 2002.

The TrkA gene was mapped in the chromosomal band 1922 (Valent & Bernheim, 1997)
and contain 17 exons that codify a transmembrane protein of 140 kDa, which has an
extracellular binding domain (composed of three leucine-rich motifs flanked by two cysteine
clusters, two immunoglobulin-like C2 type domains - 1g-C2), a single transmembrane domain
and an intracellular domain with tyrosine kinase activity (Greco et al., 1996). NGF binding to
the extracellular domain leads to receptor oligomerization and this rearrangement allows the
domains of the closest kinases in the receptor chain to phosphorylate one to another, in a
process called autophosphorylation (Kaplan & Miller, 2000; Alberts et al., 2004). The
activation of TrkA receptors begins the signaling cascades, including intracellular pathways.

The receptor p75 is a member of the death-promoting tumor necrosis factor receptor
(TNF-R) superfamily which also includes the characteristic death receptors TNF-R apoptosis-
inducing ligand (TRAIL)-R and Fas/CD95 (Raase et al., 2008). The receptor p75 is a 75 kDa
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glycoprotein with four extracellular cysteine rich repeats required for ligand binding (Chao,
2003; Barker, 2004). It is a single pass type | transmembrane receptor, with an intracellular
domain containing a juxtamembrane region and a type Il consensus death domain (DD)
sequence (Roux and Barker, 2002). Although p75 binds dimeric neurotrophin ligands, there is
some controversy over the oligomeric status of p75 and evidence indicates that it may also
signal as a monomer or as a dimer (Vilat et al., 2009). Recently, it was shown that p75 can form
covalent homodimers through a disulphide bond in the transmembrane region. In this case,
neurotrophin binding is understood to induce a conformational change in the receptor, such that
it pivots on this disulfide bond at Cys257 to permit access of intracellular adaptor proteins to
the intracellular domain in what is termed a “snail-tong model” (Simi & Ibanez, 2010). The
receptor does not possess intrinsic enzymatic activity and instead transduces signals through
recruitment of a variety of adaptor proteins to the intracellular domain, leading to proliferation,
survival, or cell death (He & Garcia, 2004). Interestingly, p75 also serves as a receptor for
immature pro-neurotrophins which induce cell death in a manner that is dependent on binding

to a co-receptor, sortilin (Nykjaer et al., 2004).

Cellular signaling through NGF/receptor on the regulation of folliculogenesis

The effects of NGF are related to the activation of different biochemical pathways (Fig.
2), as the activation of the MAPK and PI3K pathway with the inactivation of the apoptotic
proteins BAD and BAX from the Bcl-2 family, both pathways activated by the TrkA receptor.
Previous researchers have also described the activation of the PLCy pathway that produces
DAG and IP3, inducing the release of calcium from the intracytoplasmic cellular stocks
(Glebova & Ginty, 2005). Finally, activation of the small GTPase Ras in response to NGF has
been shown and linked to cell survival and differentiation (Caporali & Emanueli, 2009).

The activation performed by the p75 receptor is less known, but it may result in the
production of ceramides, activation of nuclear factor-kappa B (NF-kB) or regulator kinases,
such as c-Jun N-terminal kinase (JNK) (Lee et al., 2001; Chao, 2003). p75 signaling can also
lead to downstream activation of NF-kB which promotes cell survival through up regulation of
anti-apoptotic genes such as cFLIP, which interferes with the activation of initiator caspase-8,
the Bcl-2 family member Bcl-XL, and inhibitor of apoptosis proteins (IAPs) XIAP and clAP1/2
(Karin, 2006; Baud and Karin, 2009). Together with the pro-apoptotic effects of p75, these
findings show that p75 can act as a bifunctional switch directing the cell down opposing paths

of cell death or survival (Molloy et al., 2011).
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Thus, the p75 receptor shows an independent role in apoptosis that may be anti or pro-
apoptotic (Chao, 2003). The anti-apoptotic stimulus begins with the activation of a ceramide-
dependent signaling pathway (Shi et al., 2004). In this case, NGF interacts with the p75
receptor to hydrolyze the sphingomyeline, which results in the production of the apoptosis
cascade signaling inhibitor, called ceramide (Barrett, 2000). The pro-apoptotic stimulus induced
by p75 follows the intrinsic apoptotic pathway, with the release of cytochrome c by
mitochondria and activation of caspase-9 (Bhakar et al., 2003). However, cell apoptosis
mediated by p75 does not occur when the high affinity receptors (TrkA) are also expressed
(Botchkarev et al., 2000).

Ras/MAPK pathway

After NGF binds to its cellular receptor TrkA, activation of the Ras protein occurs,
which is needed for cell differentiation and survival. This process is mediated through a Shc
adaptor molecule that binds to phosphorylated tyrosine 490, which is critical for the activation
of the Ras signaling cascade. The Shc is recruited to its recognized site in the activated Trk by
the interactions with the Shc PTB domain (Nimnual et al., 1998). The Shc phosphorylation
produces a site on phosphotyrosine Shc that recruits other adaptor proteins containing the SH2
domain, such as the growth factor receptor-bound protein-2 (Grb2), which binds to the
exchange factor of the guanine nucleotide (SOS - son of sevenless) (Robinson et al., 2005). The
complex Grb2-SOS is translocated to the plasma membrane, where SOS activates a small
protein G p2lras and promotes the transition from inactive Ras-GDP to active Ras-GTP
(guanosine triphosphate) (York et al., 2000). The activated Ras protein stimulates signaling
through several cytoplasmic kinase proteins, such as Raf (kinase specific for serine/treonine),
MEK (MAPK kinase activator) and MAPK (Wood et al., 1992; Xing et al., 1998). The
activation of one or more kinases leads to phosphorylation and activation of MEK and the
isoforms of MAPK, ERK-1 and ERK-2 (kinases regulated by an extracellular signaling -1/-2)
(Wood et al., 1992; Crews et al., 1992). The MAPK translocates into the cellular nucleus,
where it phosphorylates a group of molecules responsible for transcription, thus beginning

cellular proliferation (Silva et al., 2009).

PI3K e PLCy1 pathways
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One of the main signaling mechanisms involving lipids is the cleavage of the membrane
phosphatidylinositol to the formation of DAG and IP3 by PLCs. The IP3 may bind to its
receptors in the rough endoplasmic reticulum, releasing Ca®* from these stocks, as shown
previously, while DAG may activate several isoforms of PKCs. Therefore, PI3K and PLCy act
as intracellular messengers, whose function is to transmit the membrane receptor signaling to
several proteins that will make this sign noticeable by the cell (Lenz, 2000).

Considering that PI3Ks may be activated by Ras (Rodriguez-Viviana et al., 1994) and
by the subunits By of the protein G (Lopez-llasaca et al., 1997), these enzymes represent an
important connection point between the signaling activators of protein G, Ras and PKC and
their innumerous substrates (Lenz, 2000).

The Ras independent pathway occurs when the GAB1 adaptor proteins (GRB2-
associated binding protein-1) and SHC are phosphorylated by TrkA. As soon as it is activated,
they are associated with Grb2, producing a complex that activates PI3K (Holgado-Madruga et
al., 1997). However, Trk phosphorylation can also promote the phosphorylation of the insulin 1
receptor, which recruits and activates PI3K (Yamada et al., 1997). Once activated, either by
Ras or by its independent pathway, the PI3K phosphorylates important proteins: the Akt (also
known as kinase B protein), the RAC-PK and the ribosomal protein p70 S6 kinase (p70S6K or
p70) (Chung et al., 1994; Marte et al., 1997). The Akt is considered the most important protein
phosphorylated by PI3K, controlling the activity of several other important proteins for cellular
survival. This process occurs through the regulation of proteins that control the activity of
transcriptional factors which promote apoptosis (Brunet et al., 2003), such as the BAD cascade
(a pro-apoptotic member of the Bcl-2 family) (Yuan et al., 2001).

The role of PI3K on cellular growth and differentiation occurs through phosphorylated
phosphatidylinositol that recruits guanine exchange factors Cdc42/Rho/Rac (GEF), which act
on the organization of actin filaments into the cytoskeleton, improving mitotic fuse orientation
(Yuan et al., 2003).

The activation of PLCy by Trk promotes an increase in intracellular Ca’* levels and the
regulation of kinase C protein. These activate numerous intracellular enzymes, including all
isoforms of kinase C protein and calcium/calmodulin dependent protein kinase C (CaMK I1),
which then activate other important proteins. One such important protein is the MEK and
ERK1/ERK?2 (Corbit et al., 1999).

Other Ras independent pathways have been related to cellular survival and
differentiation. Among them, the phosphorylation of the SNT molecule by NGF (Rabin et al.,
1993) can be highlighted. In this case, once phosphorylated, the SNT is translocated into the
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nucleus, where it acts as a transcriptional factor, regulating the genes that control cell cycle
(Rabin et al., 1993).
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Figure 2. Squematic representation of signaling pathways between NGF and TkrA. NGF binds
to its receptor TrkA, leading to the dimerization and autophosphorylation. The Shc adaptor
molecule binds to the phosphate in the receptor and to the complex Grb2-SOS. The Ras
complex activates, exchanging the GDP to GTP. The activated Ras interacts directly with the
Raf protein, which leads to the sequential activation of MEK and MAPK. The MAPK
translocate to the nucleus, where it phosphorylates transcriptional factors, promoting the
cellular differentiation. The Ras also promotes PI3K activation, which activates substances
responsible for follicular survival and growth. Activation of PLCy1 results in the release of Ca**

and PKC activation.
Expression of NGF and its receptor in the ovary

The expression of NGF and its receptors (TrkA and p75) was verified in the ovarian cells
(oocyte, granulosa, theca and interstitial cells) of several species, including human (Spears,
2003; Salas et al., 2006), rodent (Romero et al., 2002; Shi et al., 2004), bovine (Dissen et al.,
2000; Levanti et al., 2005), ovine (Barboni, 2002) and caprine (Ren et al., 2005). Thus, NGF
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and its receptors regulate several functions in the ovary, such as sexual development (Lara et
al., 1990), follicular development and ovulation (Dissen et al., 1996; 2001), through autocrine
and paracrine ways.

In bovine, Levanti et al. (2005) verified by immunohistochemistry a weak immunostaining
for the protein p75 in the ovarian stromal, and a high immunoreactivity in the oocytes of
preantral follicles (primordial, primary and secondary) and early antral (tertiary). The
immunoreactivity for the TrkA receptor was found in the oocyte, granulosa and theca cells, and
appeared independent of the follicular maturation stage. In swine ovaries, the primordial and
primary follicles showed positive immunostaining for p75 and TrkA only in granulosa cells,
while in tertiary follicles, this same receptor was found both in follicular cells and oocyte. In
addition, a weak immunoreactivity was found in stromal cells and high in corpus luteum cells
(Levanti et al., 2005).

Using immunofluorescence, the protein for TrkA receptor was localized in the oocytes
of mouse primordial follicles (Dissen et al., 2001), while NGF ligand was expressed in the
theca and granulosa cells of preantral and antral follicles in rat ovaries (Dissen et al., 1991).
The expression pathways found in the oocytes and somatic cells indicate that NGF is a potential
factor that can regulate intra-oocyte activation of PI3K (Adhikari & Liu, 2009). Noticeable
amounts of NGF were also detected in the follicular fluid of rat antral follicles (Barboni et al.,
2002), probably originated by granulosa and theca cells (Dissen et al., 2001).

In addition, other immunocytochemical studies revealed that the protein for p75 receptor
was expressed in the mesenchyme cells in the rat fetal ovary (Dissen et al., 1995; Ojeda et al.,
2000). In hamsters, the staining for NGF and its receptors (TrkA and p75) was detected in the
oocyte, granulosa, theca, interstitial and luteinic cells of all follicular categories (Shi et al.,
2004). In mouse, the TrkA was localized in the oocytes, granulosa and theca cells of primary
and secondary follicles, while the p75 receptor was localized only in interstitial cells (Dissen et
al., 2001; Weng et al., 2009). In Rhesus monkey ovaries, the detection of the mRNA expression
for p75 receptor by immunocytochemical processes indicates that this organ is able to

synthesize this receptor (Dees et al., 1995).

Role of NGF on follicular development

Survival
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Some studies have demonstrated that NTs and their receptors play an important role on
the development of the mammal ovary, oogenesis, folliculogenesis and embryo development
(Bjorling et al., 2002; Krizsan-Agbas et al., 2003; Shi et al., 2006; Ren et al., 2005). Among
them, NGF is highlighted because of its role on follicular survival.

The NGF is a protein necessary to the maintenance, survival and development of
neuronal population in the central and peripheric nervous system (Angeletti & Bradshaw, 1971,
Levi-Montalcini, 1987; Snider, 1994). In the ovaries, NGF also acts as a trophic support in the
sympathetic innervation of this organ, which is important to folliculogenesis (Dissen et al.,
2001). The direct action of NGF on follicular survival was demonstrated by Chaves et al.
(2010). These authors cultivated caprine preantral follicles enclosed in fragments of ovarian
tissue in the presence of NGF, demonstrating the ability of NGF in maintaining in vitro
follicular survival and ultrastructure in a dose-dependent way. In humans, the culture of fetal
ovaries of 13-16 weeks of age in the presence of a Trk inhibitor resulted in a decrease in
oogonia survival (Spears et al., 2003), demonstrating that NGF has a fundamental role in the
maintenance of survival and that the receptor which acts in this signaling pathway is TrK.
Moreover, analysis of NGF expression and its receptors in antral follicles during the estrous
cycle demonstrate that atretic follicles in the proestrus phase showed a higher level of p75
expression than in others days of the cycle (Shi et al., 2004).

In addition to the direct action, NGF may act indirectly in follicular survival through the
production of biological active receptors for follicle stimulating hormone (FSH; receptors:
FSHR) (Salas et al., 2006). Rats ovaries treated with NGF developed the capacity to response to
FSH, with the formation of cAMP in preantral follicles (Romero, 2002). Similar results were
obtained in humans, in which the culture of granulosa cells with NGF also increased the
expression for FSHR in these cells (Salas et al., 2006). Knowing FSH is a gonadotrophin that
acts as a survival factor in the culture of preantral follicles (Matos et al., 2007); we can assume
that any substance which increases the number of FSHR, such as NGF, is important.

However, high concentrations of NGF may be harmful to the female reproductive
lifespan, since it may reduce fertility (Dissen et al., 2009). This fact was confirmed recently in
the ovaries of transgenic animals with the excessive production of NGF, which caused an
increase in the apoptosis rate of granulosa cells, due to the super production of the protein
stathmin (STMN1) within ovaries. In the phosphorylated stage, this protein is expressed in
granulosa cells and is responsible for the intermediation of a cell death signal initiated by
tumoral necrosis factor o (TNF). In transgenic animals, researchers also observed an increase in

TNF synthesis and the blockage of the phosphorylation of STMNL1 protein by tyrosine kinase
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receptors. Thus, the inhibition of the TNF actions in vivo, through the administration of a
soluble TNF receptor, blocked the increase in phosphorylated STMN1 production, as well as
apoptosis of granulosa cells in the ovaries of these animals (Garcia-Rudaz et al., 2011).
Moreover, in transgenic animals with excessive production of NGF, there is a tendency for the
formation of ovarian cysts (Dissen et al., 2009). This predisposition occurs due to the high
production of 17a-hydroxyprogesterone, testosterone and estradiol in response to

gonadotrophins, especially the high levels of LH (Garcia-Rudaz et al., 2011).

Activation of primordial follicles

After the organization of oocytes and somatic cells in primordial follicles, the newly
formed follicles pass through a differentiation process in which flattened pre-granulosa cells
located around the oocyte acquire a cuboidal morphology, in a process called follicular
activation (Hirshfield et al., 1991; Fahnestock et al., 2004). NGF and its receptors seem to be
involved in this process, as NGF is present in the follicles of primordial stage in rats. Studies
with NGF knockout mice showed that these animals had a reduced number of primary and
secondary follicles (Dissen et al., 2001; Dissen et al., 2002; Romero et al., 2002). The absence
of NGF promoted a reduction in the proliferation rate of mesenchyme somatic cells before the
formation of primordial follicles, detected in vivo and in vitro, consequently leading to an
increase in the number of oocytes that are not involved by somatic cells to form the primordial
follicles (Ojeda et al., 2000). In addition, functional analysis using neonate ovaries in in vitro
culture systems have confirmed that an increase in NGF promotes an increase in the activation
rate of primordial follicles (Paredes et al., 2004).

In the beginning of the pre-granulosa differentiation and cellular growth in primary
follicles, NGF seems to interact with other growth factors, such as growth and differentiation
factor-9 (GDF-9) and kit ligand (KL) (Oktay et al., 1995). Another indication of the NGF role
on follicular activation is the inhibition of TrkA receptor, which is related to a reduction in
developing follicles. Granulosa cells of rat primary follicles showed a higher expression of
TrkA than those of more developed follicles, indicating that NGF seems to be most important in
the early follicular development. However, in bovine, the expression of this factor remained at
constant levels throughout all folliculogenesis (Dissen et al., 2000).

In contrast to the NGF knockout, rats with mutation for p75 receptor showed a normal
population of primordial, primary and secondary follicles (Lee et al., 1992; Ojeda et al., 2000).

Moreover, the ovaries of knockout mice for p75 showed an increase in the number of primary
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and secondary follicles (Ojeda et al., 2000). Thus, the results suggest that p75 may act as a
modulator in pre-thecal mesenchyme cells, regulating follicular activation.

It is interesting to note however, that no effect of NGF (1, 10, 50, 100 and 200 ng/mL)
was observed in the transition from primordial to primary follicles in caprine (Chaves et al.,
2010). This fact was previously confirmed by Nilsson et al. (2009), in which the ovaries treated
with 50 ng/mL of NGF did not show any effect in the transition from primordial to primary
follicles in rats. One hypothesis that could explain this result would be the presence of
stimulatory substances for the activation of primordial follicles, such as insulin, in the basic

medium.

Follicular growth

Cellular growth is related to the ability to promote proliferation of mesenchyme and
follicular cells, as well as to induce the FSHR synthesis (Romero et al., 2002; Salas et al.,
2006). In this aspect, NGF has been associated with follicular growth because it shows
mitogenic effects in several types of nonneural cells, including the lines of mesenchyme
(Cordon-Cardo et al., 1991; Sortino et al., 2000; Dissen et al., 2000) and epithelial cells
(Garcia-Suarez et al., 2000).

In a previous study (Dissen et al., 2001), researchers observed that secondary follicle
development is reduced in NGF gene knockout mices. Using immunohistochemical techniques
for the detection of proliferation cell nuclear antigen (PCNA) and bromodeoxiuridine (BrdU),
there is a reduction in the proliferation rate of mesenchyme line cells and epithelial cells within
the ovaries of these mice, respectively. One explanation is that there may be an involvement of
Trk receptors in the mediation of the facilitator effect of NGF on the somatic cell proliferation
in the ovary (Dissen et al., 1996).

The growth factors of TGF-$ superfamily which are produced by the mesenchyme cells
in the ovary may be among other potential factors which interact with NGF on follicular
growth. They also regulate the growth and differentiation of follicular cells and of the ovary
(Skinner et al., 1987; Gitay-Goren et al., 1993), facilitating FSH dependent events, such as
aromatase activity (Bendell et al., 1988), steroidogenesis (Dodson et al., 1987) and the
formation of receptors for luteinizing hormone (LH) (Kim et al., 1994).

Although some studies indicate mitogenic effects of NGF, in caprine, NGF did not
promote follicular and oocyte growth after 7 days of culture within ovarian fragments (Chaves

et al., 2010). This discrepancy may be attributed to the culture conditions utilized such as the
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concentration of NGF, culture period, differences between the species or cellular types.

NGF also has the indirect capacity to induce angiogenesis in several tissues, such as the
skin (Chiaretti et al., 2002), skeletal muscle (Emanueli et al., 2002), cornea (Seo et al., 2001)
and central nervous system (Calza et al., 2001) through the stimulus of vascular endothelial
growth factor (VEGF) production (Julio-Pieper et al., 2009). Studies revealed that VEGF,
besides being a potent mitogenic factor, also has an important role in the regulation of the
vascular structure and to increase capillary permeability (Redmer et al., 2001). Moreover,
Bruno et al. (2009) showed that VEGF acts on follicular survival and development, promoting
an increase in follicle and oocyte diameters in caprine preantral follicles. However, these
findings also indicate that NGF may participate in ovarian disturbances, such as polycystic
ovaries, ovarian tumors and ovarian hyper stimulation syndrome, all subjacent of ovarian
angiogenesis (Agrawal et al., 1998; Ludwig et al., 1999; Albert et al., 2002).

Final consideration

NGF was found 50 years ago as a molecule that promoted the survival and
differentiation of sympathetic and sensory neurons. Its role on neuronal development has been
extensively characterized, but recent findings suggest an unexpected diversity of NGF actions
in other organs, such as the ovary. Studies demonstrate the essential role of NGF in mammal
folliculogenesis both in a direct way, such as through the nervous stimulus in the ovary, or by
its indirect role, through the mesenchyme cells (theca cells).

The complete understanding of NGF actions within the ovaries is still unclear due to the
great variety of kinases that may be expressed and also by the lack of studies on this growth
factor in the ovary. Thus, the use of NGF in the in vitro culture media of ovarian follicles may

be of fundamental importance to promote follicular development.
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Resumo

Varios fatores de crescimento tém sido identificados agindo localmente no ovario para regular
maturacdo folicular e a ovulacdo. Os membros da familia do fator de crescimento de
fibroblastos (FGF) séo potentes agentes mitogénicos e estdo envolvidos na diferenciagdo e
migracdo celular, bem como nos processos angiogénicos em muitos tecidos e 6rgdos. Além do
FGF-2, que € o membro mais estudado da familia, outros membros importantes para a
reprodugdo sdo FGF-1, -5, -7, -8, -9 e -10. Estudos imunohistoquimicos e moleculares tém
revelado que as atividades bioldgicas de ligantes e receptores dos membros da familia FGF séo
importantes no controle da viabilidade e proliferacdo celular nos tecidos reprodutivos.
Coletivamente, esses estudos estabeleceram o conceito de que FGFs desempenham um papel
importante na regulagcdo do inicio do crescimento de foliculos primordiais, sobrevivéncia
folicular e oocitéria, proliferacdo e diferenciacdo das células da granulosa e da teca, formagéo
de corpo luteo, esteroidogénese e angiogénese. O objetivo desta revisdo é destacar a
importancia dos FGFs na reprodugdo dos mamiferos, fornecendo uma melhor compreenséo

desta familia na fisiologia ovariana e na fertilidade das fémeas.

Palavra-chave: Foliculogénese, ovério, FGF-2.
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Abstract

Several growth factors have been identified as acting locally within the ovary to regulate
follicle maturation and owvulation. The fibroblast growth factor (FGF) family members are
potent mitogen and involved in cell differentiation, cell migration and angiogenesis in many
tissues and organs. In addition to FGF-2, which is the most studied member of this family, other
important members are FGF-1, -5, -7, -8, -9, and -10. Immunohistochemical and molecular
studies have revealed that biological activities of ligands and receptors of the FGF family
members are important in controlling viability and cellular proliferation in reproductive tissues.
Collectively, these studies have established the concept that FGFs play important roles in
regulating the initiation of primordial follicle growth, oocyte and follicle survival, granulosa
and theca cells proliferation and differentiation, corpus luteum formation, steroidogenesis, and
angiogenesis. The purpose of this review is to highlight the importance of the FGFs on
mammalian reproduction, providing a better understanding of this family in ovarian physiology

and female fertility.

Keywords: Folliculogenesis, ovary, FGF-2.

1. Introduction

Normal ovarian function is essential for the reproductive success of females. The growth
and development of the follicles through successive stages within the ovary are highly
dependent on effective two-way communication between oocyte and granulosa cells and
between granulosa and theca cells. It also requires the interaction between endocrine and
paracrine signals, which act on the two types of somatic cell and the oocyte (Knight and Glister
2006). One well-known paracrine ligand is the fibroblast growth factor (FGF) family, which is
also involved in paracrine signaling within the follicle (\Van Der Hurk and Zhao 2005).

The FGFs are a family of heparin-binding growth factors, which effects are mediated via
tyrosine kinase receptors (Fernig and Gallagher 1994). Several studies demonstrated that this
family plays an important role in maintaining homeostasis in many tissues and organs (Itoh and
Ornitz 2011). The most studied member of this family is FGF-2, which has been shown to
stimulate a wide range of biological processes such as cell proliferation, differentiation
(Anderson and Lee, 1993), migration (Berisha et al. 2006a) and apoptosis (Tilly et al. 1992).
Furthermore, after several key papers that reported the expression of components of the FGF
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family in mammalian reproductive tissues (Ben-Haroush et al. 2005; Buratini et al., 2005a,
2007), experimental studies were performed that demonstrated the critical involvement of the
FGF family in the regulation of reproductive processes, particularly in ovarian folliculogenesis
(Nillson et al. 2001; Matos et al. 20073, b; Chaves et al. 2010). Studies dealing with the roles of
the FGF family in reproductive physiology have provided new insight into our understanding of
the physiological regulation of key reproductive processes.

This review will focus on the intraovarian roles of FGF family members on the
regulation of mammalian female reproduction. We will highlight the expression pattern of FGF
ligands and receptors, the specific biological activities of FGF family members in regulating
reproductive processes, and the genetic studies that have provided particular insight into the

role of the FGF system in regulating mammalian fertility.

2. The FGF family: biological activities, ligands and receptors

FGFs constitute one of the largest families of growth and differentiation factors in cells
of mesodermal and neuroectodermal origin (ltoh 2007). These FGFs can be classified as
paracrine, endocrine and intracrine factors (Fig. 1). Paracrine FGFs mediate biological
responses by binding to and activating cell surface tyrosine kinase FGF receptors (FGFRS).
They act as local paracrine signaling molecules and function in multiple developmental
processes including differentiation, cell proliferation and migration (Beenken and Mohammadi
2009). Endocrine FGFs are thought to mediate biological responses in an FGFR-dependent
manner. However, they function over long distances as endocrine hormones (Kharitonenkov
2009; Itoh 2010). In contrast, intracrine FGFs act as FGFR-independent intracellular molecules
that regulate the function of voltage gated sodium channels (Goldfarb et al. 2007; Laezza et al.
2009). Paracrine FGFs, the target of the present study, comprise members of the FGF-1/2/5,
FGF-3/4/6, FGF-7/10/22, FGF-8/17/18 and FGF-9/16/20 subfamilies (Itoh and Ornitz 2011).
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Figure 1. Phylogenetic tree of the FGF family. Phylogenetic analysis suggests that 22 FGF
genes can be arranged into seven subfamilies containing two to four members each. Adapted:

Popovici et al. 2004.

The FGF family is emerging as a group of factors that are involved in the regulation of
ovarian function. This family consists of 22 peptides, which have been grouped into 7
subfamilies with distinct receptor-binding properties (Itoh and Ornitz 2011). The FGF family
ranges in molecular mass from 17 to 34 kDa and are composed of 150 to 250 amino acids that
share 13 to 71% homology (Itoh and Ornitz 2004; Katoh and Katoh 2005). They are produced
by vascular endothelial and smooth muscle cells, hence their almost omnipresent distribution
(Felmeden et al. 2003). In addition to FGF-2, which is the most characterized and studied of
this family, other members such as FGF-1, -5, -7, -8, -9 and -10, also have important functions
in many tissues and organs, including pituitary, retina, adrenal and ovary (Ware and Matthay
2002, Lee et al. 2008). Among their recognized functions, FGFs regulate cell proliferation,
differentiation, migration, steroidogenesis, angiogenesis (Itoh and Ornitz 2008; Beenken and
Mohammadi 2009) and extracellular matrix (ECM) deposition (Datsis et al. 2011). These

processes are of critical importance in follicular and embryo development, suggesting that
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FGFs could play important roles in folliculogenesis and embryogenesis. In addition, their role
was also demonstrated in limb, skeletal, lung, and brain development (Xu et al. 2005).
Moreover, FGFs also play a significant part in at least three of the four phases of wound
healing: inflammation, repair and regeneration (Finch and Rubin 2004). Further important
functions of FGFs include tumor development and progression (Felmeden et al. 2003). The
bioavailability of these molecules may be regulated by FGF binding proteins (FGFBPSs), which
are responsible for releasing the FGFs arrested in the ECM (Abuharbeid et al. 2006).

FGF family members are heparin-binding growth factors (Fernig and Gallagher 1994),
which mediate their biological activities through two types (high affinity and low affinity) of
FGFR (Cotton et al. 2008). Five known high affinity FGFR genes have been identified (FGFR-
1-5; Itoh and Ornitz 2004). The FGFR-1-4 are tyrosine kinase receptors consisting of an
intracellular tyrosine kinase domain, a single transmembrane domain, with an extracellular
portion consisting of three Ig-like domains (D1, D2, D3), which are responsible for the
interaction and specificity with the FGFs (Lih-Yuh et al. 2003). The most recently discovered
FGFR-5 has two alternative transcripts: FGFR-5 y"and 3 (Kim et al. 2001). This receptor did
not show an intracellular tyrosine kinase domain like the others FGFRs, however, the
extracellular domain residues, important to the binding to FGF ligands, are preserved (Sleeman
et al. 2001). Binding studies have demonstrated that FGFR-5 is able to bind to FGF-2, but not
to FGF-7. Nevertheless, its biological function remains unknown (Sleeman et al. 2001).

Following receptor binding, FGFs induce functional dimerization, phosphorylation of
specific cytoplasmic tyrosine residues and activation of four key downstream signaling
pathways: Ras/MAPK, PI3K/Akt, phospholipase Cy (PLCy) and signal transducers and
activators of transcription (STATS) (Deo et al. 2002; Turner and Grose 2010). These effectors
in turn disseminate the receptor tyrosine kinase signals by activating many target proteins,
including transcription factors in the nucleus (Fig. 2). The ligand-receptor interaction is
coordinated through the combination of this complex to heparin or proteoglycans (heparin
sulphate), giving more stability to the binding and dimerization of FGFRs. The intracellular
binding of this complex (FGF-FGFR-Heparin) is mediated by the recruitment of a signaling
protein family, known as FRS2 (FGF 2 receptor substrate), into the binding sites with the
phosphorylated tyrosines (Eswarakumar et al. 2005). The phosphorylated tyrosine residue
activates proteins containing the SH2 domain (Boilly et al. 2000). These domains are residues
of 100 preserved amino acids with enzymatic activity (GTPases, phosphatases, PLCy) or
proteins that lost their enzymatic activity, called adaptor protein (Grb2 and Shc), which
indirectly affect the enzymatic activity. The protein Grb2 (FGF 2 receptor binding protein)
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binds to SOS, producing a Grb2-SOS complex, which activates the protein Ras. The activated
Ras protein stimulates a signaling cascade through Raf (kinase specific for serine/threonine),
MEK (MAPK kinase activator) and the isoforms ERK1/2 (kinases regulated by an extracellular
signaling -1/-2). The Ras signaling pathaway is crucial for cell proliferation, induced by FGF,
in different cell population (Boilly et al. 2000). In other population, the proliferative effect of
FGF is mediated through the proteins kinase C and PI3 kinase (Boilly et al. 2000). The
activation of PLCy has an important role in the transmission of the biological signals of FGF-2,
resulting in the hydrolysis of phosphatidylinositol-3-phosphate (IP3) and diacilglicerol (DAG),
releasing calcium and activating the PKC (Nugent and lozzo 2000).
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Figure 2. Intracellular signaling pathways activated through FGFRs. Formation of a ternary
FGF-heparin-FGFR complex leads to receptor autophosphorylation and activation of
intracellular signaling cascades, including the Ras/MAPK pathway (shown in red), PI3
kinase/Akt pathway (shown in green), and the PLCy/Ca** pathway (shown in blue). The
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Ras/IMAPK cascade is activated by binding of Grb2 to phosphorylated FRS2. The subsequent
formation of a Grb2/SOS complex leads to the activation of Ras. Three routes by which FGFRs
can activate PI3K/Akt pathway are indicated. First, Gabl can bind to FRS2 indirectly via Grb2,
resulting in tyrosine phosphorylation and activation of the PI3K/Akt pathway. Second, the
PI3K-regulatory subunit p85 can bind to a phosphorylated tyrosine residue of the FGFR.
Alternatively, activated Ras can induce membrane localization and activation of the p110
catalytic subunit of PI3K. DAG, diacylglycerol; IP3, inositol-1, 4, 5-triphosphate. These
effectors, in turn, disseminate the receptor tyrosine kinase signals by phosphorylating many
target proteins, including transcription factors in the nucleus. The PLCy and STAT pathways

are also activated by FGF receptor signaling. Adapted: Cotton et al. 2008.

The various FGFs show different FGFR specificity, although FGF-1 being the universal
FGF that can activate all FGFRs (Ribatti et al. 2007). Receptor 1, 2, and 3 genes are known to
generate splice variants, the ‘b’ and “‘c’ forms (Werner et al. 1992). These splice variants differ
in their ligand binding specificity, for example, FGF-7 activates FGFR-2b while having
negligible affinity for the other FGFRs. Moreover, FGF-8 preferentially activates FGFR-4, and
also activates FGFR-3c. In particular, FGF-2 activates the splice variant FGFR-1-3c and FGFR-
2-3c but not FGFR-2-3b (Ornitz et al. 1996), and FGFR-1c isoform being the preferential target
of FGF-2 (Zhang et al. 2006). The splicing variant 3a of FGFR is a secreted protein, whereas 3b
and 3c are both membrane-bound receptors containing mutually exclusive 1g-like domains. In
addition, it is generally believed that the 3b isoform of FGFRs is expressed in epithelial
lineages, whereas the 3c variant is restricted to mesenchyme origin (Eswarakumar et al. 2005)
except in the uterine endometrium where FGFR-3-3b is expressed in both stroma and
epithelium (Tsai et al. 2002). Neither of these FGFRs was detected in the rat ovary by in situ
hybridization (Asakai et al. 1994), whereas FGFR-4 but not FGFR-3 was detected in granulosa
cells of preantral and antral mouse follicles (Puscheck et al. 1997).

Furthermore, the low affinity receptor is identified as cell surface heparan sulfate
proteoglycans (HSPGs) (Kwan et al. 2001), to which FGF-2 binding is a prerequisite for the
interaction of FGF-2 with high affinity receptors (FGFR-1 and FGFR-2) and subsequent signal
transduction (Ibrahimi et al. 2004). In addition to their role as a low affinity receptor, HSPGs
influence FGF-2 and its action in a variety of ways. HSPGs act as a reservoir of FGF-2 for cell
use (Ornitz and Itoh 2001) and as a protector from proteolytic degradation and thermal
denaturation (Quarto and Amalric 1994). Moreover, cell surface HSPGs mediates the
internalization of FGF-2 (Roghani and Moscatelli 1992).
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3. Expression and functions of the FGF family members in reproductive tissues

Tissue-specific expression of members of the FGF family is important in controlling
physiological functions in the mammalian reproductive system. In the following section, we
will focus on 1) the expression of the specific components of the FGF family (particularly FGF-
1, -2, -5, -7, -8, -9 and -10) within reproductive system, and 2) the recent advances in the

understanding of the functions of FGF ligands in reproductive target cells.

3.1. FGF-1

FGF-1, also called acidic FGF (aFGF), is a heparin-binding polypeptide whose
functions include regulation of proliferation, differentiation, and angiogenesis (Miyake et al.
1998). This growth factor is predominantly expressed in theca cells in bovine. Conversely, the
protein for FGF-1 was localized by immunohistochemistry predominantly in the granulosa cell
layer, probably binding to its receptor (Berisha et al. 2004). Additionally, a study showed that
FGF-1-like activity has been isolated from porcine uterus (Gupta et al. 1997). In rhesus
monkeys, by in situ hybridization, Samathanam et al. (1998) showed that FGF-1 mRNAs were
relatively abundant in uterine epithelial, smooth muscle, and vascular cells and minimally
expressed by stromal and connective tissue cells. With respect to other reproductive organs,
FGF-1 protein has been immunolocalized to rat embryonic neuroectodermal and mesodermal
tissues (Stevenson and Wathes 1996) but has not been reported to be present in earlier stages of
development. In addition, the bovine (Gabler et al. 2004), and marmoset oviducts also express
FGF-1 (Gabler et al. 1998).

Like other members of the family, FGF-1 has mitogenic and chemotactic effects
especially on fibroblasts, endothelial cells and smooth muscle cells. It has been shown that
vascular endothelial growth factor (VEGF) and FGF families are involved in the proliferation
of capillaries that accompanies the selection of the preovulatory follicle. This leads to an
increased supply of nutrients and precursors, therefore supporting the growth of the dominant
follicle in bovine ovaries (Berisha et al. 2004). In addition, FGF-1 may play a significant role in
bovine granulosa cell steroidogenesis (Vernon and Spicer 1994), anti-apoptotic action (Peluso
et al. 2001) and differentiation of granulosa cells (GCs) into luteal cells during the process of

luteinization (Lavranos et al. 1994).
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3.2. FGF-2

The early observations that crude extracts of corpus luteum (Shirasuna et al. 2010) could
stimulate endothelial cell growth in vitro and have angiogenic activity in vivo led
Gospodarowicz et al. (1989) to identify an ovarian source of FGF-2, also known as basic FGF
(bFGF). This growth factor is the most prominent and largely studied factor of this family with
high affinity to all of the known FGF receptors (Ben-Haroush et al. 2005). It occurs in several
isoforms resulting from alternative initiations of translation: an 18 kDa cytoplasmic isoform and
four larger molecular mass nuclear isoforms (22, 22.5, 24 and 34 kDa) (Berisha et al. 2006Db),
and it has a 55% sequence identity with FGF-1 (Hanneken et al. 1994). This factor stimulates
cellular functions, cell proliferation, migration, protease secretion and angiogenesis (Detillieux
et al. 2003). Additionally, FGF-2 can activate ribosomal DNA (rDNA) transcription, and its
nuclear accumulation has been associated with cellular proliferation (Amalric et al. 1994).
There is also abundant evidence, mostly from in vitro studies, supporting the involvement of
FGF-2 as a paracrine modulator of primordial follicle activation and survival.

Although FGF-2 is considered a member of paracrine FGFs, it did not show a typical
signaling peptide for its secretion. FGF-1 and FGF-2 might be released from damaged cells or
by an exocytotic mechanism that is independent of the endoplasmic reticulum-Golgi pathway
(Mohan et al. 2010; Nickel 2010). In addition, it has also been reported that FGF-2 can directly
translocate to the nucleus and act in an intracrine manner (Antoine et al. 1997). Therefore, this
fact contests the physiological relevance of FGF-2 as a paracrine factor. The mechanisms by
which this factor is released remains unclear; however studies have demonstrated that its
secretion depend on the energy provided by Na** K* ATPases (Florkiewicz et al. 1998) and
also depend on the fusion of intracellular vesicles and the plasma membrane (Mignatti et al.
1992).

Therefore, the effects of FGFR activation and the cellular activity performed by FGF-2
when it is added to the in vitro culture medium may be in vivo actually responsibility of others
FGFs effectively secreted, and with affinity to the same receptors activated by FGF-2. For
instance, the FGF-8 family (FGF-8, -17 and -18) that also activates FGFR-3c, FGFR-4 and
FGFR-2c (Ibrahimi et al. 2004).

The FGF-2 takes part in the development processes, being a potential regulator gene and
its expression is suppressed by interferon o and f (IFN-a and IFN-B) (Riedel et al. 2000).
Immunohistochemical studies have localized FGF-2 to the oocytes of ovarian primordial and

primary follicles (rat: Nilsson et al. 2001; bovine: Van Wezel et al. 1995; sheep: (Garcia et al.
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2006), granulosa cells from secondary and antral follicles in bovine (Parrott and Skinner 1998),
as well as in the corpus luteum in bovine (Salli et al. 1998) as a potential regulator of ovarian
function in different species. In addition, molecular analysis by RT-PCR confirmed FGF-2
expression in human adult ovarian cortex and in isolated primordial, primary, secondary (Garor
et al. 2009), and antral follicles (Yamamoto et al. 1997). Furthermore, FGF-2 receptors or their
mRNAs have been demonstrated in granulosa cells of growing antral follicles between 5-20
mm (cow: Parrott and Skinner 1998; rat: Asakai et al. 1994) and theca cells (bovine: Berisha et
al. 2004, Buratini et al. 2005b). Additionally, Ben-Haroush et al. (2005) identified
immunohistochemical expression of FGFR-2 and FGFR-3 in women granulosa cells as early as
primordial stages and of FGFR-4 in granulosa cells from primary stages. Furthermore,
regarding to other reproductive tissues, FGF-2 has been isolated and characterized in bovine
and human testes (Steger et al. 1998; Abo-Elmaksoud and Sinowatz 2005), as well as in germ
cells. Additionally, it was observed in goats that granulosa cells from preantral and antral

follicles produce FGF-2 during all phases of follicular development (Almeida et al. 2011).
A. FGF-2 in reproductive cell survival

Zhou and Zhang (2005) showed that FGF-2 stimulated caprine oocyte survival after
culture, although it had no obvious effect on oocyte growth. Additionally, previous in vitro
studies in rat granulosa cells (Trolice et al. 1997) have shown that FGF-2 inhibits granulosa
cells from undergoing apoptosis. The mechanism through which FGF-2 mediates granulosa
cells survival is unknown. However, some studies have shown that FGF-2 prevents apoptosis
through both genomic and acute actions. Some studies demonstrated that FGF-2 acute actions
involved the maintenance of normal levels of intracellular free calcium levels (Ca). In
granulosa cells, FGF-2 maintained Ca®* through a protein kinase C delta (PKC3)-dependent
mechanism. Further, FGF-2-activated PKCS maintained Ca®* by stimulating calcium efflux,
accounting in part for the ability of FGF-2 to maintain calcium homeostasis and ultimately
granulosa cell viability (Peluso et al. 2001). The ability of FGF-2 to stimulate calcium efflux
involved the plasma membrane calcium ATPase (PMCA). Interestingly, FGF-2-activated PKCd
appeared to regulate PMCA activity in part by promoting its membrane localization. In
addition, transgenic mice with overexpression of FGF-2 had reduced levels of apoptosis in the
granulosa cells (only 25% compared with 58% in normal mice) (Peluso 2003). These studies
support the assumption that FGF-2 is a physiologically relevant regulator of granulosa cell
viability.
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B. Effects of FGF-2 in the initiation of primordial follicle growth

The initiation of follicle growth, also known as follicular activation, is defined as the
transition of primordial follicles from the quiescent to the growth phase. Primordial follicles are
the source from which follicles will be gradually recruited to grow throughout life, and the
mechanism of this recruitment is one of the most intriguing questions in ovarian physiology
(Braw-Tal 2002). This recruitment of primordial follicles to initiate folliculogenesis determines
the population of developing follicles available for ovulation and directly regulates female
reproductive efficiency. In this way, researches performed in many laboratories in the last few
years have provided important information about the role of FGF-2 in the initiation of
primordial follicles growth.

In a rat model, FGF-2 promoted primordial follicle activation and further growth of
primary follicles (Nilsson et al. 2001). These authors showed that FGF-2-treated ovaries
contained 85% developing follicles compared to 50% developing follicles for control untreated
organ cultures. Correspondingly, the number of primordial follicles in FGF-2 treated ovaries
decreased to 15% of the total compared with 45% for controls. After culturing caprine ovarian
tissue, Matos et al. (2007a) demonstrated that 50 ng/mL FGF-2 induced a significant decrease
in the number of primordial follicles with a corresponding increase in intermediate follicles
(containing both flattened and cuboidal granulosa cells around the oocyte). This FGF-2
treatment also resulted in an increase in diameter of both oocytes and follicles that were
cultured for 5 days. Furthermore, addition of both FGF-2 and FSH to the culture medium
increased the rates of caprine follicular activation (Matos et al. 2007c; 2010). These authors
also observed that ultrastructural integrity of goat preantral follicles was maintained during
culture for 7 days in medium containing both FGF-2 and FSH (Matos et al. 2007c). In contrast,
cortical tissues cultured in control medium (without FGF or FSH) had ultrastructural changes
that are indicative of degeneration, such as intense cytoplasmic vacuolization. More recently,
association of FGF-2 with FSH had a positive influence on primordial follicle development
after one week culture of human ovarian tissue, and this development was blocked by the
neutralizing antibody against FGF-2. Moreover, in samples cultured with serum substitute
(human serum albumine), high doses of FGF-2 (100 and 300 ng/mL) enhanced follicular
development. Finally, these authors demonstrated that samples incubated with the neutralizing
antibody had low estradiol production (Garor et al. 2009). These studies demonstrate that FGF-

2 induces primordial follicle development to initiate folliculogenesis and this action may be, in
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part, by directly acting on adjacent ovarian cells to promote somatic cell growth (Nilsson and
Skinner 2001). In contrast, at 10 ng/mL, FGF-2 did not influence primordial follicle activation
of bovine primary and secondary follicles in vitro (Derrar et al. 2000). It is likely that FGF-2

activates mammalian primordial follicles in a species-specific manner.

C. Role of FGF-2 in granulosa and theca cell proliferation and differentiation

Although the mechanisms involved in the event of granulosa cell proliferation in early
follicles remain unknown, several lines of evidence indicate a functional role for FGF-2.
Furthermore, as follicle development progresses, the terminal differentiation of the inner theca
is characterized by the development of theca interstitial cells that produce androgens.
Understanding theca development is important because theca-derived androgens are obligatory
precursors for follicle estrogen production and have been implicated in follicular atresia (Cao et
al. 2006).

Some in vitro culture studies have shown that FGF-2 has a mitogenic effect on
granulosa and theca cells of preantral follicles from different species (bovine: Wandji et al.
1996; Spicer and Stewart 1996, Nilsson et al. 2001; domestic cat: Jewgenow 1996). Moreover,
optimal concentrations (50 ng/mL) of FGF-2 stimulate DNA synthesis in hamster preantral and
antral follicles cultured in vitro (Roy and Greenwald 1991).

In addition, FGF-2 may play species-specific effect on steroid production, such as
inhibition of estradiol production in the granulosa cells of rats (Schteingart et al. 1999) and
cows (Vernon and Spicer 1994), as well as blockage of aromatase activity in rats (Schteingart et
al. 1999), in contrast to stimulation of 17b-hydroxysteroid dehydrogenase expression and
activity in humans (Speirs et al. 1993). Moreover, in the ovine model, FGF-2 expression in
granulosa cells was found to decrease in correlation with follicular growth, making it a potential
marker of the transition stage to steroid production (Garcia et al. 2006). As FGF-2 mRNA
expression increases throughout follicular development in theca cells, it is suggested that FGF-2
is mainly involved in controlling the final growth of antral follicles, stimulating angiogenesis,
granulosa cell proliferation and survival (Berisha et al. 2004).

Moreover, FGF-2 seems to be important in the differentiation of granulosa cells into
luteal cells during the process of luteinization (Lavranos et al. 1994). FGF-2 suppresses FSH
induction of LH receptor also in rat granulosa cells in culture as well as aromatase activity
(Baird and Hsueh 1986; Adashi et al. 1988; Millier et al. 1994) but enhances progesterone

synthesis in preovulatory rat granulosa cells alone and synergistically with FSH and LH
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stimulation (Aharoni et al. 1997). It was demonstrated that the FGF effect on enhanced
progesterone production is due to up-regulation of the expression of the steroidogenic acute
regulatory protein, which facilitates the transfer of cholesterol into mitochondria where
conversion of cholesterol to pregnenolone take place (Aharoni et al. 1996). Furthermore, FGF-2
stimulates tissue-type plasminogen activation expression, and resumption of meiosis in rat
follicles in vitro (LaPolt et al. 1990). Thus, although FGF-2 seems to delay the earlier steps of
granulosa cell differentiation stimulated by FSH, it seems to mimic some of the ovulatory
actions of LH (Tsafriri and Adashi 1994).

D. FGF-2 and corpus luteum formation

FGF-2 has been specifically implicated in the development and function of the corpus
luteum (CL). The CL is a rapidly differentiating miniorgan with an ephemeral life span in the
ovary, and its major function is to secrete progesterone and maintain early pregnancy. The
development and differentiation of CL in a rising phase may be regulated by peptide growth
factors derived from the ovary. Bovine (Neuvians et al. 2004) and porcine (Reynolds and
Redmer 1998) luteal tissue have been reported to contain FGF-2. Moreover, FGF-2 mRNA is
detectable in bovine luteal tissue (Stirling et al. 1991), demonstrating that one (or more) luteal
cell type synthesizes FGF-2. It influences two major cell types of CL, luteal and vascular
endothelial cells. FGF-2 stimulates the proliferation of luteal cells (Grazul-Bilska et al. 1992),
progesterone secretion in the early stage of bovine CL (Kobayashi et al. 2001), and relaxin
secretion in porcine luteal cells (Taylor and Clark 1992). Additionally, FGF-2 stimulates the
growth of vascular endothelial cells isolated from bovine (Neuvians et al. 2004) and rabbit
(Bagavandoss and Wilks 1991) CL. Moreover, FGF-2 receptor expression may be inversely
associated with luteal cell differentiation, which has been also reported in other cellular systems

such as muscle cells (Song et al. 2011) and chondrocytes (lwamoto et al. 1993).

E. Expression of FGF-2 in the uterus

Immunoreactive FGF-2 protein has been demonstrated in human, rat, mouse, rabbit and
gilts uterus (Cordon-Cardo 1990; Carlone and Rider 1993; Grundker and Kirchner 1996; Wood
et al. 2005; Paiva et al. 2011). Additionally, FGF-2 peptide or mRNA has been identified in
murine, rabbit and human endometrial (Grundker and Kirchner 1996; Wood et al. 2005; Paiva
et al. 2011). Moreover, in situ hybridization studies have demonstrated that FGF-2 mRNA and
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peptides are present in the primate uterus (Samathanam et al. 1998). FGFR-2 were identified in
bovine (Gabler et al. 2004) and marmoset oviducts, thus suggesting auto/paracrine effects of
this growth factor within the primate oviduct, possibly under the control of estrogenic
hormones. The expression of FGF-2 in the uterus during early pregnancy (Carlone and Rider
1993) is regulated by progesterone and its levels increase substantially during decidualization,

specifically within the mesometrial decidua cells (Srivastava et al. 1998).

F. Effect of FGF-2 on embryogenesis

Few reports are available on the effect of FGF-2 on in vitro maturation and fertilization,
as well as further embryo development. Expression of FGF-2 was detected in bovine cumulus-
oocyte complexes (Gabler et al. 2004), and FGF-2 receptors were present in oocytes at all
stages of maturation (Vesterlund et al. 2011). In the mouse, cumulus oocyte complexes treated
with FGF-2 showed a significant increase (21 a 24%) on germinal vesicle breakdown (GVBD)
(Fields et al. 2011).

Additionally, FGF-2 has been suggested to have a role in the differentiation of
embryonic stem cells, with reports suggesting a role in inducing neural differentiation (Zhang et
al. 2006). Moreover, preimplantation rabbit embryos secrete and bind FGF-2 (Grundker and
Kirchner 1996), which has been shown to stimulate gastrulation in rabbit embryos in vitro
(Deangelis and Kirchner 1993). FGF-2 mRNA has been demonstrated in mouse
preimplantation blastocysts (Campbell et al. 1992). Moreover, in ovine preimplantation
embryos, the abundance of FGF-2 mRNA was reported to decrease from the zygote to the
blastocyst stage (Watson et al. 1994), suggesting that the observed transcripts were of maternal
origin. Furthermore, Gupta et al. (1997) showed by immunohistochemical studies that FGF-2,
but not FGF-1, may directly influence the development and/or differentiation of porcine
conceptus, suggesting species-specific roles for FGFs in early pregnancy. Moreover, after
culturing murine preimplantation embryos with different concentrations, FGF-2, at 10 ng/mL,
decreased the rate of blastocyst formation and hatching by 72 hours (Seli et al. 1998). In Fig. 3,

it is summarized the biological functions of FGF-2 in different reproductive cells and tissues.

151



Follicular survival Embryogenesis

Follicular activation Uterus

Corpus luteum Cell proliferationand
differentiation

Figure 3. Schematic representation of cellular effects mediated by FGF-2 in different

reproductive cells and tissues.

3.3. FGF-7

FGF-7, also termed keratinocyte growth factor-1 (KGF-1), is a 28-kDa protein (Ware and
Matthay 2002), which is produced by mesenchyme-derived cells in many tissues. Previous
studies have shown FGF-7 to be produced by the theca cells of larger antral follicles (Berisha et
al. 2004). Recently, FGF-7 expression was observed in primordial, primary and secondary
follicles of bovine fetuses, suggesting its role in the regulation of early folliculogenesis (Pinto et
al. 2006). FGF-7 receptor is localized by RT-PCR assays in bovine granulosa cells (Parrott and
Skinner 1998), and both FGF-7 and FGF-10 have the same binding affinity to FGFR-2111b (Lu
et al. 1999). FGF-7 mediates mesenchyme—epithelial cell interactions in many tissues including
the ovary (Parrott et al. 1994; Parrott and Skinner 1998a, b), placenta (Izumi et al. 1996),
endometrium (Koji et al. 1994), ventral prostate (Sugimura et al. 1996), and seminal vesicle
(Alarid et al. 1994). Theca cell FGF-7 expression in the follicle can be regulated by estradiol
and gonadotropins (Parrott and Skinner 1998a).
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Few studies delay on the presence and action of FGF-7 at earlier stages of
folliculogenesis. In a rat model, after culturing the whole ovaries, it was demonstrated that
FGF-7 promotes the primordial to primary follicle transition in vitro (Kezele et al. 2005). In
addition, similarly to FGF-2, FGF-7 stimulated granulosa cell proliferation and inhibited
steroidogenesis in vitro (Parrot et al. 1994; Parrot and Skinner 1998), which is in accordance
with the predominant localization of its receptor (FGFR-2b) in granulosa cell layer (Parrot and
Skinner 1998; Berisha et al. 2004). FGF-7 action seems to be modulated by its receptor since
the concentrations of mMRNA for FGF-7 did not change throughout the antral phase, while the
gene expression of FGFR-2b increases with estradiol intrafollicular concentrations (Berisha et
al. 2004). In addition, FGF-7 has been shown to have a role in the developing antral ovarian
follicle. Recently, Faustino et al. (2011) showed that KGF at 1 ng/mL promoted the
maintenance of goat preantral follicle ultrastructural integrity but was not able to stimulate
follicular growth and activation. In addition, the KGF protein was expressed in the oocytes and
granulosa cells of goat ovarian follicles at all developmental stages as well as in thecal and
stromal cells.

A study has demonstrated that FGF-7 mRNA is expressed in the endometrial epithelia
of pigs and FGFR-2 mRNA is present in both the endometrial epithelia and conceptus
trophectoderm (Ka et al. 2001). Additionally, they showed that FGF-7 stimulates the
trophectoderm, but not endometrial epithelial cells, to undergo proliferation and differentiation
(Ka et al. 2007), which suggest that FGF-7 is a paracrine mediator of interactions between the

uterus and conceptus.

3.4. FGF-8

This growth factor was initially detected in the rat ovary (MacArthur et al. 1995) and is
expressed in oocytes of small and large antral follicles of adult mice ovaries (Valve et al. 1997).
FGF-8 mRNA was not detected in the adult human ovary by RT-PCR (Valve et al. 2000). In
contrast, by using RT-PCR, Buratini et al. (2005a) showed the pattern of expression of FGF-8
and both its receptors (FGFR-3c and FGFR-4) in oocytes, granulosa and theca cells of
primordial, primary and secondary follicles of bovine fetuses. Moreover, these authors observed
that FGF-8 and FGFR-3c are more commonly expressed in primary and secondary follicles
compared to primordial follicles, suggesting that these genes are gradually been activated
throughout preantral follicle growth. Additionally, FGFR-4 expression did not occur until FGF-

8 and FGFR-3c are expressed in both primary and secondary follicles. Neither of the receptors
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was found by Northern or in situ hybridization in the rat ovary (Asakai et al. 1994), whereas
FGFR-4 but not FGFR-3 was detected in antral mouse follicles (Puscheck et al. 1997) and in
the human ovary (Valve et al. 2000).

Gene expression data also suggest the role of FGF-8 and its receptors, FGFR-3c and
FGFR-4, in the control of antral phase of follicle development (Buratini et al. 2005b). The
mRNA for FGFR-4 was exclusively detected in bovine theca cells in concentrations inversely
correlated with follicular diameter, suggesting a role in early differentiation of theca cells. In
contrast, mRNA for FGFR-3c was observed both in granulosa and theca cells of bovine antral
follicles. While FGFR-3c expression was relatively constant in theca cells, concentrations of
mRNA were positively correlated with follicular diameter and the intrafollicular concentration
of estradiol in granulosa cells. These results suggest a specific role for FGFR-3c in the
regulation of proliferation and differentiation of granulosa cells of dominant follicles (Buratini
et al. 2005D).

Additionally, FGF-8 stimulates cell proliferation in the developing embryo (Crossley
and Martin 1995), and overexpression of FGF-8 in transgenic mice results in ovarian stromal
cell hyperplasia (Daphna-lken et al. 1998). Thus, FGF-8 may be a mediator of oocyte
controlled follicle cell proliferation or differentiation (Buratini et al. 2005a; Miyoshi et al.
2010).

3.5. FGF-9

FGF-9, originally isolated from human glioma cells (Colvin et al. 2001), is highly
conserved across species with greater than 93% identity among Xenopus, mouse, rat, and
human, suggesting that FGF-9 is of vital importance (Song and Slack 1996). FGF-9 binds to
FGFR-2 and FGFR-3, but not FGFR-1 and FGFR-4, with high affinity and activates efficiently
the “c” splice forms (Ornitz et al. 1996). This growth factor was found to be expressed in the
stroma of the prostate (Giri et al. 1999) and human endometrial stromal cells. FGF-9 is also
expressed predominantly in theca cells and stimulates progesterone secretion from granulosa
cells (Drummond et al. 2007; Portela et al. 2010).

In the uterus, FGF-9 was found to induce endometrial stromal but not epithelial cell
proliferation during menstrual cycle (Tsai et al. 2002). Lih-Yuh et al. (2003) reported that FGF-
9 is expressed in normal eutopic endometrial stroma and is regulated by estradiol but not
progesterone. Further, the same authors showed that expression of FGF-9 and its receptors in

ectopic endometriotic lesions was regulated by estrogen and controlled endometriotic stromal
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cell proliferation. In addition, mice lacking FGF-9 result in male-to-female sex reversal during
embryogenesis, indicating the critical role of FGF-9 in fetal testicular development (Colvin et
al. 2001).

3.6. FGF-10

Also known as keratinocyte growth factor-11 (KGF-2Il), FGF-10 that is structurally
similar to FGF-7, also activates FGFR-2b (lgarashi et al. 1998). In mice, FGF-10 is essential
for normal development of lungs, limbs, teeth, mammary buds, stomach and heart (Sekine et al.
1999; Marguerie et al. 2006; Spencer-Dene et al., 2006; Veltmaat et al. 2006; Yokohama-
Tamaki et al. 2006). Expression of FGF-10 was also found in adult ovine uterus (Chen et al.
2000). Moreover, the expression of MRNA and protein for FGF-10 were found in oocytes and
theca cells of bovine antral follicles (Buratini et al. 2007), as well as in the corpus luteum
(Castilho et al. 2008).

The rise in FSH that precedes a wave of follicle growth (Fortune et al. 2004) increases
FGFR-2b expression in granulosa cells, which enhances their response to secreted FGF-10. The
action of FGF-10 at this stage would be to inhibit differentiation of granulosa cells, reflected by
limited estradiol secretion which is a major marker of differentiation (Wright and Mansour
2003). As follicle development proceeds, there is a progressive decrease in thecal FGF-10
secretion, thereby allowing increased estradiol secretion and granulosa cell differentiation,
which suggest that FGF-10 expression is regulated throughout follicular development. Buratini
et al. (2007) also reported that granulosa cell expression of FGFR-2b, the major receptor for
FGF-10, was regulated by FSH. Finally, they tested the effect of FGF-10 on estradiol secretion
and cell proliferation in nonluteinizing bovine granulosa cells in serum-free culture. Their
results showed that FGF-10 significantly inhibited estradiol secretion without affecting cell
proliferation. This is consistent with the inhibition of aromatase activity in bovine granulosa
cells by FGF-7 (Parrot and Skinner 1998). Paracrine control of estradiol secretion therefore
appears to be a balance of inhibitory (GDF-9: Spicer et al. 2006; FGF-10: Buratini et al. 2007)
and stimulatory (BMP4, BMP7: Glister et al. 2005) factors. Recently, Chaves et al. (2010) have
demonstrated the participation of FGF-10 also in the control of preantral follicular
development. In this study, addition of 50 ng/mL of FGF-10 to the culture medium of caprine
preantral follicles enclosed in ovarian fragments maintained the survival and stimulated

follicular growth.
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4. Interactions among FGFs and others growth factors and hormones

Many studies have demonstrated the involvement of the interaction among FGF family
members with other growth factors and/or hormones in the intraovarian mechanisms of
follicular development and survival. It is particularly interesting to speculate that, like in other
biological models, the major effects of these growth factors in modulating ovarian cell function
may be the result of their discrete interactions at the target cell.

In a murine model, FGF-2 treatment was found to increase Kit Ligand (KL) mRNA
expression in cultured ovaries. Moreover, FGF-2 with or without KL induced a 25-30%
increase in the level of primordial to primary follicle transition. How KL and FGF-2 may
interact in this process of primordial follicle development remains to be determined. Because
FGF-2 is expressed in the oocyte whereas KL is expressed in granulosa cells, the potential
oocyte-granulosa cell interactions involving these factors may be important in the process.
These observations suggest that one function of the oocyte-derived FGF-2 is to increase the
granulosa derived KL expression and that both KL and FGF-2 are apparently required to
optimally promote primordial follicle activation (Nilsson and Skinner 2001).

Matos et al. (2007b) demonstrated that after 7 days of culture, the interaction between
FSH and FGF-2 was more efficient in promoting the initiation of primordial follicles growth
than FSH or FGF-2 alone. In other study, rat granulosa cells were cultured for 48 h in medium
alone (control) or with increasing doses of FSH (I-100 ng/mL). After being incubated with
FGF-2, the radioactivity of the cells was determined. They demonstrated that FSH induced a
dose-dependent increase in specific binding for FGF-2 to cultured granulosa cells, which
suggests that FSH could enhance the stimulatory effect of FGF-2 on follicular growth initiation
(Shikone et al. 1992). Furthermore, in the caprine model, we also observed that oocyte diameter
had the highest increase when cultured in presence of both FSH and FGF-2 for 7 days. We
suggest that FSH increased the number of binding sites for FGF-2 after culture compared with
that in non-cultured tissue, which could stimulate follicular growth. With similar results,
Wandji et al. (1996) demonstrated that FSH and FGF-2, alone or in combination, were the most
effective treatments in increasing the diameter of bovine preantral follicles.

Additionally, FGF-2 has a role in stimulating cell proliferation (Lumelsky et al. 2001),
and in the maintenance of embryonic stem cells in an undifferentiated state, by repressing bone
morphogenetic protein (BMP) signaling (Xu et al. 2005). Moreover, Spicer and Stewart (1996)
observed that FGF-2 stimulated thecal cell numbers in the absence and presence of insulin and
IGF-I. However, EGF and FGF-2 do not influence DNA content or viability of cultured rat
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granulosa cells (Adashi et al. 1988; Oury and Darbon 1988) or gilts thecal cells (Shimizu et al.
2002) in the absence of insulin. Furthermore, FGF-2 inhibits FSH-stimulated induction of LH
receptor expression in granulosa cells and reduces specific binding of IGF in thecal tissue
(Armstrong and Webb 1997). In addition, FGF-2 significantly decreased progesterone
production by bovine thecal cells in the presence and in the absence of LH. Similarly, in
cultured rat and bovine granulosa cells, FGF-2 and EGF/TGFa had no effect on basal
steroidogenesis but inhibited the capacity of FSH to stimulate estrogen production (Baird and
Hsueh 1986; Adashi et al. 1988; Vernon and Spicer 1994) and LH receptor numbers (Oury and
Darbon 1988). Peluso and Pappalardo (1999) demonstrated that progesterone maintains large
rat granulosa cell viability indirectly by stimulating small granulosa cells to synthesize FGF-2.

In addition, association between FSH and FGF is important to understand the endocrine
and paracrine mechanisms in the control of follicular development. Li and Johnson (1993)
incubated rat granulosa cells for 2 days in the presence or absence of FSH and FGF-2. They
showed that the conversion of androstenedione to estrogens was markedly inhibited by the co-
incubation of FSH with FGF-2. In these experiments, as little as 30 pg/mL of FGF-2 was
sufficient to promote a 50% reduction in the stimulation of estrogen synthesis by FSH. The
ability of 0.3 and 3 ng/mL of FGF-2 to give a 95-98% inhibition of this response reflects the
remarkable potency of FGF-2. The non-competitive nature of the interaction between FGF-2
and FSH is illustrated by the inability of high doses of FSH to reverse the effect of FGF-2.

Regarding to FGF-7, several factors, including cytokines, growth factors, and hormones,
are known to affect its expression in various tissues. Interleukin (IL) 1, IL6, platelet-derived
growth factor-b, and transforming growth factor-a. increase FGF-7 mRNA expression (Price
2004). Parrott and coworkers have shown that FGF-7 and hepatocyte growth factor (HGF)
stimulate FGF-7 expression in ovarian surface epithelia via a positive autocrine feedback
mechanism (Parrott et al. 2000). Additionally, FGF-7 acts on the granulosa cells to promote KL
expression, which in turn acts back on the theca in a positive feedback loop (Parrott and
Skinner 1998b). This cell-cell interaction is coordinated by gonadotropins and steroids to
facilitate the rapid growth of the antral follicle.

Steroid hormones also regulate FGF-7 expression in reproductive organs. In the uterine
endometria of rhesus monkeys, progesterone increases stromal expression of FGF-7, which
may mediate P4-induced increases in epithelial cell proliferation and spiral artery development
(Koji et al. 1994). In mice, estrogen increases mammary gland expression of FGF-7 and may
play a role in gland development (Pedchenko and Imagawa 2000). Androgens also stimulate

FGF-7 expression in stromal cells of the prostate (Ishii et al. 2009). It is significant that the
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promoter region of the FGF-7 gene contains various regulatory factor binding sites, including
steroid response elements for estrogen and glucocorticoids in humans (Masuda et al. 2011) and
for androgens in rats (Fasciana et al. 1996).

The oocyte-secreted factors such as BMP-15, GDF-9 and FGF-8 stimulate the
proliferation and differentiation of granulosa cells (Sanchez et al. 2009), improved the
developmental competence of bovine oocytes undergoing maturation in vitro (Hussein et al.
2006). Therefore, precise coordination of oocyte-derived paracrine signals in the follicles is
essential for normal development of both granulosa cells and oocytes. Interestingly, a recent
study has shown that oocyte-derived FGFs, mainly FGF-8, act in concert with BMP-15 to
induce glycolysis in cumulus cells, which are granulosa cells associated with oocytes (Sugiura
et al. 2007); however, the mechanisms by which these signals cooperate are unknown.
Cooperation of BMP and FGF signals is found in several tissues, suggesting that suppression of
transcripts encoding BMP/FGF antagonists might be involved in the cooperation of BMP and
FGF signals in cumulus cells during ovarian follicular development (Sugiura et al. 2009;
Miyoshi et al. 2010).

5. Role of FGFs on extracellular matrix (ECM)

ECM remodeling occurs within several physiological and pathological systems (Huang
et al. 2011), and for several of these systems in vitro experiments suggest that production of
matrix metalloproteinases (MMPs) is regulated by growth factors, such as FGFs (Ellman 2008).
The interaction of the various FGF isoforms with the ECM can regulate both the stability and
the diffusible properties of the growth factors. Heparin sulfate-like molecules are released
continuously from cell membranes and the ECM by the action of specific proteases. The FGFs
have a high affinity for these molecules and their association with FGFs inhibits subsequent
binding of FGFs to the ECM, thus facilitating their diffusion through the tissue from their site
of synthesis (Eto et al. 2011). The sulfation pattern of heparin also appears to be critical in the
control of FGF binding to the ECM and cell membranes (Fernig and Gallagher 1994). Hence,
enzymes that affect extracellular matrix structure would be expected to regulate both the
affinity of FGFs for components of the ECM and their diffusion rates through the matrix
(Armstrong and Webb 1997).

Additionally to the reported effects, it is known that follicle growth and atresia are
associated with considerable changes in the structure of the ECM as a result of tissue

remodeling. Such changes would be expected to alter the bioactivity of ovarian FGFs with
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resultant changes in granulosa and theca cell function and follicular angiogenesis. However, the
mechanisms that regulate the roles of the ECM in controlling FGF activity during

folliculogenesis remain still less known.

6. Role of FGFs on angiogenesis

Angiogenesis, the process in which new capillaries develop from preexisting vessels, is
induced by inflammation, wound healing, immune reactions, and neoplasia and is required for
tumor growth and progression (Hoeben 2004). The female reproductive tract is the only site in
the uninjured adult body where angiogenesis occurs in a repetitive cyclic fashion, modulated by
angiogenic growth factors and corticosteroids (Gordon et al. 1995). Thus, the process of
angiogenesis plays an important role in follicular development.

Angiogenic growth factors are so-called because of their varying ability to induce the
proliferation of various cells in vitro, which contribute to the process of angiogenesis in vivo, as
demonstrated by studies of animal models. These growth factors are produced by a variety of
different cells, and their functions include close involvement in developmental as well as
tumour angiogenesis (Folkman and Shing 1992). Indeed, angiogenic growth factors such as
FGF, which was the first angiogenic growth factor to be discovered, and VEGF are essential to
angiogenesis (Folkman and Shing 1992). FGFs are potent angiogenic factors due to their
stimulatory effect on fibroblast as well as endothelial cell proliferation (Armstrong and Webb
1997). The dominant localization of FGF-2 in endothelial cells at the early stage suggests FGF-
2 is an important factor for endothelial growth (Hennig et al. 2011). In endothelium, activation
of FGFR-1 or FGFR-2 by FGF-2 leads to endothelial cell proliferation (Cross and Claesson-
Welsch 2001) and to the induction of a complex pro-angiogenic phenotype.

Recently, it has been shown that VEGF and FGF families are involved in the
proliferation of capillaries that accompanies the selection of the preovulatory follicle, having
synergistic effects on angiogenesis. These result in an increased supply of nutrients and
precursors, therefore supporting the growth of the dominant follicle in bovine ovaries (Berisha
et al. 2000). Woad et al. (2011) demonstrated that preovulatory follicles possessed a larger
capillary network and expressed more mRNA of angiogenic factors, such as VEGF and FGF-2,
in granulosa cells and related receptors in thecal tissue. This result may be greatly involved in
the angiogenic process of follicular development in prepubertal gilts. Moreover, Zheng et al.
(2008) have obtained solid evidence showing that expressions of FGF-2 and VEGF positively

correlate to the placental vascular growth during pregnancy.
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Additionally, compared with FGF-1 and FGF-2, little is known about the mechanisms
by which FGF-4 stimulates angiogenesis. Experimental studies have confirmed that FGF-4 is
able to stimulate endothelial cell proliferation and secretion of urokinase-type plasminogen
activator and metalloproteinases, and support angiogenesis in a chick chorioallantoic membrane
assay (Dell'Era et al. 2001; Anteby et al. 2005). Some of these angiogenic effects may be
indirectly mediated by FGF-4-induced stimulation of VEGF expression (Deroanne et al. 1997).

7. Perspectives and conclusion

Researches performed in many laboratories in the last few years have provided
important information about the expression of the FGF family in the mammalian ovary. It
should be stressed that a thorough understanding of the tissue-specific expression of the FGF
family members in the ovary could improve the knowledge about the functional roles of FGFs
in the process of folliculogenesis in different animal species. The general concept to arise from
these studies is that the FGF family is essential for controlling mammalian reproduction and
female fertility. In this regard, the FGF family members play important roles in regulating the
initiation of primordial follicle growth, oocyte and follicle survival, granulosa and theca cell
proliferation and differentiation, corpus luteum formation, steroidogenesis, ECM remodeling
and angiogenesis. From the data summarized in this review and considering the complexity and
duration of follicular development in large animals and humans from primordial stages onward,
various rich sequential media would be necessary for every follicular stage until a mature
healthy fertilizable oocyte could be obtained in culture. Therefore, further studies in animals as
well as in humans are still needed to elucidate possible roles of FGFs and other growth factors
in the process of follicular maturation.

Finally, the understanding of FGFs in reproduction could have considerable clinical
relevance for human fertility and infertility. Based on the roles of the FGFs in regulating
ovarian functions in other animals, as well as in humans, it seems likely that disorders in this
family could be involved in human ovarian diseases such as premature ovarian failure, luteal
phase defects, and ovarian cancer. Thus, targeted manipulation of the components of the FGF
family may allow for the specific clinical modulation of early follicle recruitment, granulosa
and theca cell mitosis, ovarian steroidogenesis, luteinization, and ovulation, which may lead to
treatments for some forms of infertility. Additionally, therapeutic targeting of specific activated

and/or overexpressed FGFRs may provide clinical benefit. Moreover, inhibition of the FGF-
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2/FGFR system may represent a promising strategy for the development of novel therapeutical
strategies in cancers, thus representing an open field of research.

In conclusion, the FGF family is of great importance in controlling mammalian
reproduction. Further researches in this field will greatly advance our understanding of ovarian
physiology, which may help clinicians and reproductive biologists to find a role for the FGF

family in the diagnosis and treatment of reproductive disorders that affect mammalian fertility.
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Resumo

O interesse sobre a foliculogénese tem crescido amplamente nos ultimos anos. Apesar disso,
varios aspectos relativos a atividade folicular permanecem pouco esclarecidos. Desta forma, o
cultivo in vitro de foliculos ovarianos utilizando novas substancias se estabelece como um
modelo bastante vidvel, ampliando as perspectivas de uma melhor compreensdo da atividade
folicular. Dentre os membros da familia de fator de crescimento de fibroblastos (FGFs), o FGF-
10 tem recebido recente aten¢do por sua habilidade em regular o desenvolvimento de foliculos
ovarianos e a maturagdo oocitaria. Tendo em vista a relevancia do FGF-10 no processo de
foliculogénese, a presente revisdo teve como objetivo descrever as carateristicas estruturais, a
expressao e 0s principais efeitos biolégicos do FGF-10 sobre o desenvolvimento de foliculos
ovarianos em mamiferos. Ao longo desse trabalho, foram mostrados aspectos relativos a
caracterizagdo do FGF-10 e seus receptores, bem como a expressdao do FGF-10 em diferentes
tipos celulares, enfatizando sua importancia para o desenvolvimento folicular. O FGF-10 é um
membro do tipo paracrino da familia dos FGFs, o qual se caracteriza por promover respostas
biol6gicas via receptores de superficie celular (FGFRs) do tipo tirosina-quinase. Destes
receptores, os FGFR-1, FGFR-2 e FGFR-3 podem sofrer arranjos transcricionais alternativos,
possibilitando a formacdo de duas isoformas (b e c) que apresentam diferentes graus de
afinidade pelos diversos FGFs. Assim, sete proteinas de FGFRs (FGFRs 1b, 1c, 2b, 2c, 3b, 3c e
4) com diferentes especificidades de ligagdo sdo geradas a partir dos quatro genes para Fgfr. Os
FGFRs transmitem sinais intracelulares ap6s a unido com o ligante atraves da fosforilacéo da
tirosina, o que gera varios padrdes de transducéo sinalizados citoplasmaticamente. A transducéo
de sinal do FGF-10 pode ocorrer através de trés vias principais: proteina do sarcoma de ratos
(Ras)/MAPK, PLCy/Ca®* e fosfatidilinositol-3 quinase (PI3K)/proteina quinase B (Akt), as
quais estdo envolvidas na transmissdo de sinais biolégicos e na proliferacéo e diferenciacdo
celular induzida pelo FGF-10. Estudos detectaram a expresséo do RNAm para FGF-10 no
estroma ovariano e em o6cito e nas células da teca de foliculos pré-antrais e antrais e para 0s
seus receptores nas células do cumulus e odcitos. Embora os FGFs estejam amplamente
distribuidos em diferentes tecidos e tipos celulares, a importancia e a fungdo dos FGFs no
ovério ainda sdo pouco documentados. Desta forma, o FGF-10 mostra ser um importante
mediador das interages celulares mesenquimais e epiteliais durante o desenvolvimento
folicular, promovendo a sobrevivéncia, ativacdo e crescimento folicular. Além da atuacéo na
foliculogénese, o FGF-10 foi recentemente apontado como um fator capaz de melhorar a

competéncia oocitéria. No entanto, em foliculos antrais, a presenga do FGF-10 esta associada
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com o aumento da atresia folicular, devido a sua agdo antiestrogénica. A partir desta revisao foi
possivel constatar que o FGF-10 é importante para a reproducdo de fémeas. Este fator de
crescimento atua na sobrevivéncia folicular, bem como estimulando a maturagdo oocitéria, a
expansdo das células do cumulus e a proliferacéo das células da granulosa/teca através de agdes
diretas e/ou indiretas no controle da foliculogénese. Além disso, o FGF-10 pareceu exercer
efeitos diferenciados ao longo do desenvolvimento folicular. Entretanto, é necesséria a
realizagéo de estudos adicionais que promovam um maior entendimento sobre a importancia do

FGF-10 durante a foliculogénese.

Palavras-chave: FGF-10, foliculos, ovario, transducdo de sinal.

181



Caracterizacao estrutural do fator de crescimento de fibroblasto-10 e seu papel na

fisiologia folicular ovariana

Structural characterization of the fibroblast growth factor-10 and its role in ovarian follicular

physiology

Roberta Nogueira Chaves!, Isadora Machado Teixeira Lima!, Ana Beatriz Graca Duarte!,

José Buratini Jr.> & José Ricardo de Figueiredo®

! Laboratério de Manipulagdo de Odcitos e Foliculos Ovarianos Pré-Antrais (LAMOFOPA),
Faculdade de Veterinaria (FAVET), Universidade Estadual do Cear4 (UECE). Av. Paranjana,
1700, Campus Itaperi, CEP 60740-903, Fortaleza, CE, Brasil. 2 Departamento de Fisiologia,
Instituto de Biociéncia, Universidade Estadual Paulista (UNESP), CEP 18618-000 Botucatu,
SP, Brasil. CORRESPONDENCIA: R.N. Chaves [rncvet@gmail.com ou rncvet@yahoo.com.br
- FAX: +(55) 85 3101-9840].

ABSTRACT

Background: Interest in folliculogenesis has grown extensively in recent years. Nevertheless,
several aspects of follicular activity are still poorly understood. Thus, in vitro culture of ovarian
follicles using new substances has been established as a very viable model, enhancing the
prospects for a better understanding of follicular activity. Among the family members of the
fibroblast growth factor (FGFs), FGF-10 has received recent attention for its ability to regulate
the development of ovarian follicles and oocyte maturation. Given the relevance of FGF-10 in
the folliculogenesis process, this review aimed to describe the structural features, expression
and the main biological effects of FGF-10 on the development of ovarian follicles in mammals.
Review: Along this work, it was shown aspects related to structural characterization of FGF-10
and its receptors, as well as FGF-10 expression in different cell types, emphasizing its
importance to follicular development. FGF-10 is a paracrine member of the family of FGFs,
and is characterized by promoting biological responses via cell surface receptors (FGFRs) of
tyrosine kinase-type. Of these receptors, FGFR-1, FGFR-2 and FGFR-3 may undergo
alternative transcriptional arrangements, enabling the formation of two isoforms (b and c) that
have varying degrees of affinity for the various FGFs. Thus, seven FGFR proteins (FGFRs 1b,
1c, 2b, 2c, 3b, 3c and 4) with different binding specificities are generated from the four FGFR
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genes. The FGFRs transmit intracellular signals after binding with the ligand through the
phosphorylation of tyrosine, which activates various transduction patterns in the cytoplasm. The
signal transduction of FGF-10 may occur through three main pathways: protein of rat sarcoma
(Ras)/MAPK, PLCy/Ca?* and phosphatidylinositol-3 kinase (PI3K)/protein kinase B (Akt),
which are involved in the transmission of biological signals, leading to cellular proliferation and
differentiation. FGF-10 mRNA expression was detected in the ovarian stroma, oocyte and theca
cells of preantral and antral follicles. On the other hand, the expression of mRNA for FGF-10
receptors was found in, granulosa cells, theca cells, cumulus cells and oocytes. Although FGFs
are widely distributed in different tissues and cell types, the importance and function of FGFs in
the ovary are still poorly documented. FGF-10 has been shown to be an important mediator of
mesenchyme and epithelial cell interactions during follicle development, promoting follicular
survival, activation and growth. Besides the action on folliculogenesis, FGF-10 was recently
identified as a growth factor able to improve oocyte competence. However, in antral follicles,
the presence of FGF-10 is associated with increased follicular atresia, which matches its anti-
estrogenic action. Conclusion: From this review, we can conclude that FGF-10 is an important
regulator of female reproduction. This growth factor acts in follicle survival, oocyte maturation,
expansion of cumulus cells and proliferation of granulosa/theca cells through direct and/or
indirect actions in the control of folliculogenesis. Furthermore, FGF-10 seemed to have
different effects throughout the follicular development. However, it is necessary to perform
additional studies that may provide a better understanding about the importance of FGF-10
during folicullogenesis.

Keywords: FGF-10, follicles, ovary, signal transduction

Descritores: FGF-10, foliculos, ovério, transducéo de sinal.
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I. INTRODUCAO

O interesse sobre a foliculogénese tem crescido amplamente nos Gltimos anos. Apesar
disso, vérios aspectos relativos a atividade folicular permanecem ainda pouco esclarecidos. Na
pesquisa fundamental, o cultivo in vitro de foliculos ovarianos se estabelece como um modelo
bastante viavel, ampliando enormemente as perspectivas de uma melhor compreensdo da
fisiologia folicular. Visando o adequado desenvolvimento folicular in vitro, novas substancias
tém sido testadas, permitindo um melhor esclarecimento sobre os mecanismos envolvidos no
recrutamento e crescimento folicular.

Dentre os Vvérios fatores de crescimento envolvidos no controle do desenvolvimento
folicular, incluem-se os fatores de crescimento de fibroblastos (FGFs). Os FGFs constituem
uma grande familia de fatores de crescimento (22 membros), cuja funcéo envolve o estimulo a
diversos processos celulares incluindo a quimiotaxia, a migragéo, a diferenciacdo, crescimento
e sobrevivéncia celular e a angiogénese [37, 55]. A caracteristica comum a todos os FGFs € que
eles sdo estruturalmente relacionados e geralmente induzem suas respostas bioldgicas se
ligando e ativando receptores de alta afinidade para FGFs (FGFRs) [13].

Dentre os membros da familia FGF, o fator de crescimento de fibroblasto-10 (FGF-10)
tem recebido recente atengdo por sua habilidade em regular o desenvolvimento de foliculos pré-
antrais e antrais e a maturacéo oocitaria [16, 22, 72]. Tendo em vista a relevancia do FGF-10 no
processo de foliculogénese, aliada a limitada quantidade de informagfes disponiveis sobre a
atuacdo deste fator em células foliculares, a presente revisdo tem como objetivo descrever a
caracterizacdo estrutural e a localizagdo do FGF-10 e seus receptores no ovario, bem como os
principais efeitos biolégicos do FGF-10 sobre o desenvolvimento de foliculos ovarianos em

mamiferos.

Il. CARACTERIZACAO ESTRUTURAL DO FGF-10 E SEUS RECEPTORES

Descrito como uma proteina (26 kDa) composta por 215 aminoacidos e expressa em
embrides e no pulmdo de ratos adultos, o FGF-10, também conhecido como fator de
crescimento queratindcito-2 (KGF-2), foi o décimo peptideo da familia dos FGFs a ser
identificado [71]. O FGF-10 é um membro do tipo pardcrino da familia dos FGFs, o qual se
caracteriza por promover respostas bioldgicas sempre via receptores de superficie celular
(FGFRs) [36].
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Em humanos e camundongos, quatro genes de Fgfr (FGFR -1 a -4) ja foram
identificados [5, 34, 69]. Os FGFR-1 a 4 correspondem a receptores do tipo tirosina-quinase
(aproximadamente 800 aminoacidos) localizados na membrana plasmatica. Destes receptores,
0s FGFR-1, FGFR-2 e FGFR-3 podem sofrer arranjos transcricionais alternativos (alternative
splicing), possibilitando a formacéo de duas isoformas (b e c) que apresentam diferentes graus
de afinidade pelos diversos FGFs (Figura 1) [34, 56]. Assim, sete proteinas de FGFRs (FGFRs
1b, 1c, 2b, 2c, 3b, 3c e 4) com diferentes especificidades de ligacdo sdo geradas a partir dos
quatro genes para Fgfr [36]. O FGFR-5, descoberto mais recentemente, apresenta dois
transcritos alternativos: FGFR-5 y ¢ B [40, 65]. Este receptor ndo apresenta o dominio tirosina-
quinase intracelular como os outros FGFRs [65], mas ha relatos de ligacdo ao FGF-2 por
conservar residuos de dominios extracelulares importantes para o acoplamento com os ligantes
dos FGFs. Sua funcdo biol6gica ndo esta plenamente esclarecida, embora estudos postulem o

papel deste receptor no sequestro e modulacéo da sinalizacdo dos FGFs [68].

D1
Isoforma ; Dominio
FGFRIlIb H 5-5 { = Tirosina-quinase
Splicing exons para
isoformas FGFR
Isoforma D1 f
b ¥ | Dominio
FGFRIllc H 5-5 A " Tirosina-guinase

Figura 1. Estrutura do FGFR e isoformas (lllb e Illic) geradas por splicing alternativo dos
transcritos do FGFR. A estrutura dos FGFRs € ilustrada e inclui um peptideo sinal (PS), trés
dominios Ig (D1-D3), uma caixa 4cida, dominio transmembranar (DT) e um dominio tirosina
quinase. As duas formas sdo geradas por splicing alternativos dos exons 8 e 9. A porcao C-
terminal do dominio Il é codificado pelo exon 8 para gerar a isoforma FGFRIIIb, enquanto a
porcdo C-terminal do dominio Il é codificado pelo exon 9 para gerar a isoforma FGFRIIIc.
Adaptado de Cotton et al. [43].
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Estruturalmente, os FGFRs (exceto o FGFR-5) sdo caracterizados por uma porgéo
extracelular, um dominio transmembranar e um dominio intracelular responsavel pela ativacdo
e fosforilagdo de tirosinas, quando estimulados por FGFs. A porgéo extracelular, por sua vez,
esté dividida em trés dominios semelhantes & imunoglobulina (dominios Ig-like): D1, D2 e D3,
que sdo responsaveis pela interacdo e especificidade com os FGFs. Entre os dominios D1 e D2
ha uma regido de 4-8 aminodcidos &cidos, denominada caixa &cida (a Unica caracteristica
comum dos receptores FGF com importancia na funcdo do receptor) [25, 73]. Além disso,
existe uma regido carregada positivamente em D2, a qual funciona como sitio de ligagdo a
heparina [64]. Apds o dominio D3 encontra-se a regido transmembranar. E no dominio D3 que
o splicing alternativo dos genes FGFR-1, 2 e 3 gera as duas isoformas funcionais dos tiposb e ¢
(FGFRIlIb e FGFRIlIc) citadas previamente [25]. No lado intracelular ha dois dominios de
proteina tirosina-quinase que contém ao todo 7 residuos de tirosina que podem ser fosforilados
(Figura 2) [50].

A Peptideo sinal . B
| | il 1

N =

Amino-termimal S m—

Regido central (ligagdoao ~ 06— -

FGFRs e HS) Dominio transmembranar

Dominio tirosina-quinase " g Dominio interquinase

Carboxi-terminal ‘

Figura 2. Estrutura esquematica do FGF-10 e FGFR. A: Estrutura da proteina FGF-10
contendo uma sequéncia sinal e uma regido conservada que contém sitios de ligacdo ao receptor
e aos proteoglicanos heparan sulfato (HS). B: Principais caracteristicas estruturais dos FGFRs
incluindo dominio Ig (1, 2, 3), caixa acida, dominio de ligagdo a heparina, dominio

transmembranar e um dominio tirosina-quinase.
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As proteinas FGFs apresentam uma similaridade superior a 90% em termos de
sequéncia de aminodcidos idénticos [55]. Baseado na similaridade estrutural entre os FGFs e
por analises filogenéticas dos genes da familia FGF, em humanos e ratos, foi demonstrado que
essa familia de peptideos encontra-se dividida em sete subfamilias: FGF-1, FGF-4, FGF-7,
FGF-8, FGF-9, iFGF e hFGF [35]. O FGF-10 esta agrupado com o FGF-3, FGF-7 e FGF-22
[36]. Desta forma, o FGF-10 é bastante semelhante ao FGF-7 (ou KGF), tanto no que se refere
a estrutura e sequéncia do gene, quanto as propriedades funcionais. Ambos apresentam alta
afinidade pelo FGFR2b (ou KGFR), o qual é altamente expresso no epitélio pulmonar de
embrides nos estagios iniciais de desenvolvimento [33, 53, 58]. Esta similaridade sugere que o
FGF-7 e o FGF-10 atuam de forma sinérgica [33]. Contudo, 0 FGF-10 ndo atua somente via
ativacdo do FGFR2b, mas também por intermédio do FGFR1b, que se mostrou capaz de ativar
a via da proteina quinase mitogenicamente ativada (MAPK) em implantes de pele e cérebro de
ratos apds tratamento com FGF-10 [6, 34].

A interacdo ligante-receptor € coordenada pela conjugacdo desse complexo com a
heparina ou proteoglicanos heparan sulfato (HS), os quais conferem maior estabilidade a
ligacdo e dimerizacdo dos FGFRs [28]. A heparina é um polimero de dissacarideo que contém
trés grupos sulfato conferindo-lhe carga negativa, enquanto os proteoglicanos HS, que s&o
estruturalmente relacionadas a heparina, contém um residuo ndo totalmente sulfatado,
resultando em uma menor carga negativa a molécula [61]. Desta forma, a sinalizagdo do FGF-
10 é regulada em parte por sua afinidade com a matriz extracelular por meio dos proteoglicanos
heparan sulfato ou heparina [39] e em parte pela dimerizacdo de alguns FGFs [32]. A
transducdo do sinal é feita pela ativacdo do FGFR, apds ligagdo do FGF-10 a este, por diversas

vias citoplasmaéticas [69].

I1l. TRANSDUCAO DO SINAL DO FGF-10 NA REGULACAO DA
FOLICULOGENESE

Os FGFRs, como os demais receptores do tipo tirosina-quinase, transmitem sinais
intracelulares ap6s a unido com o ligante através da fosforilagdo da tirosina, o que gera varios
padrdes de transducdo sinalizados citoplasmaticamente [65]. O FGF-10 se liga ao seu receptor
entre os dominios D2 e D3, formando um complexo ternério estavel (FGF-FGFR-HS/heparina).
A ligagdo do FGF-10 causa a dimerizagéo do receptor e estimula a ativagdo da tirosina-quinase
levando a uma autofosforilacdo do dominio intracelular [48]. A autofosforilagdo da proteina

tirosina controla a atividade do receptor, mas também serve como um mecanismo para
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montagem e recrutamento de complexos de sinalizagdo [64]. Essas tirosinas fosforiladas
funcionam como sitios de ligacdo para proteinas tirosina-quinase citoplasméticas (Src), as quais
possuem fosfolipase C-y (PLCy), com uma atividade catalitica intrinseca [26]. A transducdo de
sinal do FGF-10 pode ocorrer através de trés vias principais: proteina do sarcoma de ratos
(Ras)/MAPK, PLCy/Ca** e fosfatidilinositol-3 quinase (PI3K)/proteina quinase B (Akt) (Figura
3) [13].

Via Ras/ MAPK

A via mais comumente empregada pelos FGFs é a via MAPK. Essa via envolve o
acoplamento de lipidios ancorados a uma proteina intracelular, FRS2, que tem uma relagéo de
grande afinidade com o FGFRL1 [54]. Varios grupos tém demonstrado a importancia da FRS2
na transducdo do sinal mediado por FGFR1 durante o desenvolvimento embrionario [1, 30, 42].
Apoés a ativacdo do FGFR, ocorre a fosforilagdo da FRS2 pela atividade dos dominios de
tirosina-quinase. Fosforilada, esta proteina atuar4& como recrutadora citoplasmatica de um
complexo multiproteico que ativa e controla a via de sinalizagdo Ras/MAPK e a via PI3K/Akt
[13].

Os sitios FRS2 de fosforilagdo da tirosina sdo reconhecidos e ligados pela proteina
adaptadora Grb2 e a proteina tirosina fosfatase (PTP) Shp2 [31]. A Grb2 forma um complexo
com o nucleotideo guanina modificando o fator de troca do nucleotideo guanina Son of
sevenless (SOS), através do seu dominio SH3. A translocacéo deste complexo para a membrana
plasmética, através da ligacdo a FRS2 fosforilada, permite que o SOS ative 0 gene Ras através
da mudanca da guanosina trifosfato (GTP) devido & sua proximidade com a membrana. Uma
vez no estado GTP ativada, a proteina Ras interage com Vérias proteinas efetoras, incluindo Raf
(quinase especifica para Ser/Thr), levando & ativacdo da cascata de sinalizacdo MAPK. No
ndcleo, esta cascata leva a fosforilagdo de fatores de transcrigdo especificos, tais como c-myc,
AP1, e os membros da familia de fatores de transcri¢do Ets com influéncia na regulacdo génica
[44]. A via de ativagdo da proteina Ras é crucial para a proliferacdo e diferenciagdo celular
induzida pelo FGF-10 [12].

Via PLCy/Ca?*

Em alguns receptores do tipo tirosina-quinase, a dimerizagdo envolve alteragdes

conformacionais nos dominios intracelulares [10], o que contribui para a ativagdo da quinase.
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No FGFR1, dos cinco residuos de tirosina localizados na regido citoplasmética do receptor,
Y776 ndo é fosforilado, enquanto Y463, Y583, Y585 e Y766 sdo sitios potencialmente
fosforilaveis [49].

A via PLCy/Ca** envolve a ligagdo da fosfolipase C-y (PLCy) com a tirosina Y766 ndo
fosforilada de FGFR1 [59]. Apos a ativacdo, a PLCy hidrolisa o fosfatidilinositol-4,5-difosfato
para formar dois segundos mensageiros, inositol-3 fosfato (IP3) e diacilglicerol-fosfato (DAG).
O diacilglicerol é um ativador da proteina quinase C (PKC), enquanto que o inositol-3 fosfato
estimula a liberacdo de célcio intracelular. Essa cascata tem sido implicada na entrada das
células na fase S do ciclo celular [13]. A ativacdo da PLCy tem um papel importante na

transmissdo de sinais biol6gicos dos diversos FGFs.
Via PI3K/Akt

A fosfatidilinositol 3-quinase (PI3K) é um padréo de sinalizacdo fundamental para a
regulacdo da proliferacdo, sobrevivéncia, migracdo e metabolismo celular, além de ter um
importante papel na regulacéo da ativacdo de foliculos primordiais [17, 38]. A proteina quinase
B (Akt), por sua vez, € uma molécula sinalizadora conhecida por aumentar a proliferacdo e a
sobrevivéncia celular, bem como a sintese de glicogénio e proteina [11]. A via PI3K/Akt pode
ser ativada por trés mecanismos apos ativagdo do FGFR, e os fosfolipidios assim gerados
regulam, direta ou indiretamente, a atividade das proteinas-alvo, tais como o Akt [13].

A enzima PI3K é uma quinase de lipidio altamente conservada que fosforila o
grupamento 3-hidroxila do anel inositol para gerar lipidios PtdIns (3,4,5)Ps. Os lipidios
formados servem como sitio de ancoragem para proteinas intracelulares, permitindo sua
interagdo em complexos sinalizadores que transmitem sinais da membrana plasmatica para o
citosol [70]. O protétipo dessas moléculas é a Akt. Tal proteina tem um dominio PH que a
direciona para a membrana plasmética quando a PI3K é ativada. Essa reacédo leva a ativagdo de
vérias vias de sinalizagdo intracelulares que regulam funcbes celulares diversas como

crescimento, sobrevivéncia e proliferagéo celular [24].
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Figura 3. Esquema do FGFR e suas vias de sinalizacdo. Formacdo do complexo FGF-FGFR-
heparina/HS leva a autofosforilagdo do receptor e a ativacdo de cascatas de sinalizacdo
intracelular das vias Ras/MAPK (centro), PI3K/Akt (esquerda) e PLCy/Ca**/PKC (direita). Os
receptores EphA induzem a fosforilagdo da tirosina dos FGFRs e FRS2 através da formacéo de
um complexo com o FGFR. A cascata de sinalizagdo Ras/MAPK ¢ ativada pela ligagdo da Grb2
ao FRS2 fosforilado. A subsequente formagdo do complexo Grb2/SOS resulta na ativagdo da
Ras. Existem duas rotas pelas quais os FGFRs sdo capazes de ativar a via PI3K/Akt: a PI3K
pode se ligar diretamente ao residuo de tirosina fosforilada do FGFR; ou a Ras ativada pode
induzir a localizacdo na membrana e a ativacéo da subunidade catalitica PI3K. A via PLCy/Ca®*
¢ ativada quando a autofosforilacdo de um residuo de tirosina na extremidade carboxi-terminal
do FGFR cria um sitio de ligacdo especifico para o dominio SH2 da PLCy. Os Ultimos
componentes ativados das cascatas de transdugdo de sinais mencionadas acima se translocam
para o nlcleo e fosforilam os fatores de transcricdo especificos da familia Ets, os quais, por sua

vez, ativam a expressdo de genes-alvo dos FGFs.
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IV. EXPRESSAO DO FGF-10 E SEUS RECEPTORES NO OVARIO

Os FGFs sdo expressos no ovario e estdo envolvidos em diferentes eventos fisiolégicos
locais, incluindo a ativacdo de foliculos primordiais [52], o crescimento inicial do odcito [23] e
a selecdo de foliculos dominantes [7]. Especificamente em relacdo ao FGF-10, estudos
detectaram a expressdo do seu RNAm nas células da teca e no estroma ovariano em humanos
[67]. J& em bovinos foi verificada a presenca do RNAm para este fator de crescimento em
o6citos e células da teca de foliculos antrais e células luteais, bem como em foliculos
primordiais, primarios e secundérios [16, 19]. Além disso, observou-se que a expressdo do
FGF-10 nas células da teca pode variar de acordo com a viabilidade folicular, diminuindo com
0 crescimento e aumento da capacidade esteroidogénica [16]. A expressdo do FGF-10 em
células da granulosa também foi confirmada pela localizacdo da sua proteina nesse
compartimento, embora 0 RNAm néo tenha sido localizado. Essa discrepéancia pode ser
explicada pela internalizacdo do FGF-10 ap6s ligacdo ao seu receptor, que é expresso nas
células da granulosa [16].

Segundo Buratini et al. [16], os niveis de RNAm para FGF-10 nas células da teca
diminuem conforme aumentam as concentragdes intrafoliculares de estradiol, indicando uma
regulacdo deste fator durante a foliculogénese. Tal fato associado & observacdo de que o FSH
estimula a expressdo do principal receptor do FGF-10 (FGFR2b) em células da granulosa
sugere que o FGF-10 de origem tecal regula as células da granulosa de foliculos antrais,
denotando uma atuacdo paracrina desse fator [15]. Berisha et al. [9] identificaram o receptor
FGFR2b nas células da granulosa e teca interna de foliculos antrais bovinos, sendo sua
expressdo nas celulas da granulosa diretamente correlacionada com os niveis de estradiol no
fluido folicular. Entretanto, em um estudo posterior desta mesma equipe, a expressdo do
receptor FGFR2b ndo demonstrou sofrer regulagéo pelo pico ovulatério de LH [8]. Um estudo
recente em bovinos revelou que os transcritos para cada um dos quatro genes de receptores para
FGFs estdo presentes nas células do cumulus e odcitos [72]. Usando primers especificos para
amplificar as variantes FGFR1 e R2 [29], os transcritos de R1b e R2b foram detectados em
ambos os tecidos e pareceu que o RNAm para R1b foi o receptor predominante nas células da
granulosa, enquanto o receptor R2b foi mais prevalente em odcitos [72]. De acordo com Cho et
al. [23], as células do cumulus também expressam o receptor FGFR2b e a ativacdo deste pelo
FGF-7 promove o crescimento inicial de odcitos bovinos. Apesar da similaridade entre os
fatores, estudos indicam a ocorréncia de alta expressdo do RNAm para FGF-10 associada a uma

auséncia do FGF-7 em odcitos desta mesma espécie [14].
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Estudos in vitro demonstraram que a adicdo de FGF-10 em cultivo de células da
granulosa bovinas promove uma diminuicdo dose-dependente da producdo de estradiol e da
expressdo do receptor tipo 2 de angiotensina Il [16, 60]. Aliado a isto, Buratini et al. [16]
sugerem um modelo no qual o FGF-10, na fase antral inicial, atuaria como um estimulante da
proliferacdo e inibidor da diferenciacio celular. A medida que ocorre o desenvolvimento
folicular, a diminuicdo progressiva na expressdao do gene do FGF-10 nas células da teca
possibilitaria a diferenciacdo celular e o aumento na sintese de estradiol. De fato, tem sido
demonstrado que foliculos subordinados expressam mais FGF-10 em comparacdo aos foliculos

dominantes que se mantém em crescimento [18].

V. PAPEL DO FGF-10 NO DESENVOLVIMENTO FOLICULAR

Embora os FGFs estejam amplamente distribuidos em diferentes tecidos e tipos
celulares, a importancia e a funcéo dos FGFs no ovério ainda sdo pouco documentadas. Dentro
do ovario, o0 membro mais estudado da familia dos FGFs é o FGF-2 ou FGF basico (bFGF), o
qual tem sido identificado como potencial regulador da fungéo ovariana [3, 63]. Sua producdo
tem sido demonstrada em células da granulosa de bovinos [51] e seu papel tem sido observado
na estimulacdo da proliferagdo de células da teca bovinas [66] bem como na ativacdo de
foliculos primordiais de ratas [27] e cabras [46]. Contudo, conforme discorrido previamente, a
familia FGF é composta de 22 membros que ativam 7 receptores diferentes [34], o que sugere a
participacdo de outros FGFs no controle da foliculogénese. Dentre os membros conhecidos da
familia FGF, o FGF-10 possui a maior sequéncia de similaridades ao FGF-7 (KGF), o que leva
a crer que o FGF-10 tem propriedades de ligagdo ao receptor do KGF de forma similar ao KGF,
mas séo regulados de forma diferente pela matriz extracelular [33]. De fato, Ohuchi et al. [53]
verificaram que o FGF-10 atua como maior ligante do receptor FGFR2b e atua no
desenvolvimento de vérios 6rgdos. Assim, alguns estudos sobre o efeito do FGF-10 na fungéo
ovariana tém sido realizados no intuito de relatar a fungdo do FGF-10 no desenvolvimento
folicular.

Buratini et al. [16] descreveram pela primeira vez a expressio do FGF-10, por
imunohistoquimica, em odcitos de foliculos pré-antrais e antrais e na teca de foliculos antrais
bovinos. O cultivo de células da granulosa demonstrou que a adicdo de FGF-10 diminuiu a
producdo de estradiol destas células, mas ndo alterou a proliferacdo celular, exercendo

importante funcéo na sinalizacdo das células da teca para granulosa e odcito.
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Desta forma, o FGF-10 tem sido descrito como um fator essencial para manter
interacBes entre células mesenquimais e epiteliais, necessarias para o desenvolvimento normal
dos componentes epiteliais de inimeros 6rgdos [4, 36], assim como tem sido considerado um
importante mediador das interacbes celulares mesenquimais e epiteliais durante o
desenvolvimento folicular (Figura 4) [57].

Estudos relativos ao cultivo in vitro de foliculos pré-antrais caprinos verificaram pela
primeira vez o efeito da adicdo do FGF-10 na sobrevivéncia e no crescimento folicular quando
adicionado na concentragdo 50 ng/mL [22]. Esse aumento no didmetro folicular ao longo do
cultivo in vitro condiz com um estudo prévio que considera 0 FGF-10 um potente indutor de
proliferacdo em diversos tipos celulares, como células uroteliais, queratindcitos, epitélio
intestinal e hepatdcitos [41]. Alguns fatores desta familia sdo descritos como atuantes na
prevencdo da apoptose, agindo ainda na estimulagdo de outros fatores que promovem a
sobrevivéncia folicular. O FGF-2 e o FGF-7, por exemplo, atuam estimulando o Kit Ligand
que, por sua vez, tem papel fundamental na ativacdo de foliculos primordiais [45] e na
sobrevivéncia folicular [21]. Entretanto, no estudo em foliculos pré-antrais caprinos, Chaves et
al. [22] verificaram ainda, que altas concentra¢des (100 ng/mL) de FGF-10 exerceram efeito
negativo no cultivo folicular in vitro, provavelmente aumentando a apoptose folicular através
da ativacdo da via das proteinas quinases (MAPK), a qual é envolvida tanto na sobrevivéncia
como na apoptose, com resposta celular especifica, a depender do contexto celular.

A associacdo entre o FSH e o FGF-10 ilustra bem a interagdo entre mecanismos
enddcrinos e paracrinos no controle do desenvolvimento folicular. Em um estudo realizado por
nossa equipe foi mostrado que o cultivo de fragmentos ovarianos caprinos por 16 dias,
iniciando com FSH (50 ng/mL; Dia 0 ao Dia 8) e finalizando com FGF-10 (50 ng/mL; Dia 8 ao
Dia 16) isoladamente, foi capaz de promover a manutencdo da viabilidade folicular e a
transicdo de foliculos primordiais para o estagio de foliculo primério (Almeida et al., dados ndo
publicados). O resultado favoravel obtido no estudo acima pode estar ligado ao fato do FSH
estimular a expressdo do FGFR2b em células da granulosa [15]. Segundo Castilho et al. [20] a
associacdo temporal entre a intensificacdo da expressdo do FGF-10 e o aparecimento de
foliculos primordiais e primérios, bem como aumento no nimero desses Ultimos entre os 75 e
120 dias de gestacdo, condiz com a participacdo desse fator de crescimento como modulador da
ativacéo de foliculos primordiais e formacéo de foliculos primérios, conforme descrito para o
FGF-7 [47].

O FGF-10 parece estar envolvido no controle do remodelamento da matriz extracelular,

uma vez que este fator promoveu a ativagdo de indutores de plasminogénio e de
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metaloproteinases na placenta humana no primeiro trimestre de gestagdo [2, 62]. Entretanto,
ainda sdo necessarios estudos para definir quais as funcdes exatas da matriz extracelular no
controle da atividade dos FGFs durante a foliculogénese e qual o papel dos FGFs na regulacdo
do crescimento folicular.

Além da atuacdo na foliculogénese, o FGF-10 foi recentemente apontado como um fator
capaz de melhorar a competéncia oocitaria. Zhang et al. [72] mostraram que a adi¢do de FGF-
10 ao meio de cultivo de complexos cumulus-o6cito (CCOs) bovinos durante a maturagdo in
vitro melhorou a maturacdo oocitéria, a expansdo das células do cumulus e o desenvolvimento
embrionario subsequente até o estagio de blastocisto. Contudo, 0os mecanismos pelos quais o
FGF-10 controla esse processo ainda ndo foram elucidados. No entanto, sugere-se uma agéo do
FGF-10 nas células do cumulus regulando a meiose através do fornecimento de um ooplasma

com componentes importantes para uma sobrevivéncia embrionéria precoce.
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Figura 4. Modelo hipotético das acbes mediadas pelo FGF-10 entre os diferentes tipos
celulares dos foliculos pré-antrais e antrais. A expressao folicular de FGF-10 seria inicialmente
proveniente do odcito de foliculos primordiais e primarios e teria como alvo o seu receptor, o
FGFR2b, presente nas células da granulosa (CG). Posteriormente, nos foliculos secundarios e
antrais jovens, as células da teca (CT) também assumiriam a producdo de FGF-10, e atuariam
conjuntamente com o odcito na inducao da diferenciacao das células da granulosa. Adaptado de
Castilho [20].
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V1. CONSIDERACOES FINAIS

A partir desta revisdo foi possivel constatar como a familia dos FGFs, e em especial o
FGF-10, e importante para a reproducdo de fémeas. Este fator de crescimento atua na
sobrevivéncia folicular, bem como estimulando a maturacéo oocitaria, a expansdo das células
do cumulus e a proliferacéo das células da granulosa/teca através de a¢Bes diretas e/ou indiretas
no controle da foliculogénese. Além disso, 0 FGF-10 parece atuar de forma diferenciada ao
longo do desenvolvimento folicular, exercendo efeitos proliferativos na fase inicial com os
foliculos pré-antrais e efeitos de diferenciacdo na fase final, com os foliculos antrais. Apesar de
seu potencial, o FGF-10 ainda é um fator de crescimento pouco estudado, sendo necessaria uma
exploracdo mais aprofundada dos seus efeitos sobre a foliculogénese e a maturagao oocitaria
durante o cultivo in vitro a fim de melhor compreender a fisiologia folicular e, assim, contribuir
para a obtencdo de nimeros mais expressivos de oodcitos fertilizdveis que poderdo ser

destinados, futuramente, as diferentes biotécnicas de reproducdo animal.

Nota informativa

‘Dados ndo publicados: Almeida, A.P. - anderson_almeida@click21.com.br
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Resumo

A insulina € um hormonio essencialmente envolvido na regulagdo da concentragdo da glicose
na circulacdo, além de atuar no crescimento celular e no desenvolvimento de uma ampla
variedade de tipos celulares, incluindo o ovario. Em geral, os efeitos desse hormdnio nas
células ovarianas de mamiferos sdo positivos, estimulando nas células da granulosa a sua
proliferacdo, a atividade da aromatase e a producdo de esteroides, além de ser um fator
regulador da maturacéo oocitéria. Assim, este artigo tem como objetivo relatar os principais
efeitos bioldgicos da insulina na reproducdo de fémeas. Ao longo deste trabalho, foram
mostrados aspectos relacionados & estrutura e acdo da insulina e seu receptor, presenca da
insulina e seu receptor no ovério e o papel deste hormdnio na reproducdo de fémeas. A insulina
é um hormonio de carater anabdlico, produzido pelas células B pancredticas. A sua acdo na
célula inicia-se pela sua ligagdo ao receptor de membrana plasméatica. No ambiente ovariano, a
insulina € um importante modulador do desenvolvimento folicular, esteroidogénese, maturagao
oocitaria e subsequente desenvolvimento embrionario. Assim, hormdnios metabdlicos, como a
insulina, regulam o desenvolvimento folicular modulando o recrutamento, o desenvolvimento e
a maturacdo folicular. Apesar dos grandes avancos cientificos ocorridos sobre 0s mecanismos
de acdo da insulina, ainda verifica-se a necessidade de mais estudos com a finalidade de
explicar melhor seus efeitos na foliculogénese em mamiferos, bem como a influéncia desses

efeitos na posterior maturagdo dos odcitos crescidos in vitro.

Palavras-chave: Embrido, foliculo ovariano, odcito, receptor.
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IMPLICACOES DA INSULINA NA FUNCAO OVARIANA E DESENVOLVIMENTO
EMBRIONARIO

(Implications of insulin in ovarian function and embryonic development)

Roberta Nogueira Chaves , Marcia Viviane Alves Saraiva, Anelise Maria Costa Vasconcelos
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Laboratory of Manipulation of Oocytes and Preantral Follicles (LAMOFOPA), Faculty of
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ABSTRACT

Insulin is a hormone essentially involved in the blood glucose level regulation, besides it acts
on cell growth and development of a several variety of cell types, including the ovarian cells. In
general, the effects of this hormone in ovarian cells of mammals are positive, it stimulates in
granulosa cells proliferation, aromatase activity and steroid production, also it is a factor that
regulates the oocyte maturation. Therefore, this review described the main biological effects of
insulin in female mammalian reproduction, with emphasis on ovarian folliculogenesis, oocyte
maturation and embryonic development. This paper shows the structure and action aspects of
insulin and its receptor, the presence of insulin and its receptor in the ovary and the role of this
hormone in female reproduction. Insulin is an anabolic hormone produced by pancreatic 3 cells.
Its action starts in the cell by binding to the in cell plasma membrane receptor. In the ovarian
environment, insulin is an important modulator of follicular development, steroidogenesis,
oocyte maturation and subsequent embryonic development. Thus, metabolic hormones such as
insulin regulate the follicular development by modulating the follicular recruitment,
development and maturation. Despite significant scientific advances that have occurred on the
mechanisms of insulin action, there is yet to be better explained its effects on folliculogenesis in
mammals, as well as the influence of these effects in the subsequent maturation of oocytes

grown in vitro.

Keywords: Embryo, oocyte, ovarian follicle, receptor
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INTRODUCAO

A insulina € um hormdnio essencialmente envolvido na regulacdo da concentracdo da
glicose na circulacdo, além de estar envolvido no crescimento celular e no desenvolvimento de
uma ampla variedade de tipos celulares (Fouladi-Nashta & Campbell, 2006). Mais de trinta
anos apds a determinacdo da sequéncia de amino&cidos da insulina, em 1955, sugeriu-se o
envolvimento dessa substancia como reguladora da atividade ovariana (Ponchirolli, 2003). O
interesse por estudos relacionados a atuacdo da insulina na fungéo ovariana iniciou de fato com
observagdes de mulheres com hiperandrogenismo com extrema resisténcia & insulina (Nandi et
al., 2010), e a partir destas observag@es foi levantada a hip6tese de que altos niveis de insulina
circulante podem causar excessiva producdo de andr6genos em pacientes (Taylor et al., 1982).
No entanto, somente em 1982 a presencga de insulina no ovério foi relatada pela primeira vez
em porcas (Ponchirolli, 2003).

Desta forma, um grande progresso nesta area de pesquisa vem sendo alcancado nas
ultimas deécadas, pois houve um aumento significativo nos trabalhos que resultaram em
acumulo de informag@es sobre o papel da insulina no ovério a nivel molecular, celular e clinico,
tanto em condigBes normais como patoldgicas (Poretsky et al., 1999). Em geral, os efeitos desse
hormdnio nas células ovarianas de mamiferos sdo positivos, estimulando a proliferacdo das
células da granulosa, a atividade da aromatase e a producédo de esteroides, alem de ser um fator
regulador da maturacéo oocitaria (Duleba et al., 1997).

A presente revisdo tem como objetivo descrever a caracterizagdo estrutural da insulina e
os principais efeitos bioldgicos desse horménio na reproducdo de fémeas mamiferas, com

énfase na foliculogénese ovariana, maturacdo oocitéria e desenvolvimento embrionario.

ESTRUTURA E ACAO DA INSULINA E SEU RECEPTOR

A insulina é um horménio de carater anabdlico, produzido pelas células B das ilhotas de
Langerhans no pancreas, em resposta aos niveis plasméticos de nutrientes, especialmente a
glicose (Shuldiner et al., 1998). Esse horm6nio também é secretado em propor¢édo direta ao
grau de adiposidade, e em condi¢cdes normais se liga a receptores inseridos na membrana das
células insulino-dependentes. Além de atuar no hipotadlamo, interagindo com
neurotransmissores envolvidos no mecanismo de controle da fome-saciedade (Volp et al.,
2008). A insulina pode ainda atuar sobre uma grande variedade de tecidos corporais, tais como

figado, musculos, glandulas mamérias e ovério (Sasaki et al., 2002).
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A insulina humana esta localizada no cromossomo 11 (Dumonteil & Philippe, 1996) e
codifica a pré-proinsulina, um polipeptideo de cadeia simples, precursor da insulina (Shuldiner
et al., 1998). A pré-proinsulina é proteoliticamente convertida a pré-insulina, a qual consiste de
uma cadeia A, uma cadeia B e um peptideo C. A pro-insulina é homologa aos fatores de
crescimento semelhante & insulina do tipo I e Il (IGF-1 e IGF-II), podendo estes se ligarem aos
receptores de insulina com aproximadamente 10% de afinidade da insulina. Desta forma, a
insulina pode atuar por meio dos receptores especificos de insulina, que estdo amplamente
distribuidos nos ovarios, pelos receptores do IGF-1 ou ainda por receptores hibridos, que
contém combinagdo das subunidades o e B dos receptores de insulina e IGF-I (Yarak et al.,
2005). A insulina é produzida ap6s a clivagem do peptideo-C, a partir da pré-insulina, por
endopeptidases ativas provenientes do complexo de Golgi e dos granulos secretorios. As
endopeptidases clivam preferencialmente o peptideo-C/jungdes de cadeia B, entre Arg3l e
Arg32 (endopeptidase tipo 1), ou peptideo-C/juncBes de cadeia A entre Lys64 e Arg65
(endopeptidase tipo 1). A molécula de insulina resultante consiste entdo de uma cadeia A
(contendo 21 amino4cidos) e uma cadeia B (contendo 30 amino&cidos), com trés pontes
dissulfidicas: duas entre as cadeias A e B (A7-B7 e A20-B12) e uma com a cadeia A (A6-All)
(Figura 1; Poretsky et al., 1999).
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Figura 1 - Esquema da sintese da insulina onde 1. Pré-proinsulina (Lider, cadeia B, cadeia C,
cadeia A); 2. Pré-insulina consiste em BCA, sem L; 3. Dobra espontanea; 4. As cadeias A e

B ligadas por enxofre; 5. A cadeia C € clivada; 6. Molécula de insulina final.
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O receptor de insulina pertence a uma familia de receptores de fatores de crescimento
que tém atividade tirosina-quinase intrinseca (Carvalheira et al., 2002). O gene para o receptor
de insulina esta localizado em uma curta regido do cromossomo 19 (Seino et al., 1990), contém
22 exons, possui mais que 150 kB de comprimento e codifica o pré-receptor, um polipeptideo
de cadeia simples com massa molecular de 190 kDa, que também contém uma subunidade a e
uma [. Este receptor especifico de membrana é uma proteina heterotetramérica com atividade
quinase, composta por duas subunidades a (massa molecular 135 kDa) e duas subunidades 3
(massa molecular 95 kDa) unidas por uma ponte dissulfidica (Lawrence et al., 2007), que atua
como uma enzima alostérica. A forma heterotetramérica matura (022) dos receptores resulta
de dimerizagcbes e muitos processos pds-translacionais, incluindo clivagem proteolitica. A
subunidade o dos receptores de insulina sdo estruturas extracelulares que possuem dominio rico
em cisteina que serve como sitio para ligagdo da insulina. J4 a subunidade  do receptor possui
um dominio transmembranéario e um intracelular, o qual é responsavel pela transmissdo do
sinal, contém um sitio de ligagdo ATP e varios sitios tirosina de autofosforilagcdo (Belfiore et
al., 2009).

A subunidade a inibe a atividade tirosina-quinase da subunidade 3. A ligac¢do da insulina
a subunidade a permite que a subunidade B adquira atividade quinase levando a altera¢do
conformacional e fosforilagdo do substrato do receptor de insulina (IRS-1/-2: Insulin receptor
substrate-1/-2), que aumenta ainda mais a atividade quinase do receptor (Lawrence et al., 2007).
Uma vez fosforilado, o IRS-1/-2 interage com uma série de proteinas intracelulares,
desencadeando uma cascata complexa de reac¢Ges de fosforilagdo e desfosforilagdo (Cheatham
& Kahn, 1996). Em adi¢do a ativacdo da fosfatidilinositol 3-quinase (PI3K), a proteina quinase
mitogenicamente ativada (MAPK) também ¢é fosforilada apds a ligacdo da insulina ao seu
receptor (Cheatham & Kahn, 1996; White, 1996). A ativacdo do MAPK é responséavel pelos
efeitos no crescimento promovidos pela insulina (Lawrence et al., 2007). O MAPK pode ser
ativado ndo apenas pelo receptor de insulina, mas também por outros receptores tirosina-
quinase, tais como receptores de IGF-I, receptores para o fator de crescimento epidermal
(EGF), receptores de fator de crescimento derivado de plaquetas (PDGF), bem como receptores
ligados a proteina G (Lawrence et al., 2007; Suga et al., 1997). A ligacdo molecular entre a
cascata do MAPK e o receptor de insulina pode ser mediada pelo fator p21 Ras, uma proteina
altamente conservada envolvida no crescimento celular que pode ser um elemento critico na
acdo do receptor de insulina tirosina-quinase e dos receptores de uma série de fatores de
crescimento (Lawrence et al., 2007; Cheatham & Kahn, 1996; White, 1996).
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Acredita-se que a ativacdo da tirosina-quinase seja o principal mecanismo de sinalizacéo
dos receptores de insulina (Belfiore et al., 2009) e parece ser o evento poOs ligacdo
hormonio/receptor responsavel por quase todos os efeitos da insulina nos tecidos (Cama et al.,
1991). No entanto, uma via alternativa para os receptores de insulina tem sido descrita na
literatura. Tal via envolve a geracdo de inositolglicano como segundo mensageiro, apos a
ligacdo da insulina & subunidade o de seu receptor na membrana plasmaética, sendo este evento,
independente da ativagdo da tirosina-quinase na subunidade [ (Figura 2). Esta via de
sinalizacdo alternativa para os receptores de insulina pode mediar alguns efeitos da insulina,
incluindo a estimulacdo da esteroidogénese no ovario (Nestler et al., 1998), mas o papel deste
sistema na propagacdo dos sinais de insulina para o transporte de glicose e outros dos seus
efeitos ainda ndo esta completamente estabelecido.

Receptor de insulina

Transporte
glicose

-,
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Figura 2 - Receptor de insulina, sua via de sinalizacdo para o transporte de glicose e
mecanismo hipotético de estimulacdo ou inibicdo da esteroidogénese. Apds a ligacdo da
insulina a subunidade a de seu receptor, a subunidade B tirosina-quinase € ativada e entdo 0s
IRS-1 e -2 sdo fosforilados. A fosfatidilinositol 3-quinase (PI3K) que é a Unica molécula
intracelular considerada essencial para o transporte de glicose é ativada, os transportadores
de glicose dependentes de insulina (GLUT) séo translocados para a membrana e a captacéo
da glicose é estimulada. Um sistema de sinalizacdo alternativo pode envolver a geragdo de

inositolglicano na membrana da célula apds a ligacdo da insulina ao seu receptor. Esse
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sistema de sinalizacdo inositolglicano pode mediar a modula¢do da insulina nas enzimas

esteroidogénicas como P450 scc, P450 ¢17 ou P450 aromatase.
PRESENCA DA INSULINA E SEU RECEPTOR NO OVARIO MAMIFERO

No ambiente ovariano, a insulina € um importante modulador do desenvolvimento
folicular, esteroidogénese, maturacdo oocitaria e subsequente desenvolvimento embrionario
(Yaseen et al., 2001). A insulina também leva a um aumento no nimero de foliculos priméarios
e uma menor taxa de atresia folicular, e consequentemente, aumento da taxa de ovulacéo
(Almeida et al., 2001).

O efeito direto da insulina no ovario pode ser comprovado pela presenca de seus
receptores. Tanto em modelos humanos (Figura 3), como animais, 0s receptores de insulina sdo
amplamente distribuidos em todos os compartimentos ovarianos, incluindo células da
granulosa, células da teca, estroma e oocito (Myers et al. 1991; Sirotkin et al., 1998; Louhio et
al., 2000). A concentragdo de insulina no fluido folicular proveniente da circulacdo foi
constante em todos os estagios de desenvolvimento folicular em ovério bovino. No entanto, a
expressdo de RNAm para receptor de insulina nas células da granulosa e teca de foliculos pré-
ovulatérios foi maior que em todos os outros estigios de desenvolvimento (Shimizu et al.,
2008).

|| Recepiordeinsulina

Antrais iniciais (3-5 mm)

Odcito +2
Granulosa Sl
Teca +1

Antrais tardios (7-20mm)

Odbcito +2
Granulosa +2
Teca +2

Corpos luteos
Granulosa <)
Teca -
Figura 3 - Expressao de receptores de insulina em ovarios humanos apds a realizacdo da
técnica de hibridizacdo in situ. Os dados sdo mostrados como marcacgdo positiva moderada
(+2) e positiva fraca (+1). Adaptado de Poretsky et al. (1999). Dados pertencentes a El-
Roeiy et al. (1993) e Samoto et al. (1993).
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A insulina atua na reproducdo por regular a sintese de neurotransmissores de GnRH e,
consequentemente, controlar a secregéo das gonadotrofinas, principalmente na libera¢éo de LH
pela hipdfise, juntamente aos IGF-1 e IGF-Il, cujos receptores estdo presentes nas células
foliculares (granulosa e teca; Kawauchi et al., 2006). A ligagdo da insulina ao seu receptor
resulta em uma série de efeitos metabolicos, sendo o mais importante a estimulacdo do
transporte de glicose para o interior das células, utilizado como a principal fonte energética para
0 ovério (Souza et al., 2009).

Estudos mostram que a insulina possui agdo direta no ovério. A incapacidade do foliculo
em responder ao aumento na frequéncia de pulsos de LH pode ser devido a menor capacidade
de reposta pelos receptores de LH nas células da granulosa, que sdo dependentes da agdo
combinada de FSH e de 17p estradiol. Por sua vez, o 17 estradiol folicular depende da
producdo de andrdgenos nas células da teca, que € estimulada pelo LH, e cuja resposta parece
ser aumentada pela insulina e pelo IGF-1 (Stewart et al., 1995). Assim, as baixas concentrages
plasméticas de insulina, em animais submetidos a restricdo alimentar crdnica, podem reduzir a
producdo de andrdgenos e estrogenos e, assim, comprometer a habilidade dos foliculos em
produzirem receptores para LH (Diskin et al., 2003). Além dessa acdo direta, o efeito da
insulina pode ser exercido indiretamente sobre o ovério pela elevacdo das concentragdes de

hormaonio do crescimento (Kawauchi et al., 2006).

PAPEL DA INSULINA NA FUNCAO OVARIANA

Foliculogénese

O desenvolvimento e crescimento folicular s&o controlados por gonadotrofinas
hipofisarias (LH e FSH) e por fatores locais, como hormonios esteroides e fatores de
crescimento. No entanto, os fatores enddcrinos relacionados com o metabolismo, como a
insulina e horménio do crescimento também s&o cruciais para o desenvolvimento folicular em
ovério mamifero (Shimizu et al., 2008). Na foliculogénese inicial, a insulina tem agdo na
manutencdo da viabilidade e crescimento dos foliculos primordiais e primarios, e em baixas
concentragdes pode aumentar os indices de formagdo de foliculos primérios (Louhio et al.,
2000). Este efeito pode ser devido ao papel da insulina em estimular o fator inibidor de
leucemia e Kit Ligand podendo, portanto, ser um corregulador no padrdo de sinalizagdo
controlando a transi¢do de foliculos primordiais para primarios (Van den Hurk & Zhao, 2005).

Confirmando a atuagdo da insulina nesta transigdo, estudos in vitro tém mostrado que este
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hormonio estimulou a formagdo de foliculos primérios em tecido ovariano cultivado em
diferentes espécies como humanos (Louhio et al., 2000), bovinos (Yang & Fortune, 2002) e
murinos neonatais (Kezele et al., 2002).

O papel da insulina no crescimento folicular tem sido mostrado em células da granulosa
humanas cultivadas in vitro, as quais respondem a esse hormdénio por aumento na producgdo de
estrogeno e progesterona (Willis et al., 1996), ocasionando proliferacdo celular na granulosa em
ratos (Peluso et al., 1991) e nas células da teca e em células ovarianas em hamster (Duleba et
al., 1997; Li et al., 1997). Em bovinos, concentraces fisiologicas (10 ng/mL) ou préximas a
fisiologica (20 ng/mL) de insulina estimularam o crescimento folicular e oocitario em foliculos
pré-antrais isolados e induziram uma alta percentagem de formacéo de antro (> 60%) apds 13
dias de cultivo (McLaughlin et al., 2010; Itoh et al., 2002). Similarmente em ovinos, a insulina
(10 ng/mL) suportou o desenvolvimento dos foliculos secundarios (Arunakumari et al., 2010).
Em caprinos, cultivo com foliculos pré-antrais inseridos em fragmentos ovarianos ou isolados
mecanicamente apresentaram maior crescimento e sobrevivéncia com a utilizagéo de insulina a
10 ng/mL (Chaves et al., dados ndo publicados). Jewgenow et al. (1998) mostraram também
que a adicdo, ao meio de cultivo, de insulina como componente do ITS (Insulina-Transferrina-
Selénio), bem como de outras substancias como piruvato, glutamina e hipoxantina é essencial
para o crescimento de foliculos pré-antrais felinos in vitro. Recentes estudos em bovinos
revelaram que a utilizacdo de ITS como componente do meio de base apresenta ativagdo no
segundo dia de cultivo, enquanto que meios sem insulina, os foliculos permaneceram no estagio
primordial por 10 dias de cultivo, implicando que a insulina age como ativador de foliculos
primordiais em bovinos (Smitz et al., 2010).

Em espécies domésticas, tem sido verificado que a administracdo da insulina em
diferentes fases reprodutivas, como moduladora das fungdes reprodutivas, aumentou os niveis
intrafoliculares e periféricos de fatores de crescimento, tais como o IGF-I. Além disso, em
suinos e bovinos, a insulina aumenta o recrutamento de foliculos responsivos as gonadotrofinas,
reduz a atresia folicular e atua como um sinal metabdlico, influenciando a libera¢do de LH pela
hipofise (Monget et al., 1997).

In vivo, as populacdes de foliculos ovarianos de ruminantes sdo muito sensiveis a
manipulagdo nutricional, podendo esta ferramenta ser utilizada a fim de incrementar
prontamente a foliculogénese e a taxa de ovulagdo (Scaramuzzi et al., 2006). As concentragdes
plasméticas de insulina foram positivamente correlacionadas com a energia da dieta e foi
proposto que este horménio é um fator chave que modula os efeitos da nutri¢do sobre a funcgéo

ovariana. Tal fato é explicado pelas observacGes que as células da granulosa do foliculo bovino
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sdo dependentes de concentracfes fisiologicas de insulina e que a infusdo de insulina em
novilhas de corte aumenta o didmetro de foliculos dominantes (Glister et al., 2001). Beam &
Butler (1997) observaram que falhas na ovulagéo durante a primeira onda folicular em vacas
foram associadas as baixas concentragdes de insulina, sugerindo que a baixa fertilidade pode
estar associada a este hormdnio. Em ovinos, verificou-se uma reducdo nos niveis de insulina no
fluido folicular & medida que os foliculos cresciam, especialmente nos maiores, mais proximos
do tamanho pré-ovulatdrio (Souza et al., 2009).

A insulina tem efeito direto em células ovarianas cultivadas, exercendo uma acao
especifica em células da granulosa ndo luteinizadas através do aumento da estimula¢éo do FSH
para producdo de estrogeno e progesterona (Bhatia et al., 2001). De fato, estudos in vitro tém
demonstrado que esse hormonio age como um potente estimulador da diferenciacdo e
estereoidogénese folicular (Diskin et al., 2003). A insulina e LH sisttmicos estimulam a
formacéo de andrdgenos tecais em foliculos secundérios que induzem a formacao de receptores
para FSH na granulosa (Van den Hurk & Zhao, 2005).

Um aumento no suprimento sanguineo para foliculos antrais dominantes pode
maximizar a oferta de LH e FSH. Além das gonadotrofinas e fatores de crescimento, outros
componentes de suprimento sistemético, como a insulina, pode influenciar a proliferacéo e/ou
diferenciacdo das células da granulosa e teca e assim afetar o destino de um foliculo antral
(VAN DEN HURK & Zhao, 2005).

Recentemente, estudos revelaram que em ovinos, modificagdes no fornecimento de
glicose mediado pela insulina nas células da teca e da granulosa, modulam a fungéo folicular,
pois o transportador de glicose dependente de insulina (GLUT-4) esta presente nestas células
(Somchit et al., 2007). Além disso, o status de desenvolvimento folicular no momento em que
ha concentragBes méximas de glicose e insulina pode ser um dos fatores que determinam a
eficiéncia da taxa de ovulacdo (Vifioles et al., 2005), uma vez que o aumento no fornecimento
de glicose mediado pela insulina nas células foliculares é critico para o crescimento folicular e
prevencdo de atresia, o que eleva o pool de foliculos pré-ovulatérios (Somchit et al., 2007).
Outros estudos tém sugerido ainda que a insulina pode afetar o reinicio dos pulsos de LH em
animais submetidos a periodos de subnutri¢do, por modificacdes na utilizacdo de combustiveis
metabolicos oxidaveis (Szymanski et al., 2007).

Altas concentragdes de insulina em novilhas ndo lactantes foram associadas com um
nimero aumentado de pequenos foliculos (<4 mm) (Gong et al., 1997). Além disso, esse
hormdnio induziu uma secrecdo de estradiol progressivamente em foliculos ap6s formacéo de

antro (Itoh et al., 2002). Segundo Zhang et al. (2010) uma continua exposi¢do dos ovarios
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murinos a niveis elevados de insulina in vitro afeta a formacdo do foliculo e capacidade de
desenvolvimento.

Dessa forma, a insulina pode atuar tanto no controle dos estagios do desenvolvimento
folicular independentes de gonadotrofinas, quanto em sinergia com gonadotrofinas para
modular o recrutamento folicular, maturacdo de foliculos pré-ovulatérios e o desenvolvimento

embrionario.

Maturacéo oocitaria

O papel da insulina na maturacdo oocitaria tem sido descrita (Fouladi-Nashta &
Campbell, 2006). Tsafriri & Channing (1975) demonstraram que a insulina estimula a
progressdo nuclear de odcitos de porcas além da metéfase | e extrusdo do primeiro corplsculo
polar. Subsequentemente, Lessman & Schuetz (1981) reportaram que esse hormonio facilita a
quebra da vesicula germinativa em r&s leopardo (Rana pipiens), além de induzir a maturacdo
meidtica em odcitos de rds Xenopus laevis (Fouladi-Nashta & Campbell, 2006). No entanto,
alguns estudos demonstram que odcitos mamiferos ou foliculos em crescimento na presenca
prolongada de altas doses de insulina tem um impacto negativo na competéncia de
desenvolvimento oocitaria, definida como a habilidade do o6cito em suportar o
desenvolvimento embrionario para o estigio de blastocisto e/ou gestagdo normal estabelecida.
Entretanto, esse mecanismo ainda é desconhecido (Acevedo et al., 2007).

Vérios estudos mostram que a presenga de insulina como insulina-transferrina-selénio
(ITS; a uma concentragdo de 10 pg/mL) tem permitido o crescimento folicular e maturagdo de
oocitos in vitro em diversas espécies (hamster: Roy (1993); humanos: Willis et al. (1996);
bovinos: Coelho et al. (1998); bufalos: Raghu et al. (2002); caprinos: Zhou e Zhang (2005);
suinos: Jeong et al. (2008); marsupiais: Nation & Selwood (2009); ovinos: Arunakumari et al.
(2010)). Recentemente, Xu et al. (2010) confirmaram que insulina associada ao FSH promove a
sobrevivéncia e crescimento de foliculos secundarios isolados em macacas Rhesus, além de
fornecer um maior nimero de odcitos saudaveis e maturados in vitro. No entanto, quando
ovérios de camundongos fémeas foram cultivados na presenca de 5 pg/mL de insulina foi
demonstrado um profundo efeito negativo na oogénese e foliculogénese in vitro, devido a um
retardo no crescimento oocitario (Sun et al., 2010).

Administracdo exogena de insulina por meio da alimentagdo tem mostrado afetar ndo
somente o crescimento folicular, mas também a qualidade do odcito. Mudancas na ingestdo de

alimentos energéticos sdo capazes de influenciar negativamente a morfologia e a competéncia
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de odcitos (Boland et al., 2001). A exposicdo de odcitos de camundongos fémeas a condi¢des
de diabetes durante a foliculogénese tem um efeito negativo na maturagdo meidtica, devido a
um decréscimo na comunicagdo entre os compartimentos das células somaticas e célula
germinal (Colton et al., 2003).

A adicdo da insulina ao meio de maturacéo acelera a progressdo meiotica e exerce um
efeito positivo nas taxas de clivagem e desenvolvimento embrionario (Augustin et al., 2003).
Além disso, a insulina exerce uma atividade mitogénica e anti-apoptotica em foliculos antrais
cultivados in vitro (Leroith et al., 1995). Segundo Stefanello et al. (2006), os foliculos
cultivados na presenca da insulina tém efeito positivo sobre a estrutura do odcito e parece
promover a maturagdo citoplasmatica.

Modelos em camundongos de hipoinsulinemia e hiperglicemia maternal na producéo de
oocitos e foliculos ovarianos de menores tamanhos, reduziu o percentual de quebra da vesicula
germinativa e um aumento na ocorréncia de apoptose (Chang et al., 2005). No entanto, ainda ha
um ndmero limitado de estudos sobre os efeitos da insulina na maturagdo oocitéria e

desenvolvimento pré-implantacional de embrides bovinos (Fouladi-Nashta & Campbell, 2006).

EFEITO DA INSULINA SOBRE O DESENVOLVIMENTO EMBRIONARIO

A regulacdo do desenvolvimento e crescimento embrionarios tem sido tradicionalmente
atribuida a insulina e aos IGFs (Sasaki et al., 2002). Como um potente hormdnio anabdlico em
células diferenciadas, a insulina estimula o transporte de glicose e aminoécidos e a sintese de
RNA, proteinas e glicogénio (Summers et al., 1999). Experimentos realizados in vivo
demonstraram que a insulina melhora a taxa de desenvolvimento embrionario e a taxa de
gestacdo em animais diabéticos, resgatando o0s embrides dos efeitos prejudiciais da
hiperglicemia materna (De Hertogh et al., 1992). Além disso, estudos com embrides em fase de
pré-implantacdo constataram que o desenvolvimento embrionario é melhorado ap6s
suplementacdo do meio de cultivo com insulina e IGF-1 (Spanos et al., 2000). Em vacas,
RNAmM que codifica o receptor para insulina tem sido detectado em todos os estagios
embrionarios de zigoto a blastocisto (Schultz et al., 1992).

Em camundongos, receptores funcionais para insulina sdo expressos a partir do estagio
pré-implantacional de oito células, mais especificamente durante a compactacéo (Smith et al.,
1993). A partir desse ultimo estagio, que marca o inicio da diferenciacdo embrionéria levando a
formacéo do blastocisto, muitos pardmetros da fisiologia embrionéria podem ser regulados por

insulina exdgena (Kaye et al., 1997). Em bovinos, a insulina estimula o desenvolvimento de
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embrides com oito células até o estagio de blastocisto eclodido e durante os estagios de mdrula
e blastocisto estimula a sintese de RNA e DNA (Paria et al., 1990).

Nesse contexto, sabe-se que embrides em estagio de pré-implantacdo ndo sintetizam
insulina ou seu RNAm especifico (Kaye, 1997), mas tém acesso a insulina materna in vivo via
oviduto e fluidos uterinos (Taniguchi et al., 2006). Deste modo, em condig¢Ges in vitro,
embrifes em estagios iniciais sdo privados de tal horménio materno, sofrendo um retardo no
seu desenvolvimento morfolégico e na sua proliferacdo celular durante a embriogénese pré-
implantacional (Gardner et al., 1991). Assim, é possivel constatar a importancia da adi¢do de
insulina exégena para o sucesso do cultivo in vitro de embrides.

Estudos tém relatado que a adicéo de niveis fisioldgicos de insulina durante o cultivo in
vitro, além de resultar em uma reducdo da apoptose (Augustin et al., 2003), promove um
aumento da proliferagéo celular em blastocistos de humanos, camundongos, coelhos e bovinos
(Herrler et al., 1998; Makarevich et al., 2002; Augustin et al., 2003). Além disso, outros
trabalhos demonstraram que, em bovinos e murinos, a adi¢do exdgena de insulina em embrifes
promove um aumento no nimero de células, especificamente na massa celular interna (MCI) de
blastocistos em desenvolvimento (Sirisathien et al., 2003).

De acordo com Harvey & Kaye (1990), a insulina aumenta as taxas de compactagéo e
formacéo de blastocistos in vitro, sendo os blastocistos resultantes dotados de 25% a mais de
células, sendo todas localizadas na MCI. Considerando que a proporgéo de células presentes na
MCI é um fator determinante para o crescimento fetal, o acesso do embrido & insulina materna
durante a pré-implantacgéo € requerido para a obtengdo de um crescimento fetal 6timo.

Matsui et al. (1997) reportaram que a insulina em concentragdes de 0,5-10 pg/mL tem
um efeito benéfico na taxa de desenvolvimento para o estigio de mdrula no dia 5 do cultivo
embrionario e que essa estimulacdo do desenvolvimento embrionario foi mediada através do
receptor para IGF-1. Entretanto, esses autores ndo reportaram a progressao do desenvolvimento

para o estagio de blastocisto.
CONCLUSOES
A funcdo ovariana é controlada, primariamente, pela interacdo do eixo hipotalamico-
hipofisario-gonadal. Contudo, ha hormdnios envolvidos nos processos metabdlicos, como a

insulina que regulam o desenvolvimento folicular modulando o recrutamento, o

desenvolvimento e a maturacdo folicular. Além disso, é possivel verificar que a insulina e os
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fatores de crescimento semelhantes a insulina fornecem também um importante suporte ao
crescimento e desenvolvimento embrionério.

Apesar dos grandes avancgos cientificos ocorridos sobre os mecanismos de acdo da
insulina, ainda verifica-se a necessidade de mais estudos com a finalidade de explicar melhor
seus efeitos na foliculogénese inicial e final em mamiferos, bem como a influéncia desses
efeitos na posterior maturagdo dos odcitos crescidos in vitro. Desta forma, futuras pesquisas
deveriam focar no estudo dos mediadores hormonais que influenciam esse microambiente

ovariano.
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Fator de Crescimento do Nervo promove a sobrevivéncia de foliculos pré-antrais caprinos

cultivados in vitro

(Nerve Growth Factor Promotes the Survival of Goat Preantral Follicles Cultured in vitro)
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Resumo

O objetivo desse estudo foi investigar os efeitos do fator de crescimento do nervo (NGF) no
cultivo in vitro de foliculos pré-antrais caprinos. Fragmentos do cortex ovariano foram
cultivados em a-MEM" suplementado com 0, 1, 10, 50, 100 ou 200 ng/mL de NGF por 1 ou 7
dias. Pequenos fragmentos de tecido ovariano ndo cultivado bem como daqueles cultivados por
1 ou 7 dias foram processados por histologia classica e microscopia eletronica de transmissao.
Os resultados mostraram que apds 1 ou 7 dias de cultivo em todas as concentracdes de NGF,
exceto a 1 ng/mL ap6s 1 dia de cultivo houve uma reducdo significativa no percentual de
foliculos normais quando comparado aos tecidos ndo cultivados. Em altas concentragdes de
NGF (100 e 200 ng/mL) ap6s 7 dias de cultivo, houve uma reducdo significativa no percentual
de foliculos normais quando comparado aos tecidos cultivados em a-MEM™ sozinho ou em
outras concentragbes de NGF. E importante notar que as analises ultraestruturais e de
fluorescéncia confirmaram somente a integridade de foliculos cultivados com 1 ng/mL de NGF
ap6s 7 dias. Em contraste aos tecidos ndo cultivados, o percentual de foliculos em
desenvolvimento foi significativamente maior em todas as concentracfes de NGF ap6s 1 ou 7
dias de cultivo. Observamos que o didmetro folicular foi maior em 1 e 10 ng/mL de NGF por 7
dias que em outras concentragdes, mas foi similar aos foliculos cultivados em a-MEM®
sozinho. Em conclusdo, o NGF promove a sobrevivéncia de foliculos pré-antrais caprinos

cultivados in vitro de maneira dose-dependente.

Palavras-chave: Caprino, foliculos ovarianos, NGF, sobrevivéncia.
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Abstract

The aim of this study was to investigate the effects of nerve growth factor (NGF) on the
in vitro culture of goat preantral follicles. Ovarian cortex fragments were cultured in a-MEM”*
supplemented with 0, 1, 10, 50, 100 or 200 ng/mL NGF for 1 or 7 days. Small fragments of
non-cultured ovarian tissue as well as those cultured for 1 or 7 days were processed for classical
histology and transmission electron microscopy. The results showed that after 1 or 7 days of
culture at all concentrations of NGF, except at 1 ng/mL after 1 day of culture, there was a
significant reduction in the percentage of normal follicles as compared to non-cultured tissues.
At higher NGF concentrations (100 and 200 ng/mL) after 7 days of culture, there was a
significant reduction in the percentage of normal follicles as compared to tissues cultured in a-
MEM" alone or at the other concentrations of NGF. It is important to note that ultrastructural
and fluorescent analyses confirmed only the integrity of follicles cultured with 1 ng/mL of NGF
after 7 days. In contrast to non-cultured control tissues, the percentage of developing follicles
was significantly increased at all concentrations of NGF after 1 or 7 days of culture. We
observed that follicular diameter was higher at 1 and 10 ng/mL NGF for 7 days than at the other
concentrations but was similar to follicles cultured in a-MEM" alone. In conclusion, NGF

improved the survival of goat preantral follicles cultured in vitro in a dose-dependent manner.

Introduction

Understanding the signals responsible for the initiation of folliculogenesis is an
important step towards developing a successful in vitro system that promotes the growth and
maturation of primordial follicles [ABIR et al., 1998]. However, follicular development is a
complex process regulated by hormonal factors, the nervous system, and several paracrine and
autocrine factors in the ovary [RICHARDS, 1994]. It is possible that various growth factors,
such as nerve growth factor (NGF), may be involved in this process [VAN DEN HURK et al.,
2000].

NGF is a polypeptide, member of the neurotrophin family, which is related to the
transforming growth factor-$ superfamily [ANDERSON et al., 2002]. This growth factor plays
a crucial role in the maintenance of the sympathetic and sensory nervous systems [LARA et al.,
1991]. In addition to its actions on nerve growth, NGF plays important functions in the
initiation and maintenance of inflammation in several organs. It has also been suggested that

NGF takes part in the process of recovery after injury [HARSUM et al., 2001].

228



NGF is synthesized by and released from ovarian cells [LARA et al., 1990b] and
therefore, can be considered a component of the intragonadal system of paracrine/autocrine
regulators that influence ovarian function. NGF receptors are expressed by oogonia and oocytes
of several species [mice: SPEARS et al., 2003; rats: DISSEN et al., 2001; rhesus monkeys:
DEES et al., 1995; human fetuses: ANESETTI et al., 2001] as well as in theca cells of rat antral
follicles [DISSEN et al., 1996a] and granulosa and theca cells of growing bovine follicles
[DISSEN et al., 2000a]. The presence of NGF receptors in the ovary [DISSEN et al., 1991] and
the loss of ovarian innervation resulting from the immunoneutralization of NGF actions [LARA
et al., 1990a] indicate that NGF is one of the target-derived neurotrophins involved in the
development and maintenance of ovarian innervation. Furthermore, NGF and its receptors,
TrkA and p75, have an important role in sexual development in rats [LARA et al., 1990a] and
early follicular development and ovulation in hamsters [SHI et al., 2004].

In vitro studies suggest that neurotrophins, such as NGF, are involved not only in
ovarian innervation but also in follicular assembly and initiation of folliculogenesis in rats and
mice [OJEDA et al., 2000]. In addition, mice carrying a null mutation of the NGF gene exhibit
a reduction in the development of primary and secondary follicles [DISSEN et al., 2001].
Moreover, NGF can act as an intragonadal molecule, regulating the ovarian response to
gonadotropins [ROMERO et al., 2002]. Furthermore, NGF can initiate the growth of human
fetuses [ABIR et al., 2005] and of rat primordial ovarian follicles [ROMERO et al., 2002].
Although the influence of NGF on rat ovarian follicles has been studied, its effects on the
follicular development of economically important domestic species, such as the goat, have not
been investigated. Thus, the aim of the present study was to investigate whether NGF has a
beneficial role on the in vitro survival, activation and growth of preantral follicles after culture

of goat ovarian tissues.

Materials and Methods

Source of ovaries

Ovaries (n = 8) from 4 adult, non-pregnant, mixed-breed goats that were 1-3 years of
age were collected from a local slaughterhouse. All animals were cyclic and in good body
condition. Immediately postmortem, the ovaries were washed in 70% ethanol for 10 seconds
and then washed again in MEM supplemented with 100 pg/mL penicillin and 100 pg/mL
streptomycin. The pairs of ovaries were transported to the laboratory in MEM at 4 °C within 1 h
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postmortem [CHAVES et al., 2008]. Unless otherwise mentioned, NGF and other chemicals

used in the present study were purchased from Sigma Chemical Co. (St Louis, USA).

Experimental protocol

In the laboratory, the ovaries were stripped of surrounding fat and fibrous tissue, and the
ovarian cortex was recovered, placed in MEM supplemented with HEPES and divided into 13
pieces/ovary of approximately 3 mm x 3 mm (1 mm thick) in size using a needle and scalpel
under sterile conditions. For each animal, one slice of tissue was randomly selected and
immediately fixed for histological and ultrastructural analyses (fresh control - Day 0). The
remaining slices of ovarian cortex were cultured individually in 1 mL of culture medium in 24-
well tissue culture dishes and incubated at 39 °C in an atmosphere of 5% CO; in air. The basic
control medium, hereafter referred to as a-MEM®, consisted of a-MEM (pH 7.2 — 7.4)
supplemented with ITS (insulin 10 pg/mL, transferrin 5.5 pg/mL and selenium 5 ng/mL), 0.23
mM pyruvate, 2 mM glutamine, 2 mM hypoxanthine, and 1.25 mg/mL BSA. The medium was
supplemented with human recombinant NGF at different concentrations (0, 1, 10, 50, 100 or
200 ng/mL). Ovarian slices from each animal were cultured for 1 or 7 days in media
supplemented with different concentrations of NGF and each treatment was repeated four
times. The culture media was stabilized at 39 °C for 1 h prior to use and was replenished every

second day in the tissue cultures.

Morphological analysis and assessment of in vitro follicular growth

Fresh control and cultured tissues were fixed in Carnoy for 12 h and then dehydrated in
increasing concentrations of ethanol. After paraffin embedding (Vetec, Rio de Janeiro, Brazil),
the wax blocks containing the caprine tissues were completely and serially sectioned (7-um
sections), mounted on individual glass slides and stained with Periodic Acid Schiff —
hematoxylin (PAS staining system; Sigma). Follicle stage and survival were assessed
microscopically on serial sections. Coded anonymized slides were examined using a Nikon
microscope (Japan) under 400x magnification. Care was taken to count each follicle only once
as we have previously done in our earlier studies [MATOS et al., 2007]. Each follicle was
examined in every section and matched with the same follicle on adjacent serial sections in
order to avoid double counting, thus ensuring that each follicle was only counted once

regardless of its size.
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The developmental stages of follicles have been defined previously [SILVA et al., 2004]
as primordial (one layer of flattened granulosa cells around the oocyte) or developing follicles.
Developing follicles can be subdivided into intermediate (both flattened and cuboidal granulosa
cells around the oocyte), primary (a single layer of cuboidal granulosa cells around the oocyte)
and secondary (two or more layers of cuboidal granulosa cells around the oocyte). In the current
study, follicles were individually classified as histologically normal even when an intact oocyte
was present, and the follicle was surrounded by granulosa cells that were well organized in one
or more layers and had no pyknotic nucleus (Fig. 1A). Atretic (degenerated) follicles were
defined as those with a retracted oocyte, pyknotic nucleus, and/or disorganized granulosa cells
detached from the basement membrane (Fig. 1B). Overall, 120 preantral follicles were
evaluated for each treatment (30 follicles per animal x 4 repetitions = 120 follicles). The
percentages of healthy primordial and developing follicles were calculated on day O (fresh

control) and after culture at each concentration of NGF.

Fig. 1. Histological sections of ovarian fragments after Periodic Acid Schiff- hematoxylin

staining showing morphologically normal (A) and degenerated (B) follicles after culture with
10 ng/mL NGF after 7 days of culture. O: oocyte; Nu: oocyte nucleus; GC: granulosa cell
(Original magnification 400%). Scale bars represent 50 um.

To evaluate follicular activation and growth, only intact follicles with a visible oocyte
nucleus were recorded, and the proportion of primordial and growing follicles were calculated
at day O (fresh control) and after 1 or 7 days of culture in the various culture conditions tested.

In addition, using only normal follicles, major and minor axes of each oocyte and follicle were
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measured using a light microscope fitted with an eyepiece micrometer (Zeiss, Cologne,
Germany) under 400x magnification. The average of these two measurements was used to

determine the diameters of each oocyte and follicle.
Ultrastructural analysis of caprine preantral follicles

For better evaluation of follicular morphology, ultrastructural studies were carried out
on fragments of fresh control tissues and those tissues with the best results obtained from
histological analysis after 7 days of culture. Briefly, 1-mm? pieces of goat ovarian tissues were
fixed in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH
7.2) for 4 h at room temperature. After fixation, fragments were post-fixed in 1% osmium
tetroxide, 0.8% potassium ferricyanide and 5 mM calcium chloride in 0.1 M sodium cacodylate
buffer for 1 h. Subsequently, the samples were dehydrated through an acetone gradient, and the
tissues were embedded in Spurr's resin. For light microscopy studies, sections of 3-pm
thickness were cut on an ultramicrotome (Reichert Supernova, Heidelberg, Germany) and
stained with toluidine blue. Ultra-thin sections of 60-70 nm thickness were contrasted with
uranyl acetate and lead citrate and examined under a Jeol 1011 (Jeol, Tokyo, Japan)
transmission electron microscope (TEM). The density and integrity of ooplasmic and granulosa

cell organelles, as well as vacuolization and basement membrane integrity, were evaluated.
Assessment of preantral follicle viability by fluorescence microscopy

Based on the results of the morphological and ultrastructural analyses, the viability of
follicles cultured with the concentration of NGF which provided the best outcome was further
analyzed using a more accurate method of assessment based on fluorescent probes. Additional
pairs of goat ovaries (n = 2) were cut into fragments, one of which was immediately processed
for follicle isolation.

Goat preantral follicles were isolated from ovarian fragments using the mechanical
method described by Lucci et al. [1999]. Briefly, using a tissue chopper (The Mickle
Laboratory Engineering Co., Gomshal, Surrey, UK) adjusted for a sectioning interval of 75 um,
samples were cut into small pieces, placed in MEM, resuspended 40 times using a large Pasteur
pipette (approximate diameter of 1600 um) and resuspended again 40 times with a smaller
Pasteur pipette (approximate of diameter 600 um) in order to dissociate preantral follicles from

stroma. The material obtained was passed through 100-um nylon mesh filters, resulting in a
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suspension containing preantral follicles of less than 100 um in diameter. This procedure was
carried out at room temperature within a 10 min time frame.

Preantral follicles were analyzed using a two-color fluorescence cell viability assay
based on the simultaneous detection of live and dead cells with calcein-AM and ethidium
homodimer-1, respectively. While the first probe detects intracellular esterase activity in viable
cells, the latter labels nucleic acids in non-viable cells with plasma membrane disruption. The
test was performed by adding 4 pM calcein-AM and 2 pM ethidium homodimer-1 (Molecular
Probes, Invitrogen, Karlsruhe, Germany) to a suspension of isolated follicles and incubating at
37 °C for 15 min. After being labeled, follicles were washed once by centrifugation at 100xg
for 5 min and resuspension in MEM. Cells were then mounted on glass microscope slides in 5
ul of anti-fading medium (DABCO, Sigma, Deisenhofen, Germany), to prevent photobleaching,
and examined using a DMLB fluorescence microscope (Leica, Germany). The emitted
fluorescence signals of calcein-AM and ethidium homodimer-1 were collected at 488 and 568
nm, respectively. Oocytes and granulosa cells were considered viable if their cytoplasm stained
positively with calcein-AM (green) and their chromatin was not labeled with ethidium
homodimer-1 (red).

Statistical analysis

Means of surviving follicles at all stages (primordial and developing), obtained after 1 or
7 days in the various culture conditions, were subjected to ANOVA using the GLM procedure
of SAS (1999). In addition, Dunnett’s test was applied in order to compare NGF-treated groups
against the control and a-MEM™ groups; the Student’s-Neuman-Keuls test was used to compare
differences between NGF concentrations and means between 1 and 7 days of culture [STEEL et
al., 1997]. Data of follicular viability assessed through fluorescence microscopy were analyzed
as dispersion of frequencies using the chi square test. Differences were considered to be

significant when P<0.05 and results are expressed as the mean + SD.

Results

Effect of NGF on follicular survival

In the present study, 120 follicles in each culture condition were analyzed using classical

histology, totaling 1,560 preantral follicles (400 primordial, 594 intermediate, 497 primary and
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68 secondary). The percentages of morphologically normal follicles in the fresh control (non-
cultured tissue) and after 1 or 7 days of culture, in the absence or presence of NGF, are shown
in Figure 2. After 1 or 7 days of in vitro culture at all concentrations of NGF, except at 1 ng/mL
after 1 day of culture (P>0.05), we observed a significant reduction in the percentage of normal
follicles when compared to the fresh control (P<0.05). In addition, after 1 day of culture, tissues
cultured in the lowest concentration of NGF (1 ng/mL) exhibited a significantly higher
percentage of normal follicles than did tissues cultured in o-MEM™ alone or with the other
concentrations of NGF (P<0.05). After 7 days, there was a significant decrease (P<0.05) in the
percentage of normal follicles for tissues cultured in 100 or 200 ng/mL NGF compared to
tissues cultured in a-MEM" alone and with the other concentrations of NGF (1, 10 and 50

ng/mL).
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Fig. 2. Percentage (mean = S.D.) of morphologically normal preantral follicles in the fresh
control (non-cultured) and after in vitro culture for 1 or 7 days in the absence or presence of
NGF. *P<0.05 compared with fresh control (Day 0). 'P<0.05 compared with a-MEM".
Different lowercase letters denote significant differences between treatment groups for the same
culture period (P<0.05). Different capital letters denote significant differences between culture

periods within each treatment group (P<0.05).

Preantral follicle activation during in vitro culture of cortical fragments
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The percentages of normal primordial and developing follicles in fresh tissues or in
tissues cultured for 1 or 7 days in the different culture conditions are shown in Figure 3. Fresh
ovarian tissues predominantly contained primordial follicles (54.4%) and developing follicles
(45.6%). After 1 or 7 days of culture, in all culture conditions, the percentage of primordial
follicles (Fig. 3A, P<0.05) was significantly reduced, concomitant with a significant increase in
the percentage of developing follicles (Fig. 3B, P<0.05), as compared to the fresh control. The
addition of NGF to the tissues had no effect on the percentage of developing follicles when
compared to tissues cultured in a-MEM™ alone (P>0.05). With the progression of the culture
period from 1 to 7 days, we observed a significant increase (P<0.05) in the percentage of
developing follicles in all culture conditions except when follicles were cultured with 10 and
100 ng/mL NGF. The mean distribution of developing follicles after 7 days of culture was

33.7%, 36.0% and 9.9% for intermediate, primary and secondary follicles, respectively.
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Fig. 3. Percentage (mean = S.D.) of (A) primordial and (B) developing follicles (intermediate,
primary and secondary) in non-cultured (fresh control) and tissues cultured for 1 or 7 days in
the absence or presence of NGF. *P<0.05 compared with fresh control (Day 0). Different
lowercase letters denote significant differences between treatment groups for the same culture
period (P<0.05). Different capital letters denote significant differences between culture periods
within each treatment group (P<0.05).

Evaluation of oocyte and follicular cell diameters in fresh and cultured tissues
Follicle and oocyte diameters were measured and are shown in Table 1. Compared with
fresh cortical fragments (non-cultured), a significant increase (P<0.05) in the diameter of

unilaminar follicles (i.e., primordial, intermediate and primary follicles) was observed when
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tissues were cultured for 1 day in all media tested (P<0.05), except when tissues were cultured
with 10 and 200 ng/mL NGF (P>0.05). At these concentrations of NGF (10 and 200 ng/mL),
there was a significant reduction in follicular diameter as compared to follicles cultured in a-
MEM" alone (P<0.05). In addition, from days 1 to 7 of culture, follicular diameter was
maintained only in follicles cultured with 1 and 10 ng/mL NGF while follicles cultured at the
other NGF concentrations exhibited a significant reduction in this parameter (P<0.05). When
we compared between the different NGF concentrations after 7 days, follicular diameter was
higher when follicles were cultured with 1 ng/mL NGF (P<0.05) than when cultured at the
other concentrations (50, 100 and 200 ng/mL); however, there was no difference between
follicles cultured with 1 or 10 ng/mL NGF (P>0.05).

With respect to oocyte diameter, there was no difference between follicles cultured with
the different concentrations of NGF when compared to fresh control after 1 day of culture
(P>0.05) indicating that there is no positive effect of NGF on oocyte growth. However, after 7
days of culture, in all culture conditions, there was a significant reduction in oocyte diameter
(P<0.05) when compared to day 1 of culture. In addition, when compared to oocytes from the
fresh control, oocytes cultured for 7 days with 50 and 200 ng/mL NGF exhibited a reduction in

oocyte diameter.

Table 1. Caprine oocyte and follicle diameters (mean = S.D.) in non-cultured tissues (fresh

control) and in tissues cultured for 1 or 7days in the absence or presence of NGF.

Follicule diameter (um) Oocyte diameter (um)

Control 69.88 + 12.95 52.12 + 9.64
Treatments Day 1 Day 7 Day 1 Day 7
o-MEM*  81.97+1237™  70.30+12.33°8B 5479 + 925" 4828 +12.43°8B
NGF 1 80.00 £11.27 * 7516+11.09*  56.35+9.243%" 50.98 + 8.91°"
NGF 10 75.16 +9.98 ™ 7122+1252%®A  5060+6.13% 4643 +11.14 *®
NGF 50 77.79+9.017  66.20+11.17°®  5330+830% 43.10 +10.42 "
NGF 100 79.18 +11.17 67.05+11.02°®  5443+9.07*  46.19 +10.42 B
NGF200 75.32+11.06 ™ 6296+1399™8 5330+862* 43.03+12.15

*P<0.05 when compared with fresh control (Day 0). TP<0.05 when compared with a-MEM+. a,

b, c Different letters in the same column denote significant differences between treatments in
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the same time period (P<0.05). A, B Different letters in the same row denote significant

differences between culture periods with the same treatment (P<0.05).

Ultrastructural features of cultured follicles

In order to better evaluate follicular integrity, ultrastructural analysis was performed in
tissues from fresh control, tissues cultured for 7 days in a-MEM™ (cultured control) and tissues
cultured with 1, 10 and 50 ng/mL of NGF which showed satisfactory results with respect to
follicular health, growth and activation upon histological evaluation. The ultrastructural features
of the follicles from the fresh control or from tissues cultured for 7 days with 1 ng/mL NGF
were similar and exhibited intact oocyte and nuclear membranes as well as large oocyte nuclei
(Fig. 4A and 4B, respectively). In addition, the follicles exhibited uniformly distributed
organelles in the ooplasm, especially mitochondria and endoplasmic reticulum. In addition,
granulosa cells were ultrastructurally normal, showing elongated and large nuclei with irregular
membranes and a high proportion nuclei-to-cytoplasm. Nevertheless, follicles cultured with a-
MEM" (cultured control) or 10 and 50 ng/mL NGF showed signs of degeneration, such as high
levels of cytoplasmic vacuolization, absence of basement membrane integrity and
disorganization of granulosa cells (Figure 4C, 4D and 4E, respectively). There were few
variations in follicular ultrastructure in these different conditions. When the oocyte nucleus was
evident, the nuclear membrane was damaged in some places, and the chromatin showed typical
features of apoptosis. In most of the electron micrographs where the nucleus was not present, it
is possible to see a different pattern of granulation in the cytoplasm, as well as discreet

fragments of nuclear membrane, suggesting that the nucleus was destroyed.
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Fig. 4. Electron micrographs of follicles before and after 7 days of culture. (A) normal preantral
follicles from non-cultured ovarian tissues (control; original magnification 3000%); (B) normal
preantral follicles after culture in o-MEM® supplemented with 1 ng/mL NGF (original
magnification 4000x); (C) degenerated follicles after 7 days of culture in o-MEM™ alone
(original magnification 4000x) or supplemented with (D) 10 ng/mL NGF (original
magnification 4000x) or (E) 50 ng/mL NGF (original magnification 8000%) showing
characteristic high levels of cytoplasmic vacuolization, lack of basal membrane integrity and
disorganization of granulosa cells. O: oocyte; Nu: oocyte nucleus; GC: granulosa cell; V:

vacuoles; er: endoplasmic reticulum; m: mitochondria.

Assessment of follicle viability after culture

In the present study, 120 caprine preantral follicles were analyzed after 7 days of culture
with a-MEM-+ alone (cultured control) or a-MEM+ supplemented with 1, 10 or 50 ng/mL NGF.
A quantitative analysis of cell viability showed that viable follicles with viable oocyte and

granulosa cells from fresh control tissues (96,7%) and tissues cultured with 1 ng/mL NGF
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(80,0%) stained green with calcein-AM (Fig. 5). In addition, degenerated follicles stained red
with ethidium homodimer-1 after culture with a-MEM+ and 10 and 50 ng/mL NGF (Fig. 6).

Fig. 5. Assessment of the viability of caprine preantral follicles using fluorescent probes.
Isolated control (A, B) and treated preantral follicles cultured for 7 days in medium
supplemented with 1 ng/mL NGF (C, D) classified as viable since cells were labeled with

calcein-AM (green fluorescence).
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Fig. 6. Assessment of the viability of caprine preantral follicles using fluorescent probes.
Follicles cultured in a-MEM" alone (arrows) (A, B) or with 10 (C, D) or 50 ng/mL (E, F) NGF.
Cells were considered non-viable since they were labeled with ethidium homodimer-1 (red

fluorescence).
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Discussion

Much is known about the endocrine hormonal mechanisms that control ovarian
development. However, more recently, attention has focused on identifying the regulatory
pathways that operate within the ovarian microenvironment and contribute to ovarian
reproductive competence. Within this framework, the hypothesis has developed that, in addition
to their requirement for nervous system development, neurotrophins and their tyrosine kinase
receptors (Trk) can also control ovarian maturation [DISSEN et al., 2002]. The ovaries of
several species, including rodents, sheep, cows, non-human primates, and humans, produce
neurotrophins and express both the high-affinity receptors and the common p75 receptor
required for signaling [MATTIOLI et al., 1999; ANESETTI et al., 2001; SPEARS et al., 2003].
Here, we show for the first time that the neurotrophin NGF has a role in the in vitro culture of
caprine preantral follicles. NGF was used at 10, 50 and 100 ng/mL because these concentrations
have been previously tested in other species [bovine: DISSEN et al., 2000a; rodent: ROMERO
et al., 2002; human: SALAS et al., 2006]. In addition to these concentrations, lower and higher
concentrations (1 and 200 ng/mL) of NGF were also evaluated.

In our study, culture of ovarian tissues at the lowest concentration of NGF (1 ng/mL)
resulted in a greater percentage of histologically normal follicles than did culture of the tissues
in a-MEM™ alone or at other concentrations of NGF after 1 day of culture. Nevertheless, after 7
days, we observed an eclevated rate of follicular survival in tissue fragments cultured in a-
MEM" alone or with the addition of 1, 10 and 50 ng/mL NGF by classical histology. However,
using more accurate methods for the evaluation of follicular viability, such as TEM and
fluorescence microscopy, the results of follicular survival observed with classical histology
were confirmed only in tissues cultured with 1 ng/mL NGF. Using TEM, we found that, only in
the fresh control tissue and in tissues cultured for 7 days in the presence of 1 ng/mL NGF,
important structures, such as mitochondria, endoplasmic reticulum and granulosa cells, as well
as basement and nuclear membranes, were preserved. TEM is considered an important tool
because it reveals more information about the quality of follicles and oocytes and can detect
damage to cellular membranes and organelles [LUCCI et al., 2001]. Additionally to
ultrastructural analysis, preantral follicles were further analyzed using a more accurate method
based on fluorescent probes. The fluorescent probes calcein-AM and ethidium homodimer-1
have been successfully used to assess the viability of bovine [SCHOTANUS et al., 1997],
canine [LOPES et al., 2009] and caprine [ROSSETO et al., 2009] early-stage follicles. In the
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present study, the results of this assay were similar to those obtained by ultrastructural analysis,
suggesting that TEM is a reliable method for the assessment of viability of preantral follicles.

NGF is extremely important for the survival, differentiation and function of sympathetic
and sensorial neurons of the central and peripheral nervous systems [OJEDA et al., 2000].
However, similar functions have also been described in non-neural organs, such as in ovaries.
In addition, previous studies have demonstrated that some growth factors, such as NGF, can
inhibit apoptosis and therefore, contribute to the follicular survival [MARKSTROM et al.,
2002]. Nevertheless, high concentrations of NGF (100 and 200 ng/mL) reduce follicular
survival after 7 days of culture. At these high concentrations, NGF may be toxic during the
earlier stages of follicular development. Interestingly, an excess of NGF, rather than being
beneficial, has been shown to initiate pathological changes in both endocrine and non-endocrine
tissues [HOYLE et al., 1998]. Such changes can contribute to ovarian dysfunctions, such as the
induction of follicular cysts [DISSEN et al., 2009b], and to a reduction in the number of normal
antral follicles [DISSEN et al., 2000b].

In the context of follicular atresia, the investigation of the localization and expression of
trkA and p75 receptors in goat ovaries may be important for analyzing the deleterious effects
exerted by high NGF concentrations on follicle development. It is known that the p75 receptor
mediates proapoptotic pathways when expressed alone. Conversely, cell death due to apoptosis
mediated by p75 does not take place if high affinity receptors (TrkA) are coexpressed
[BOTCHKAREYV et al. 2000]. Therefore, the pro or anti-apoptotic action of neurotrophins is
highly dependent on the relative expression of both receptors within the target cell population
[BARKER, 2004].

Expression of the receptor Trk was detected in oogonia, [SPEARS et al., 2003], oocytes
[PAREDES et al., 2004] and GCs [PAREDES et al., 2004] of mice [SPEARS et al., 2003;
PAREDES et al., 2004], rats [DISSEN et al., 1995] and human fetuses and adult ovarian
follicles from primordial stages onwards as well as in the stroma cells [ANDERSON et al.,
2002]. Receptors p75 and TrkA were found in granulosa cells from primordial and primary
follicles and in oocytes and granulosa cells within secondary and tertiary follicles in sows. In
cows, p75 was present in the oocyte whilst TrkA was detected both in the oocyte and in
granulosa cells [LEVANTI et al., 2005].

With respect to follicular activation (i.e., the transition from primordial to developing
follicles), even after 1 day of culture, there was a high level of activation in all culture
conditions as compared to the fresh control. NGF is considered a mitogenic factor and an
inducer of cell proliferation [CANTARELLA et al., 2002], taking part in the differentiation of
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mesenchymal cells to create primary follicles in the mouse [DISSEN et al., 2001] and in the
proliferation and differentiation of theca and granulosa cells to create secondary follicles in the
rat [OJEDA et al., 1999]. However, in the present study, we did not observe a significant effect
of this factor on follicular activation when compared to tissues cultured in a-MEM®. This can
be due to the fact that a-MEM" is a medium rich in nutrients (amino acids, carbohydrates and
vitamins) and DNA precursors, all of which promote cell division [HARTSHORNE, 1997].

Our findings are in agreement with those obtained in earlier in vitro studies with bovine
[BRAW-TAL e YOSSEFI, 1997], caprine [SILVA et al., 2004], primate [FORTUNE et al.,
1998] and human [HOVATTA et al., 1997] follicles. These studies demonstrated that activation
of primordial follicles can occur ‘spontaneously,” i.e., without the addition of growth factors or
hormones. Therefore, the in vitro conditions used in the current study have facilitated the
development of follicles from slices of cultured ovarian tissues, possibly through the release of
stimulatory factors or by preventing the production of inhibitory factors by oocytes or stromal,
granulosa or pre-thecal cells within the cortical ovarian tissue [SILVA et al., 2006].

In general, in the current study, NGF alone was not adequate to promote follicle and
oocyte growth. After 7 days of culture, at all culture conditions except at the lowest
concentrations of NGF (1 and 10 ng/mL), there was a significant reduction in follicle and
oocyte diameter when compared with day 1 of culture. These results differ from the results
observed by Dissen et al. [2009a] which demonstrated that, in addition to promoting the growth
of rat antral follicles, NGF also contributes to the development of follicles into gonadotropin-
responsive structures [DISSEN et al., 2001]. The reduction in follicle and oocyte diameter
observed during culture can be attributed to the culture media employed, which may not be
adequate enough to sustain the survival of larger preantral follicles. Consequently, as only
morphologically normal follicles were considered for diameter evaluation, the reduction in the
number of larger follicles at the end of the culture period leads to a decrease in the mean value
for this parameter. In addition, Silva et al. [2002] demonstrated that smaller caprine preantral
follicles are less sensitive to degeneration than are larger follicles.

Studies evaluating the ability of NGF to induce the proliferation of purified theca cells
from bovine animals revealed that these cells express mRNA for NGF, TrkA and p75 in vivo.
However, since theca cells were cultured in vitro, the levels of TrkA mRNA were drastically
reduced, compromising the role of NGF in the process of cell proliferation [DISSEN et al.,
1996b]. Studies have shown that TrkA receptor-deficient mice [DISSEN et al., 2002] exhibit a
reduced number of follicles and oocytes [SPEARS et al., 2003; PAREDES et al., 2004] as well
as a decrease in follicular growth [OJEDA et al., 2000]. The divergence between our results in
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goats and those in rodents [PAREDES et al., 2004], cows [ABIR et al., 2005], sheep
[MATTIOLI et al., 1999] and humans [SALAS et al., 2006] may likely be explained by the
differences between the species, differences in the culture conditions and differences in the
follicular stages analyzed.

We can conclude that, at 1 ng/mL, NGF plays an important role in early folliculogenesis
in goats, acting as a survival factor and maintaining follicular viability after 7 days of in vitro
culture. These results provide a basis for future studies aimed at growing caprine oocytes and
follicles from the earliest (primordial) follicle stage up to the pre-ovulatory stage at which

oocytes can be matured and fertilized in vitro.
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12. CAPITULO VII

Fator de Crescimento de Fibroblasto-10 mantém a sobrevivéncia e promove o crescimento

de foliculos pré-antrais caprinos cultivados

(Fibroblast growth factor-10 maintains the survival and promotes

the growth of cultured goat preantral follicles)

Periodico: Domestic Animal Endocrinology, 39: 249-258, 2010.
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Resumo

O objetivo do presente estudo foi investigar os efeitos do fator de crescimento de fibroblasto-10
(FGF-10) na sobrevivéncia, ativacdo (transicdo de foliculos primordiais para primarios), e
crescimento de foliculos pré-antrais caprinos cultivados in vitro. Fragmentos de cortex ovariano
foram cultivados por 1 e 7 dias na auséncia ou presenca de FGF-10 (1, 10, 50, 100 e 200
ng/mL). Os tecidos ndo cultivados e cultivados foram processados e analisados por histologia,
microscopia eletrénica de transmissao e teste de viabilidade. Os resultados mostraram que ap6s
7 dias, um grande percentual (79,9%) de foliculos morfologicamente normais (contendo um
oocito com bordas regulares e citoplasma uniforme, e células da granulosa com camadas
organizadas e sem nucleo picnotico) foi observado quando cultivado com 50 ng/mL de FGF-10
quando comparado com outras concentragdes de FGF-10 (0 ng/mL, 67,3%; 1 ng/mL, 68,2%; 10
ng/mL, 63,3%; 100 ng/mL, 64,4%; 200 ng/mL, 52,7%). A analise ultraestrutural e o teste de
viabilidade usando marcadores fluorescentes confirmaram a integridade folicular dos
fragmentos tratados com FGF-10 (50 ng/mL) apds 7 dias de cultivo. Apés 7 dias, todas as
concentragdes de FGF-10 reduziram o percentual de foliculos primodiais e aumentaram o
percentual de foliculos em desenvolvimento. Na presenca de 50 ng/mL de FGF-10, os foliculos
aumentaram o didmetro apds 7 dias de cultivo quando comparado com outras concentracdes
testadas. Em conclusdo, esse estudo demonstrou que o FGF-10 mantém a integridade
morfoldgica de foliculos pré-antrais caprinos e estimula o crescimento de foliculos ativados no
cultivo. As condigdes de cultivo identificadas aqui contribuem para o entendimento de fatores

envolvidos no desenvolvimento folicular inicial em caprinos.

Palavras-chave: Caprino, foliculos iniciais, viabilidade, ovario, FGF-10.
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Abstract

The aim of the present study was to investigate the effects of fibroblast growth factor-10
(FGF-10) on the survival, the activation (transition from primordial to primary follicles) and the
growth of goat preantral follicles cultured in vitro. Pieces of ovarian cortex were cultured for 1
and 7 d in the absence or presence of FGF-10 (0, 1, 10, 50, 100 and 200 ng/mL). Non-cultured
and cultured tissues were processed and analyzed by histology, transmission electron
microscopy and viability testing. Results showed that after 7 d, a higher percentage (79.9%) of
morphologically normal follicles (containing an oocyte with regular shape and uniform
cytoplasm, and organized layers of granulosa cells without a pyknotic nuclei) was observed
when cultured with 50 ng/mL of FGF-10 than compared with other concentrations of FGF-10
(0 ng/mL - 67.3%; 1 ng/mL — 68.2%; 10 ng/mL — 63.3%; 100 ng/mL — 64.4%; 200 ng/mL —
52.7%). Ultrastructural analyses and viability testing using fluorescent markers confirmed the
follicular integrity of FGF-10 (50 ng/mL) treated fragments after 7 d of culture. After 7 d, all
FGF-10 concentrations reduced the percentage of primordial follicles and increased the
percentage of developing follicles. In the presence of 50 ng/mL of FGF-10, follicles increased
in diameter after 7 d of culture when compared with other concentrations tested. In conclusion,
this study demonstrates that FGF-10 maintains the morphological integrity of goat preantral
follicles and stimulates the growth of activated follicles in culture. The culture conditions here
identified contribute to the understanding of the factors involved in goat early follicular

development.

Keywords: Goat, early follicles, viability, ovary, FGF-10.

1. Introduction

The fibroblast growth factor (FGF) family constitutes one of the most important groups
of paracrine factors that act during cell development [1] and consists of at least 23 different
members of signaling polypeptides [2]. Several studies demonstrated that this family plays an
important role in maintaining homeostasis in many tissues and organs [3]. FGFs are involved in
various cellular processes including chemotaxis, cell migration, differentiation, cell survival,
apoptosis, embryonic development, angiogenesis, wound healing and oncogenesis [4, 5]. In
addition, experimental studies have shown the critical involvement of the FGF family and its

receptors in the regulation of reproductive processes, particularly in ovarian folliculogenesis [6,
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7, 8]. Some FGFs are involved in regulation of preantral and antral follicular development,
angiogenesis, survival and proliferation of granulosa cells [9, 10]. However, some FGFs inhibit
steroidogenesis in both theca and granulosa cells in the bovine [7]. These biological activities
are mediated through one of the four FGF receptors (FGFR 1-4), a complex family of
transmembrane receptor tyrosine kinases [11].

Among the members of the FGF family, fibroblast growth factor-10 (FGF-10), also
known as keratinocyte growth factor-2 (KGF-2), is a 13.9-kDa heparin binding protein. FGF-10
promotes epithelial cell motility, differentiation, migration and wound healing [12]. In mice,
FGF-10 is essential for the normal development of lungs, limbs, teeth, skin, mammary buds, the
stomach and the heart [13, 14, 15, 16, 17, 18]. Expression of FGF-10 was also found in the
adult ovine uterus [19] and the bovine corpus luteum [20], and FGF-10 mRNA was detected in
human normal ovarian theca, stroma and endometrial stromal cells [21]. In the bovine ovary,
FGF-10 mRNA was detected in theca cells, oocytes of antral follicles and also in primordial,
primary and secondary follicles [7]. Immunohistochemistry revealed the presence of FGF-10
protein in the oocyte of bovine preantral and antral follicles and in theca and granulosa cell
layers of antral follicles. Also, thecal expression of FGF-10 mRNA changes with follicle
viability [7].

Although FGF-10 expression was detected in all classes of preantral follicles, it is
unknown if it plays a role in the mechanisms controlling preantral folliculogenesis. Therefore,
the hypothesis tested was that FGF-10 may affect the in vitro survival and development of goat
preantral follicles. Considering the ovarian FGF-10 expression pattern in ruminants and its role
in cell differentiation in other organs, this study aimed to determine if FGF-10 affects the in
vitro survival, activation (transition from primordial to primary follicles) and growth of early

goat preantral follicles.

2. Materials and Methods

2.1 Source of ovaries

Ovaries (n = 12) from six adult, non-pregnant, mixed-breed goats (Capra hircus) that
were 1 to 3 yr of age were collected from a local slaughterhouse. All animals were cyclic and in
good body condition. Immediately postmortem, the ovaries were washed in 70% ethanol for 10
seconds and then washed again in MEM supplemented with 100 pg/mL penicillin and 100
ug/mL streptomycin. The pairs of ovaries were transported to the laboratory in MEM at 4 °C
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within 1 h postmortem [22]. Unless otherwise mentioned, the chemicals used in the present

study were purchased from Sigma Chemical Co. (St Louis, MO, USA).
2.2 Experimental protocol

In the laboratory, the ovaries were stripped of surrounding fat and fibrous tissue, and the
ovarian cortex was recovered and divided into 13 pieces approximately 3 mm x 3 mm (1 mm
thick) in size using a needle and scalpel under sterile conditions. For each animal, one slice of
tissue was randomly selected and immediately fixed by immersion for 12 h in Carnoy,
dehydrated in ethanol, and embedded in paraffin (Vetec, Rio de Janeiro, Brazil). Sections of 7
pum were stained with Periodic Acid Schiff — hematoxylin (PAS staining system; Sigma) for
histological analysis (fresh control - Day 0), while a smaller fragment (1 mm®) was cut from the
previous one and subsequent fixed for ultrastructural examination. The remaining slices of
ovarian cortex were cultured individually in 1 mL of culture medium in 24-well culture dishes
at 39 °C in an atmosphere of 5% CO; in air. The basic control medium, referred to as a-MEM",
consisted of a-MEM (pH 7.2-7.4) supplemented with insulin-transferrin-selenium (ITS: 10
pg/mL insulin, 5.5 pg/mL transferrin, 5.0 ng/mL sodium selenite), 0.23 mM pyruvate, 2 mM
glutamine, 2 mM hypoxanthine and 1.25 mg/mL BSA. The medium was supplemented with
recombinant human FGF-10 (PeproTech Inc., Rocky Hill, NJ) at different concentrations (0, 1,
10, 50, 100 or 200 ng/mL). Ovarian slices from each animal were cultured for 1 or 7 d in media
supplemented with different concentrations of FGF-10 and each treatment was repeated Six
times, thus using the ovaries of six different animals. The culture media was stabilized at 39 °C
for 4 h prior to use and was replenished every second day. The concentrations of FGF-10 used
in this experiment were based on data previously published in several species (human: [23],
bovine: [7], goat: [24] and murine: [25]).

2.3 Morphological analysis and assessment of in vitro follicular growth

Fresh control and cultured tissues were fixed in Carnoy for 12 h and then dehydrated in
increasing concentrations of ethanol. After paraffin embedding (Vetec, Rio de Janeiro, Brazil),
the wax blocks containing the goat tissues were completely and serially sectioned at a thickness
of 7 um, and every 5" section was mounted on individual glass slides and stained with Periodic
Acid Schiff — hematoxylin (PAS staining system; Sigma). The stage of follicular development

(e.g., primordial, intermediate, primary and secondary follicles) of serially sectioned ovarian
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tissues and survival were assessed microscopically. Coded anonymized slides were examined
using a Nikon microscope (Japan) under 400x magnification. Care was taken to count each
follicle only once as performed in our earlier studies [26]. Each follicle was examined in every
section and matched with the same follicle on adjacent serial sections in order to avoid double
counting, which ensures that each follicle was only counted once regardless of its size.

The developmental stages of preantral follicles have been previously defined [27] as
primordial (one layer of flattened granulosa cells around the oocyte) or developing follicles.
Developing follicles can be subdivided into intermediate (both flattened and cuboidal granulosa
cells around the oocyte), primary (a single layer of cuboidal granulosa cells around the oocyte)
and secondary (two or more layers of cuboidal granulosa cells around the oocyte and no sign of
antrum formation) categories. In the current study, follicles were individually classified as
morphologically normal when an intact oocyte was present, the follicle was surrounded by
granulosa cells that were well organized into one or more layers and had no pyknotic nucleus.
Atretic (degenerated) follicles were defined as having a retracted oocyte possibly displaying a
pyknotic nucleus, and/or disorganized granulosa cells. Overall, 180 preantral follicles were
evaluated for each treatment (30 follicles per animal X six repetitions), and the percentages of
healthy primordial and developing follicles were calculated on day O (fresh control) and after
culture in each treatment.

To evaluate follicular activation (transition from primordial to primary follicles, when
surrounding squamous pré-granulosa cells become cuboidal and begin to proliferate) and
growth, only morphologically normal follicles with a visible oocyte nucleus (equatorial section)
were recorded, and the proportion of primordial and growing follicles were calculated at day O
(fresh control) and after 1 or 7 d of culture with treatment. In addition, from the basement
membrane, major and minor axes of each oocyte and follicle were measured using a light
microscope fitted with an eyepiece micrometer (Zeiss, Cologne, Germany) under 400x
magnification. The average of these two measurements was used to determine the diameters of
both the oocyte and the follicle.

2.4 Ultrastructural analysis of goat preantral follicles

For more in-depth evaluation of follicular morphology after histological analysis,
ultrastructural studies were performed on fragments of fresh control and treatment groups that
maintained follicular morphology and promoted the growth. Briefly, 1 mm® pieces of goat
ovarian tissues were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium
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cacodylate buffer (pH 7.2) for 4 h at room temperature (RT, approximately 25 °C). After
fixation, fragments were post-fixed in 1% osmium tetroxide, 0.8% potassium ferricyanide and 5
mM calcium chloride in 0.1 M sodium cacodylate buffer for 1 h. Subsequently, the samples
were dehydrated through an acetone gradient, and the tissues were embedded in Spurr's resin.
For light microscopy studies, 3-um thick sections were cut on an ultramicrotome (Reichert
Supernova, Heidelberg, Germany) and stained with toluidine blue. Ultra-thin sections of 60 to
70 nm thickness were contrasted with uranyl acetate and lead citrate and examined under a Jeol
1011 (Jeol, Tokyo, Japan) transmission electron microscope (TEM). The density and integrity
of ooplasmic and granulosa cell organelles as well as vacuolization and basement membrane

integrity were evaluated. For ultrastructural analysis, three to five follicles were examined per

group.

2.5 Assessment of preantral follicle viability by fluorescence microscopy

Based on the results of the morphological and ultrastructural analyses, the viability of
follicles cultured with the concentration of FGF-10 that maintained follicular morphology and
ultrastructural integrity was further analyzed using fluorescent probes.

Additional pairs of goat ovaries (n = 2) were collected from a slaughterhouse, and then
cut into fragments at the laboratory. One of these fragments was immediately processed for
follicle isolation (fresh control) and the remaining fragments were cultured for 7 d with FGF-10
(50 ng/mL) as described above. After the culture period, fragments were processed for
mechanical isolation using the method described by Lucci et al. [28]. Briefly, using a tissue
chopper (The Mickle Laboratory Engineering Co., Gomshal, Surrey, UK) adjusted for a
sectioning interval of 75 um, samples were cut into small pieces. Next, the fragments were
placed in MEM, resuspended 40 times using a large Pasteur pipette (approximate diameter of
1600 pm) and resuspended again 40 times with a smaller Pasteur pipette (approximate of
diameter 600 pum) in order to dissociate preantral follicles from the stroma. The material
obtained was passed through 100 pm nylon mesh filters, resulting in a suspension containing
preantral follicles less than 100 um in diameter. This procedure was carried out at RT within a
10 min time frame.

Isolated preantral follicles were analyzed using a two-color fluorescence cell viability
assay based on the simultaneous detection of live and dead cells with calcein-AM and ethidium
homodimer-1, respectively. The first probe detects intracellular esterase activity in viable cells,

whereas the latter labels nucleic acids in non-viable cells with plasma membrane disruption.
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The test was performed by adding 4 pM calcein-AM and 2 pM ethidium homodimer-1
(Molecular Probes, Invitrogen, Karlsruhe, Germany) to a suspension of isolated follicles and
incubating at 37 °C for 15 min. After being labeled, follicles were washed once by
centrifugation at 100 x g for 5 min and resuspended in MEM. Follicles were then mounted on
glass microscope slides in 5 pl of anti-fading medium (DABCO, Sigma, Deisenhofen,
Germany), to prevent photobleaching, and examined using a DMLB fluorescence microscope
(Nikon, Eclipse 80i, Tokyo, Japan). The emitted fluorescence signals of calcein-AM and
ethidium homodimer-1 were collected at 488 and 568 nm, respectively. Oocytes and granulosa
cells were considered viable if their cytoplasm stained positively with calcein-AM (green) and

their chromatin was not labeled with ethidium homodimer-1 (red).

2.6 Statistical analysis

The mean number of surviving follicles at all stages (primordial and developing),
obtained after 1 or 7 d in the various culture conditions, were initially submitted to
Kolmogorov—-Smirnov and Bartlett’s tests to confirm normal distribution and homogeneity of
variance, respectively. Analysis of variance was then performed using the GLM procedure of
SAS (1999), and Dunnett’s test was applied in order to compare FGF-10 treated groups against
0 ng/mL of FGF-10 group. Student’s-Neuman-Keuls test was used for comparisons amongst
FGF-10 concentrations and numbers of surviving follicles between 1 and 7 d of culture [29].
Data of follicular viability assessed through fluorescence microscopy were analyzed as
dispersion of frequencies using the chi square test. Differences were considered to be
significant when P<0.05, and results were expressed as the mean * standard error of means
(SEM).

3. Results
3.1 Effects of FGF-10 on follicular survival

In the present study, 180 follicles were analyzed by classical histology in each
treatment, totaling 2,340 preantral follicles (1,104 primordial, 825 intermediate, 384 primary

and 27 secondary). Figure 1A-E shows morphologically normal follicles after O (control), 1 and
7 d culture with FGF-10 at 0 ng/mL and 50 ng/mL; Figure 1F shows a degenerated follicle after
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7-day culture with FGF-10 at 100 ng/mL. In degenerated follicles, we observed retracted

oocytes, pyknotic nuclei, and disorganized granulosa cells.

Figure 1. Representative image of goat ovarian fragments on day O (control - A) and after 1 or
7-day culture in the presence of 0 ng/mL (B-C) and 50 ng/mL (D-E) of FGF-10 or after 7-day
culture with 100 ng/mL (F) of FGF-10. Degenerated preantral follicles often displayed oocyte

retraction (F, arrow) and disorganization of granulosa cell layers. Scale bars represent 50 pm
(E) and 20 um (A-D; F). O: oocyte; Nu: oocyte nucleus; GC: granulosa cells (x400), PAS-

Hematoxilin.

The percentage of morphologically normal follicles in the fresh control (non-cultured
tissue) and after 1 or 7 d of culture, in the absence or presence of FGF-10, are shown in Figure
2. In all treatments, after 1 or 7-day culture, a reduction (P<0.05) in the percentage of
morphologically normal follicles occurred compared to the fresh control, except in the
treatment with FGF-10 at 50 ng/mL after 1 d of culture (P>0.05). In addition, a significantly
higher percentage of morphologically normal follicles was observed in tissues cultured with 50
ng/mL of FGF-10 than with 100 and 200 ng/mL (P<0.05). Moreover, treatment with 200
ng/mL of FGF-10 caused a significant reduction in the percentage of morphologically normal
follicles when compared to 0 ng/mL of FGF-10 dose or the other concentrations of FGF-10

(P<0.05). After 7 d, a higher percentage (P <0.05) of normal follicles in tissues cultured with
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50 ng/mL of FGF-10 was observed compared to all other treatments with FGF-10. Similar to
the results after 1 d of culture, the highest concentration of FGF-10 (200 ng/mL) caused the
lowest percentage of morphologically normal preantral follicles (P<0.05) compared with O
ng/mL of FGF-10 dose and all other concentrations of FGF-10. With the progression of the
culture period from 1 to 7 d, a decrease (P<0.05) in the percentage of morphologically normal

follicles in all treatments was observed (P<0.05).
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Figure 2. Percentage (mean + SEM) of morphologically normal preantral follicles in the fresh
control (non-cultured) and after 1 or 7 d culture with varying concentrations of FGF-10. *
Differs significantly from the fresh control (P<0.05). "¢ Differs significantly among
concentrations within each day of culture (P<0.05). * Differs significantly with the progression

of the culture period from days 1 to 7 in the same treatment (P<0.05).
3.2 Follicular activation during in vitro culture of cortical fragments

The percentage of morphologically normal primordial and developing follicles
(intermediate, primary and secondary) in fresh tissue or in tissues cultured for 1 or 7 d with
different treatments is shown in Figure 3. Fresh ovarian tissues predominantly contain
primordial follicles (74.5%) and a lower percentage of developing follicles (25.5%). After 7 d

of culture, in all treatments, the percentage of primordial follicles (Figure 3A, P<0.05) was
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reduced, concomitant with a significant increase in the percentage of developing follicles
(Figure 3B, P<0.05) compared to the fresh control. Moreover, on day 1, the addition of FGF-10

(200 ng/mL) to the culture medium significantly increased follicular transition from primordial

compared to the fresh control, 0 ng/mL of FGF-10 dose and other groups cultured with FGF-10,
except when used 100 ng/mL of FGF-10.

With the progression of the culture period from 1 to 7 d, the percentage of developing

follicles in all treatments increased (P<0.05) in contrast to non-cultured control tissues. The

mean distribution of developing follicles after 7 d of culture in all cultures combined was

64.0%, 33.5% and 2.5% for intermediate, primary and secondary follicles, respectively.
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Figure 3. Percentage (mean * SEM) of (A) primordial and (B) developing follicles

(intermediate, primary and secondary) in non-cultured (fresh control) and tissues cultured for 1
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or 7 d in the presence of varying concentrations of FGF-10. * Differs significantly from the
fresh control (P<0.05). *° Differs significantly among concentrations within each day of culture
(P<0.05). * Differs significantly with the progression of the culture period from days 1 to 7 in

the same treatment (P<0.05).
3.3 Evaluation of oocyte and follicle diameter in fresh and cultured tissue

Table 1 shows the follicle and oocyte diameters before and after in vitro culture. After
comparing fragments cultured for 1 d with non-cultured fragments, no significant differences
were observed regarding to follicle diameter. However, after 7 d, follicular diameter was
significantly higher in ovarian tissues cultured with 50 ng/mL of FGF-10 (P<0.05) than those
cultured with the same concentration at day 1 and the other treatments after 7 d. In addition, no
significant influence of FGF-10 on oocyte diameter was observed after 1 and 7 d of culture
(P>0.05).

Table 1. Goat oocyte and follicle diameters (mean + SEM) in non-cultured tissues (fresh
control) and in tissues cultured for 1 or 7 d in the absence or presence of various concentrations
of FGF-10. The doses of FGF-10 were in ng/mL.

Follicule diameter (um)

Oocyte diameter (um)

Non-cultured 69.22 + 1.56 4950+ 141

Cultured Day 1 Day 7 Day 1 Day 7
FGF-10 (0) 70.92 £2.00 7227 +2.17° 52.68 £1.79 50.68 £1.85
FGF-10 (1) 72.15+2.00 7339+1.32° 51.29 £ 1.58 54.69 £1.40
FGF-10 (10) 71.84 £1.65 69.83+2.11° 5191 +1.18 4944 +2.44
FGF-10 (50) 74.16+2.16“ 80.50+2.20 ™ 5222 +1.31 55.00 £ 2.04
FGF-10 (100)  69.83 +2.29 69.99 +2.05° 48.20 + 1.43 49.90 £1.92
FGF-10 (200)  71.69 + 1.53 68.29 +1.69 " 49.13 + 1.55 49.29 +1.68

* Differs from the fresh (non-cultured) control (P<0.05). a,b Differs among concentrations
within a column (P<0.05). A Differs with the progression of the culture period from days 1 to 7

in the same treatment within a row (P<0.05).
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3.4 Ultrastructural features of cultured follicles

Ultrastructural features of follicles evaluated in the fresh control (Figure 4A) and in the
50 ng/mL of FGF-10 (Figure 4B) treated group were similar. These follicles exhibited sparse
vesicles spread throughout the ooplasm and had an intact oocyte, nuclear and basement
membranes, as well as a large oocyte nucleus with decondensed chromatin and a visible
nucleolus. In addition, the organelles were uniformly distributed in the homogeneous ooplasm
such as rounded mitochondrias with peripheral cristae and continuous mitochondrial
membranes and both smooth and rough endoplasmic reticulum. Granulosa cells were
ultrastructurally normal and well organized around the oocyte, showing an elongated and large

nucleus with irregular membrane and a high nucleus-cytoplasm ratio.

Figure 4. Electron micrographs of follicles before and after 7 d of culture. (A) Morphologically

normal preantral follicle from non-cultured ovarian fragments (control; original magnification
3000x); (B) Morphologically normal preantral follicles after culture with 50 ng/mL FGF-10
(original magnification 3000x). O: oocyte; nu: nucleolus; GC: granulosa cell; ne: nuclear

envelope; m: mitochondria; bm: basement membrane. Scale bars = 10 um.
3.5 Assessment of follicle viability after culture

Preantral follicles (n = 30) were analyzed after 7 d of culture in a-MEM" supplemented
with 50 ng/mL FGF-10. After this quantitative analysis, all follicles (100%; P>0.05) remained

viable and were stained green by calcein-AM assays (Figure 5), confirming that this treatment
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was able to maintain follicular viability. In addition, the percentage of viable follicles was

similar to that seen in the fresh control group (P>0.05).

Figure 5. Viability assessment of goat preantral follicles using fluorescent probes. (A) An
isolated preantral follicle after culture with 50 ng/mL FGF-10 that was classified as viable, (B)
because cells were labeled by calcein-AM (green fluorescence). Scale bars =50 um.

4. Discussion

The present study reports the influence of FGF-10 on the development of goat preantral
follicles in vitro, demonstrating its importance in the maintenance of viability and further
follicular growth. Maintenance of follicular viability is the prerequisite for culture of preantral
follicles. The current study shows that addition of 50 ng/mL of FGF-10 was effective in
maintaining a high percentage of morphologically follicles in cortical tissue cultured for 7 d.
Thus, this FGF-10 concentration acts as a survival factor and/or atresia inhibitor, which
progressively occurs with time in culture. This result is in agreement with results of Goldfarb
[30] who demonstrated that FGF family members have a critical role in cell survival. Moreover,
Kwabi-Addo et al. [31] demonstrated that FGFs can inhibit cell death in several tissues by
preventing DNA injury induced by oxygen reactive species, which reduces the formation of
H,O, [32]. Alternatively, in our study, extreme FGF-10 concentrations (i.e., 0, 1, 10, 100 or 200
ng/mL) caused a decrease in follicular viability after 7 d of culture. We infer that small
concentrations of FGF-10 may be not sufficient to promote the maintenance of goat follicular
survival. Nevertheless, high concentrations of FGF-10 may have a detrimental effect on

follicular health, probably increasing follicular apoptosis via the activation of mitogen-activated
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protein kinases (MAPK) pathway [23], which is involved in both cell survival and apoptosis
with the specific cell response depending on the cellular context [33].

This study demonstrates a decrease in the number of primordial follicles and
concomitant increase in the number of developing follicles in all treatments compared to the
fresh control during in vitro culture of goat ovarian cortical tissue for 7 d in a defined medium.
FGF-10 did not have an additional beneficial effect, except on day 1 of culture, in which the
concentration of 200 ng/mL of FGF-10 promoted a higher percentage of developing follicles
than 0 ng/mL of FGF-10 dose. Some studies using several growth factors and hormones were
performed with goat species, showing similar results of follicular activation [24, 34, 35, 23, 36,
37]. Moreover, other study has shown that 10 ng/mL of FGF-2, another member of the FGF
family, did not influence bovine primordial follicle activation [38]. According to other authors
[39, 40], the transition from primordial to developing follicles during in vitro culture occurs
spontaneously, i.e., without the addition of growth factors or hormones. The in vitro culture
conditions may support the development of follicles enclosed in ovarian fragments, possibly
through the release of stimulatory factors in the oocyte, granulosa, theca and stromal cells [36].
Another hypothesis is that in vitro culture appears to induce activation of primordial follicles
because the media are richer in nutrients and/or oxygen than the ovarian cortex in vivo because
the cortical region of the ovary is less vascularized than the medullary region [40].

An increase in follicular diameter was observed only after culture ovarian tissue for 7 d
with 50 ng/mL of FGF-10 compared to the fresh control and other FGF-10 concentrations.
However, FGF-10 did not have any influence on oocyte diameter. The FGF family is emerging
as a group of factors that are potentially important for follicle growth [6]. Others have shown
that FGF-10 is a mitogenic factor for epithelial cells [41, 42, 31] and has a high affinity for the
FGFR-2b receptor [42]. Granulosa cells express the FGFR-2b receptor [10], and FGF-10
derived from the oocyte and theca cells most likely acts as a paracrine signal among oocyte,
theca and granulosa cells. Most likely, 50 ng/mL of FGF-10 was a high enough concentration to
stimulate the growth of numerous early unilaminar follicles, i.e., primordial and intermediate,
but was not enough to promote further primary follicle growth. Moreover, in the present study,
probably it is not possible to visualize any significant increase in oocyte growth because
primordial and intermediate follicles had similar diameters [43].

Our results on follicular survival after classical histology were confirmed by
ultrastructural analysis. Using TEM, it was observed that important cellular structures such as
mitochondria, the endoplasmic reticulum, granulosa cells, and the basement and nuclear

membranes were preserved after 7 d of culture in the presence of 50 ng/mL of FGF-10.
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Therefore, this technique is an important tool to detect early morphological changes after
follicular culture in vitro. In addition, according to Lopes et al. [44], follicular atresia changes
occur first at the ultrastructural level before being able to be identified by light microscopy.

In addition to ultrastructural analysis, preantral follicles cultured for 7 d with 50 ng/mL
of FGF-10 were further analyzed using a more accurate method based on fluorescent probes,
which confirmed the previous results obtained with light and electron microscopy regarding to
follicular survival. Thus, viability assessment appears be a reliable, practical and fast method to
analyze follicular viability. Recently, this method has also been used successfully to evaluate
preantral follicle viability in goats [45, 46].

In conclusion, this study demonstrates that FGF-10 acts in a concentration (50 ng/mL)-
dependent manner to maintain the morphological integrity of goat preantral follicles, and
stimulate the growth of activated goat preantral follicles in culture. These results provide a basis
for future studies of the appropriated culture conditions required to support complete preantral

follicle growth and subsequent oocyte maturation in vitro.
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13. CAPITULO VIII

Como a concentracao de insulina afeta o desenvolvimento de foliculos pré-antrais em

cabras

(How the concentration of insulin affects the development of preantral follicles in goats)

Periodico: Cell & Tissue Research, 346(3): 451-456, 2011.
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Resumo

Esse estudo investigou o efeito da adi¢éo de diferentes concentragdes de insulina ao meio de
cultivo para o desenvolvimento in vitro de foliculos pré-antrais caprinos. Os fragmentos
ovarianos foram imediatamente fixados ou cultivados por 7 dias em MEM com insulina (0, 5,
10 ng/mL e 5 ou 10 pg/mL). Os resultados mostraram que, apds 7 dias de cultivo, insulina a 10
ng/mL foi a melhor concentracdo para preservar a viabilidade e ultraestrutura folicular,
resultando em altas taxas de foliculos normais. Apds 7 dias, somente o tratamento com 10
ng/mL e 5 pg/mL de insulina aumentou a ativagdo folicular quando comparada a outras
concentragdes. Com relagdo ao crescimento folicular e oocitério, a presenca de 10 ng/mL de
insulina promoveu um maior didmetro que 0s outros tratamentos. Em concluséo, esse estudo
mostrou que a adigdo de 10 ng/mL de insulina ao meio de cultivo melhorou a sobrevivéncia e

estimulou o crescimento de foliculos pré-antrais caprinos.

Palavras-chave: Insulina, foliculo pré-antral, cabra, viabilidade, ovario.
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Abstract

This study investigated the effect of adding different insulin concentrations to the culture
medium for goat preantral follicle development in vitro. The ovarian fragments were
immediately fixed or cultured for 7 d in MEM with insulin (0, 5, 10 ng/mL and 5 or 10 pg/mL).
The results showed that, after 7 d of culture, insulin at 10 ng/mL was the best concentration to
preserve follicular viability and ultrastructure, resulting in the highest rates of normal follicles.
After 7 d, only treatments with 10 ng/mL and 5 pg/mL of insulin increased follicular activation
when compared to other concentrations. Regarding follicular and oocyte growth, the presence
of 10 ng/mL of insulin promoted a larger diameter than other treatments. In conclusion, this
study shows that addition of 10 ng/mL of insulin to the culture medium improved the survival
and stimulated growth of goat preantral follicles.

Keywords: Insulin, preantral follicle, goat, viability, ovary.

Introduction

Insulin is a protein secreted by pancreatic 3-cells, and it plays a central role in body
metabolism and acts in the regulation of ovarian function (Selvaraju et al. 2003). Many studies
have identified the ovary as a target organ because its receptors are widely distributed in all of
the ovarian compartments, including granulosa, theca, stroma and oocyte (Phy et al. 2004) and
due to its effects on follicle cells, from early developmental stages to oocyte maturation (Young
and McNeilly 2010). In goats, a supra-physiological concentration of insulin has routinely been
added to basic culture medium through the use of a commercial product called ITS (10 pg/mL
insulin, 5.5 pg/mL transferrin and 5 ng/mL sodium selenite). This procedure has produced
positive results in the survival and development of preantral follicles but only when other
hormones and growth factors are employed (Matos et al. 2007; Saraiva et al. 2008; Celestino et
al. 2009; Martins et al. 2010). Nevertheless, if used alone in culture medium, 10 pg/mL of
insulin (ITS) is not able to maintain the follicle ultrastructure after in vitro culture for 7 d
(Chaves et al. 2010; Faustino et al. 2011). In this context, the question arises whether the use of
lower insulin concentrations could maintain the follicle ultrastructure and promote the survival
and development goat preantral follicles. Therefore, the aim of this study was to evaluate the
effects of adding different concentrations of insulin to the culture medium on the survival and

growth of goat preantral follicles after in vitro culture.
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Material and Methods

Ovaries from 7 adult, mixed-breed goats were collected from a local slaughterhouse.
After slaughter, the ovaries were washed once in 70% alcohol and then twice in MEM with
HEPES supplemented with antibiotics. Unless mentioned otherwise, all chemicals were used
from Sigma-Aldrich (Sigma Chemical Co., St. Louis, MO). In the laboratory, the cortex from
each pair of ovaries was then removed and cut into 13 fragments (9 mm?®). The fragments were
placed in MEM with HEPES and then one slice of tissue was immediately fixed for histological
and ultrastructural analysis (fresh control: day 0). The remaining slices of ovarian cortex were
cultured individually for 1 and 7 d in 1 mL of culture medium, in 24-well culture dishes at 39
°C, in an atmosphere at 5% CO, in air. The basic control medium consisted of a-MEM (Gibco,
Invitrogen, Karlsruhe, Germany) supplemented with 1.25 mg/mL BSA, 5.5 png/mL transferrin,
5.0 ng/mL sodium selenite, 2 mM glutamine and 2mM hypoxanthine. The ovarian slices were
distributed into treatments: with o-MEM alone (0 ng/mL of insulin) or associated with
recombinant human insulin at different concentrations (5 or 10 ng/mL and 5 or 10 pg/mL).
Every two days, half of the culture medium was refreshed.

Fresh control and cultured tissues were processed for histology and analyzed in regard
to development parameters as described by Silva et al. (2004). Follicular viability was assessed
by epifluorescence microscopy using a marker for live (calcein-AM) or dead (ethidium
homodimer-1) cells as previously described by Silva et al. (2010). Ultrastructural analysis
followed the parameters applied by Nottola et al. (2008) with moderate modifications.

The mean number of the surviving follicles was submitted to Shapiro-Wilk and
Bartlett’s tests. ANOVA and Dunnett’s test was applied to compare the insulin-treated groups
to the group insulin-free. The SNK test was used for comparisons among the treatments with
different insulin concentrations and between follicles found at 1 and 7 d of culture. Follicular
viability was analyzed using the Chi-square test. The differences were considered to be

significant when P <0.05.
Results
Fig. 1 shows the morphologically normal or degenerated follicles after in vitro culture.

After 1 or 7 d of in vitro culture, a reduction (P<0.05) in the percentage of normal follicles

occurred in all of the treatments when compared to the fresh control (Fig. 2). After 7 d, a higher
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percentage of normal follicles in tissues cultured with 10 ng/mL of insulin was observed

compared to all other treatments (P<0.05; Fig. 2).

Fig. 1 Representative image of goat ovarian fragments on day 0 (fresh control, a) and after 1 or
7 d culture in the presence of 0 ng/mL (b-c) and 10 ng/mL (d-e) of insulin or after 7 d culture
with 5 pg/mL (f) of insulin. Degenerated preantral follicles often displayed pyknotic nuclei (f,
arrow). Scale bars represent 50 um. O, oocyte; Nu, oocyte nucleus; GC, granulosa cells. 400x

magnication, PAS-hematoxylin
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Fig. 2 Percentage (mean = SD) of morphologically normal preantral follicles in the fresh
control (noncultured) and after in vitro culturing for 1 or 7 d with varying concentrations of
insulin. * Differs significantly from the fresh control (P<0.05). *° Differs significantly among

concentrations within each day of culture (P<0.05)

After 7 d of culture, the percentage of primordial follicles (Fig. 3a, P<0.05) was
reduced, in all treatments, concomitant with a significant increase in the percentage of
developing follicles (Fig. 3b, P<0.05), when compared to the fresh control. Moreover, on day 7,
the addition of insulin (10 ng/mL and 5 pg/mL) to the culture medium significantly increased

follicular activation compared to the other treatments.
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Fig. 3 Percentage (mean + SD) of (a) primordial and (b) developing follicles (intermediate,
primary and secondary) in fresh control (noncultured) and tissues cultured for 1 or 7 d in the
presence of varying concentrations of insulin. * Differs significantly from the fresh control
(P<0.05). ¢ Differs significantly among concentrations within each day of culture (P<0.05). *
Differs significantly with the progression of the culture period from days 1 to 7 in the same
treatment (P<0.05)

The follicle and oocyte diameters were evaluated and shown in Table 1. After 7 d of
culture, a significant increase in follicular diameter was observed in all of the treatments

compared to the fresh control, except in the treatment containing 10 pg/mL of insulin. In
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general, the tissues cultured in the presence of 10 ng/mL of insulin showed significantly larger

oocyte and follicle diameters than the other treatments in the same period (P<0.05).

Table 1 Goat oocyte and follicle diameters (mean + SD) in fresh control (noncultured) and in

tissues cultured for 1 or 7 d in the absence or presence of various concentrations of insulin.

Follicular diameter (um) Oocyte diameter (um)
Noncultured 27.96 + 3.80 21.05+4.38
Cultured Day 1 Day 7 Day 1 Day 7

Ins (0 ng/mL) 27.64 +4.15 29.69 + 6.05 ™ 19.61+3.94  20.82 +3.59%
Ins (5 ng/mL) 28.95 +5.92 30.89 +4.21° 2049 +5.31 19.86 + 3.06"
Ins (10 ng/mL)  29.12 + 5.22° 35.08 +3.92™ 18.90 £2.72%  23.04 +3.64°
Ins (5 pg/mL)  28.03 £5.074 32.21 +4.34 18.47 £2.77*  20.96 + 3.00%°

Ins (10 pg/mL)  28.27 +6.04 28.45 + 3.18° 18.66+4.45  20.07 +2.82°

* Differs significantly from the fresh control (P<0.05). ** Differs significantly among
concentrations within each day of culture (P<0.05). * Differs significantly with the progression

of the culture period from days 1 to 7 in the same treatment (P<0.05)

The ultrastructural features of the follicles evaluated in the fresh control (Fig. 4a) and in
the group treated with 10 ng/mL of insulin (Fig. 4b) were similar (P>0.05). These follicles
exhibited an intact cytoplasmic membrane, normal and uniformly distributed organelles,
especially mitochondria and endoplasmic reticulum, and intact oocyte nucleus. Only the

cultured follicles exhibited sparse vesicles spread throughout the ooplasm (Fig. 4b).
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Fig. 4 Electron micrographs of follicles before and after 7 d of culture. (a) Morphologically

normal preantral follicle from noncultured ovarian fragments (fresh control; original
magnification 4000x); (b) Morphologically normal preantral follicles after culture with 10
ng/mL insulin (original magnification 6000x). O, oocyte; nu, nucleolus; N, nucleus; GC,
granulosa cell; ve, vesicle; ne, nuclear envelope; m, mitochondria; bm, basement membrane.

Scale bars =5 um

Viable follicles (Fig. 5a-a;) were positively stained with calcein-AM, while non-viable
were stained with ethidium homodimer (Fig 5b-b;). After this quantitative analysis, all of the
follicles (100%) remained viable in treatment with 10 ng/mL of insulin and were similar to the

fresh control and stained green by calcein-AM assays (Fig. 5a-a;; P<0.05).
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Fig. 5 Viability assessment of goat preantral follicles using fluorescent probes. Isolated
preantral follicles after in vitro culture in medium contend 10 ng/mL of insulin in a bright field
(a) and labeled with calcein-AM (a;) and follicle noncultured (fresh control) in a bright field (b)

and labeled with ethidium homodimer-1 (b;) (Scale bars = 50 um; 400x magnication)

Discussion

The findings of the present study demonstrated that addition of 10 ng/mL of insulin to
the culture media was more efficient in maintaining the percentage of morphologically normal
preantral follicles after 7 d of culture. Also, the addition of 10 ng/mL of insulin maintained the
ultrastructural organization of the follicles and their viability after 7 d of culture. The beneficial
effect of insulin on survival is likely due to its direct action on the maintenance of metabolic
balance through the regulation of specific functions related to the synthesis of glycogen, lipids,
proteins and nucleic acids (Cheatham and Khan 1995). In addition, insulin can maintain
survival indirectly by stimulating the action of other substances such as FSH and insulin-like
growth factor I (IGF-1), which are known to promote follicular viability in goats (Matos et al.
2007; Martins et al. 2010). Our results were corroborated by studies that showed an increase in
the percentage of follicular atresia, and the consequent reduction in survival, in media without

insulin or at high doses of this hormone (Wright et al. 1999).
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In the present study, only 10 ng/mL of insulin increased follicular diameter after 7 d of
culture compared to other treatments. This concentration also promoted a greater follicular
activation. Because the major morphological difference between the primordial and the primary
follicles is the transition of flattened granulosa cells to cuboidal granulosa cells, the first stage
of follicular growth may significantly depend on the development of the somatic cells (Yu and
Roy 1999). Insulin is commonly added to culture medium for the in vitro growth and activation
of primordial follicles in cultured ovaries, especially in the presence of a moderate dose (0.1
pg/mL) (Adhikari and Liu 2009). With regard to oocyte growth, the treatment with 10 ng/mL of
insulin was more efficient in increasing the oocyte diameter compared to 5 ng/mL and 10
pg/mL of insulin. High insulin levels also produce adverse effects on the nuclear maturation of
oocytes after follicle culture (Fouladi-Nashta and Campbell 2006). When Sun et al. (2010)
cultured fetal mouse ovaries with 5 pg/mL of insulin, it was demonstrated that insulin has a
profound detrimental effect on oogenesis and folliculogenesis in vitro, with significant
retardation of oocyte growth. Paradoxically, in the present study, the concentration of 5 pg/mL
insulin did not impair oocyte growth. This result suggests that goats may need larger doses of
insulin to cause this side effect, as we observed with 10 pg/mL of insulin.

In conclusion, we clearly demonstrated that the exposure of goat preantral follicles to 10
ng/mL of insulin improved all parameters analyzed. Thus, this study characterizes a new culture
basic medium for goat, reducing the concentration of insulin currently used by 10° times,
improving the follicular development and providing benefits for the subsequent maturation of

oocytes.
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14. CAPITULO IX

Os efeitos da insulina e FSH durante o desenvolvimento in vitro de foliculos pré-antrais
caprinos, e a expressao relativa de RNAm para os receptores de insulina e FSH e do

citocromo P450 aromatase em foliculos cultivados

(The effects of insulin and FSH during in vitro development of isolated goat preantral follicles,
and the relative mRNA expression of insulin and FSH receptors and cytochrome P450

aromatase in cultured follicles)

Periddico: Reproduction (Submetido em 24/10/2011).
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Resumo

A acéo de diferentes concentragdes de insulina, sozinha ou em combina¢do com FSH, foram
avaliadas no desenvolvimento in vitro e na expressaio de RNAm para aromatase P450 (P-
450AROM) e receptores para insulina (INSR) e FSH (FSHR). Foliculos pré-antrais caprinos
foram microdissecados e cultivados em a-MEM com ou sem insulina (5, 10 ng/mL ou 10
pg/mL) ou em combinacdo com o FSH por 18 dias. Ap6s 18 dias, a adicdo de uma alta
concentragdo de insulina ao meio de cultivo reduziu significantivamente a sobrevivéncia
folicular e a taxa de formagdo de antro quando comparado com 0s outros tratamentos.
Entretanto, quando o FSH foi adicionado ao meio de cultivo, nenhuma diferenca foi observada
entre esses dois parametros. Foliculos pré-antrais e antrais do controle, bem como de todos 0s
foliculos cultivados, apresentaram um padrdo ultraestrutural normal. O crescimento folicular
aumentou a partir do dia 12, e somente nas concentragdes de 10 ng/mL e 10 pg/mL de insulina
sem FSH comparado com o grupo controle. Em meio suplementado com FSH, somente a
adicdo de 10 ng/mL de insulina produziu odcitos com altas taxas de retomada da meiose e em
metéfase Il quando comparado ao grupo controle. O tratamento com insulina (10 ng/mL) e FSH
resultou em niveis significativamente maiores de RNAm para INSR e P-450AROM e secrecdo
de estradiol quando comparado aos outros grupos de tratamentos. Em conclusdo, 10 ng/mL de
insulina com FSH foi o tratamento mais eficiente na promocdo da retomada da meiose de
oocitos, manutendo a sobrevivéncia oocitéaria, estimulando o desenvolvimento folicular e
aumentando a expressdo de RNAm para INSR e P-450AROM, bem como a secregdo de

estradiol em foliculos caprinos.

Palavras-chave: Foliculo secundario, cabra, insulina, FSH, P-450AROM.
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Abstract

The action of different concentrations of insulin, alone or in combination with FSH,
were evaluated on the in vitro follicular development and the mRNA expression for P450
aromatase (P-450AROM), insulin (INSR) and FSH (FSHR) receptors. Goat preantral follicles
were microdissected and cultured in a-MEM with or without insulin (5, 10 ng/ml or 10 pg/ml)
or in combination with FSH for 18 d. After 18 d, the addition of the maximum concentration of
insulin to the culture medium significantly reduced follicular survival and antrum formation
rates when compared with other treatments. However, when FSH was added to the culture
media, no difference was observed in these two parameters. Preantral and antral follicles from
the control, as well as from all cultured follicles, still had normal ultrastructural patterns.
Follicular growth increased starting on day 12, and only at concentrations of 10 ng/ml and 10
pug/ml of insulin without FSH when compared with the control group. In the supplemented
medium with FSH, only addition of 10 ng/ml insulin produced oocytes with higher rates of
meiosis resumption and in metaphase 1l when compared with the control group. Treatment with
insulin (10 ng/ml) and FSH resulted in significantly increased levels for INSR, P-450AROM
mRNA and estradiol secretion when compared with the other treatment groups. In conclusion,
10 ng/ml of insulin with FSH was the most efficient treatment in promoting oocyte meiosis
resumption, maintaining oocyte survival, stimulating follicular development, and increasing

MRNA expression for INSR and P-450AROM, as well as estradiol secretion in goat follicles.

Keywords: Secondary follicle, goat, insulin, FSH, P-450AROM.

Introduction

The development of ovarian follicles, oocytes and embryos depend upon the spatial and
temporal expression of specific genes and a continuous supply of energy, hormones and growth
factors (Fouladi-Nashta and Campbell, 2006). One of the hormones involved in this process is
insulin, a polypeptide produced by pancreatic p cells, which is primarily involved in the
regulation of serum glucose concentrations. Insulin is also involved in the regulation of cell
growth and development in a wide variety of tissues including the liver, muscle, cartilage,
mammary glands and ovaries (Sasaki, 2002).

In the ovary, insulin acts as an important mediator of follicular development,

steroidogenesis, oocyte maturation and the subsequent development of the embryo (Yaseen et
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al. 2001). It is routinely added to the culture media of cells and tissues (Fouladi-Nashta and
Campbell, 2006). Insulin’s actions are mediated through insulin receptors (INSR), which were
first identified in the granulosa cells of preantral human follicles (Willis and Franks, 1995).
More recently, it was shown that the INSR are widely distributed throughout all ovarian tissues,
including the granulosa and theca cells and stromal tissue in bovine species (Shimizu et al.
2008).

Previous studies have shown that insulin is important in various reproductive processes,
such as regulating the neurotransmitter synthesis of GnRH, and therefore controlling
gonadotropin secretion. This is particularly important in the release of LH by the pituitary
(Kawauchi et al. 2006). In mice, gonadotropins (LH and FSH) and insulin are considered major
regulators of cell proliferation, differentiation and survival in cultured ovarian follicles
(Sénchez et al. 2011).

Insulin acts synergistically with FSH to promote granulosa cell differentiation and
proliferation. It also facilitates FSH-dependent steroid production and LH receptor induction in
cultured granulosa cells (May et al. 1980; Duleba et al. 1997). In the presence of FSH, insulin
was able to increase the production of estrogen and progesterone by granulosa cells in women
(Willis et al. 1996). In vitro studies with bovine granulosa cells cultured in serum-free medium
demonstrated FSH’s ability to increase both the production of estradiol and the expression for
P-450AROM mRNA (Silva and Price 2000). The presence of insulin has been shown to
enhance this effect (Silva and Price 2002).

However, in the case of exposure to non-physiological high levels of insulin and FSH,
granulosa cells differentiate inappropriately, expressing LH mRNA from very early stages.
They also later show a divergent cumulus cell pattern of mMRNA levels and protein synthesis.
This, in turn, correlates with deleterious effects on the developmental capacity of oocytes
(Latham et al. 1999; Acevedo et al. 2007).

Thus, although insulin is able to act on many organs, including the ovary, and is
routinely used as an important supplement for the in vitro culture of preantral follicles in
several species, little is known about its effect with or without FSH during the in vitro
development of goat preantral follicles. Given the importance of insulin and FSH in in vitro
follicle culture systems, the aim of the current study was to evaluate the effect of different
concentrations of insulin, alone or in combination with FSH, on the in vitro follicular
development of isolated cultured goat preantral follicles. The effects that insulin and FSH had
on the mRNA expression for P-450AROM and on the insulin and FSH receptors were also

evaluated.

289



Materials and Methods

Animals and ovary collection

Ovaries (n = 60) from 30 non-pregnant, adult mixed-breed goats (Capra hircus)
between 1 to 3 years of age were collected from a local abattoir (Fortaleza, CE). All animals
were cyclic and in good body condition. Immediately postmortem, pairs of ovaries were
washed once in 70% alcohol and then twice in Minimum Essential Medium buffered with
HEPES (MEM-HEPES) and antibiotics (100 pg/ml penicillin and 100 pg/ml streptomycin).
The ovaries were then transported within one hour to the laboratory in tubes containing a
washing medium at 4 °C (Chaves et al. 2008). Unless noted otherwise, supplements, hormones
and chemicals used in the present study were purchased from Sigma Chemical Co. (St. Louis,
MO, USA).

Isolation and selection of preantral follicles

In the laboratory, the surrounding fatty tissues and ligaments were stripped from the
ovaries. Ovarian cortical slices (1 to 2 mm thick) were cut from the ovarian surface using a
surgical blade under sterile conditions and subsequently placed in fragmentation medium
consisting of MEM-HEPES with antibiotics. Goat preantral follicles, approximately 150 to 250
pm in diameter without antral cavities (secondary follicles), were visualized under a
stereomicroscope (SMZ 645 Nikon, Tokyo, Japan) and mechanically isolated by
microdissection from the strips of ovarian cortex using 26-gauge (26 G) needles. These follicles
were then transferred to 100 pl droplets containing basic culture medium for evaluation of
quality. Isolated follicles from different ovaries were pooled, and only secondary follicles that
displayed the following characteristics were selected for culture: (i) an intact basement
membrane, (ii) two to three layers of granulosa cells and (iii) a visible, healthy oocyte
(approximately 60 um in diameter) that was round and centrally located within the follicle,
without any dark cytoplasm. Secondary follicles (approximately 400 from 30 total goats) were
divided among the treatment groups with approximately 40-60 follicles per group, depending

on the experiment.
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Culture of isolated goat preantral follicles

After selection, the follicles were individually cultured (one follicle per droplet) in 100
I droplets of culture medium under mineral oil in petri dishes (60 x 15 mm, Corning, USA).
Incubation was conducted at 39 °C and 5% CO; in air for 18 d. The basic control medium,
hereafter referred to as o-MEM+, consisted of a-MEM (Gibco, Invitrogen, Karlsruhe,
Germany, pH 7.2 - 7.4) supplemented with 3.0 mg/ml bovine serum albumin (BSA), 5.5 pg/ml
transferrin, 5.0 ng/ml selenium, 2 mM glutamine, 2 mM hypoxanthine and 50 pg/ml ascorbic
acid. This work was divided into two experiments that occurred at different times. In the first
experiment (n = 24 ovaries; about 40 follicles per group), the addition of four different
concentrations of recombinant human insulin was used in the culture medium. Either 0, 5 or 10
ng/ml or 10 pg/ml was used. In the second experiment (n = 36 ovaries; approximately 60
follicles per group), these same concentrations of insulin were tested in the presence of human
recombinant FSH (Nanocore, Séo Paulo, Brazil) in increasing concentrations (Sequential FSH:
Day 0 = 100 ng/ml; Day 6 = 500 ng/ml; Day 12 = 1000 ng/ml). On every other day, 60 ul of the
culture media was replaced with fresh media (prepared and maintained for equilibration in a
CO; incubator for 4 h prior to use) in each droplet. In all the FSH treatments, a complete
exchange of the media (100 ul) was performed every 6 d for a change in FSH concentration
(Saraiva et al. 2011). The concentrations of FSH and insulin were chosen based on our previous
studies (Saraiva et al. 2011 and Chaves et al., unpublished data). The culture was replicated two

(experiment 1) or three (experiment 2) times.

Morphological evaluation of follicle development

The morphological aspects of all preantral follicles were assessed every 6 d using a pre-
calibrated ocular micrometer in a stereomicroscope (SMZ 645 Nikon, Tokyo, Japan) at 100x
magnification. Only those follicles showing an intact basement membrane, with bright and
homogeneous granulosa cells and an absence of morphological signs of degeneration, were
classified as surviving follicles. Follicle degeneration was recognized when the rupture of the
basement membrane was observed and a darkening of the oocytes and surrounding cumulus
cells, misshapen oocytes or decreased follicle diameter was noted.

Every 6 d of culture (days 0, 6, 12 and 18), the following characteristics were analyzed
in the surviving follicles: (i) antral cavity formation, defined as the emergence of a visible

translucent cavity within the granulosa cell layers, (ii) the diameter of healthy follicles,
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measured from the basement membrane, which included two perpendicular measures of each
preantral follicle, and (iii) the growth rate, calculated as the diameter variation during the

culture period.

In vitro maturation of goat oocytes from cultured follicles and viability assessment

At the end of the culture period, all of the healthy follicles were carefully and
mechanically opened with 26-G needles under a stereomicroscope (SMZ 645 Nikon, Tokyo,
Japan) for oocyte recovery. Previous studies demonstrated that goat oocytes smaller than 100
pm were unable to resume meiosis (Crozet et al. 2000). Considering this fact, only oocytes
larger than 110 um in diameter (including the zona pellucida and measured as described for the
follicles), with homogeneous cytoplasm surrounded by at least one compact layer of cumulus
cells, were selected for in vitro maturation (IVM) in our study. The recovery percentage of
oocytes was calculated as the number of acceptable quality oocytes recovered out of the total
number of cultured follicles.

Collected cumulus oocyte complexes (COCs) were washed twice with TCM 199
medium buffered with HEPES (TCM 199-HEPES) and supplemented with 10% fetal bovine
serum and 1 mM pyruvate. COCs were grouped (different treatments) in 50 pl droplets of IVM
medium comprised of TCM 199 supplemented with 1 mg/ml BSA, 0.911 mmol/l pyruvate, 5
pug/ml LH, 0.5 pg/ml FSH, 10 ng/ml epidermal growth factor, 50 ng/ml insulin like growth
factor-1, 1 ug/ml 17B-estradiol and 100 pmol/l cysteamine, all of which were previously
equilibrated at 39 °C under a humidified atmosphere of 5% CO; in air. These droplets were
placed on culture dishes (30 x 15 mm) and covered with mineral oil. The COCs were incubated
under the same conditions for 32 h. After the maturation period, the COCs were transferred to
50 ul droplets of TCM 199 medium with 10 pl of hyaluronidase, then denuded from cumulus
cells by successive pipetting and analyzed under fluorescence microscopy (Eclipse 80i, Nikon,
Tokyo, Japan) at 100x magnification for the assessment of oocyte viability and chromatin
configuration.

During this process, the oocytes were incubated in 100 pl droplets of TCM 199-HEPES,
to which 4 uM calcein-AM, 2 uM ethidium homodimer-1 (Molecular Probes, Invitrogen,
Karlsruhe, Germany) and 10 pM Hoechst 33342 (Bisbenzimide trihydrochloride; Sigma,
Deisenhofen, Germany) were added at 39 °C for 15 min. Thereafter, the oocytes were washed
three times in TCM 199 and mounted on glass slides to be examined using a fluorescence

microscope (Eclipse 80i, Nikon, Tokyo, Japan) equipped with an image processor (NIS-
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Elements, Nikon, Tokyo, Japan). This enabled the measurement of oocyte diameter and an
assessment of viability and nuclear chromatin configuration. The emitted fluorescent signals of
calcein-AM, ethidium homodimer-1 and Hoechst were collected at 488, 568 and 365 nm,
respectively. Oocytes were considered viable if the cytoplasm positively stained with calcein-
AM (green) and if the chromatin was not labeled with ethidium homodimer-1 (red). While the
first probe detected intracellular esterase activity of viable cells, the latter labeled nucleic acids
of non-viable cells with plasma membrane disruption. Hoechst 33342 staining was used to
evaluate the configuration of nuclear chromatin (blue) by observing the intact germinal vesicle
(GV), meiotic resumption (including germinal vesicle breakdown [GVBD] and metaphase |

[M1]) or nuclear maturation (metaphase Il [MI1]).

Hormone assays

The spent medium was collected every 6 d during a culture period of 18 d and stored at -
20 °C for subsequent estradiol assays by enzymatic immunoassay (EIA). Estradiol
concentrations in culture mediums were determined using E2-EASIA Kit (Diasource, Belgium)
using reactive provided by the manufacturer. As biotine in culture medium may interfere with
assay, steroid extraction in samples was performed. For each culture medium sample, a volume
of 300 pul was extracted using 700 pl of ethyl acetate/cyclohexane (1:1, v:v). After vortexing
and incubation for 5 min at room temperature, samples were centrifuged for 15 min (3000 x g)
and frozen in liquid nitrogen. Organic phase was transferred into new glass tube and evaporated
under air. Extracted samples were resuspended in 300 pl Tris-EDTA buffer (Tris 0.1M, EDTA
1Mm; pH 7.4) after vortexing for 5 min and overnight incubation at 4 °C. The overall efficiency
of extraction was controlled using tritium labeled-E2 (efficiency range from 70 to 85%). E2
standards (0.39 pg/ml to 1600 pg/ml) were diluted in Tris-EDTA buffer. Standards and samples
were added to plates (100 pL) in duplicates. E2 coupled with horseradish peroxydase was
added to plate (50 pl). Antibody from EIA Kit was added in 50 pl and plates were incubated
overnight at 4 °C under agitation. After incubation and washing 5 times with 0.4 ml of
manufacturer washing solution, 200 pl of substrate solution (tetramethylbenzidine-H202-
acetate/citrate buffer) was added to each well. After 30 min incubation, reaction was stopped
using addition of H2SO4 solution (1.8 M) and absorbance at 450 and 650 nm was determined.
Sensitivity of assay observed was in accordance with manufacturer’s observation (5 + 2 pg/ml),

as well as intra and inter-assay precisions (3.61 £ 1.7 % and 4.4 = 2.2 % respectively, means +
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SEM). As E2 concentrations were over detection range (5-800 pg/ml) for some samples, a

second assay was performed with a 1:20 dilution in Tris-EDTA buffer.

Ultrastructure analysis and expression for FSHR, INSR and cytochrome P-450AROM in goat

preantral follicles

Additional pairs of mixed breed goat ovaries (n = 36; experiment 3) were collected from
a slaughterhouse. Secondary follicles were isolated and selected at the laboratory as previously
described. Based on the results obtained in experiments 1 and 2, the total number of secondary
follicles obtained were cultured for 18 d in the control medium without insulin and FSH
(control), with insulin alone at concentrations of 10 ng/ml (Ins), with FSH alone (FSH) or with
insulin and FSH (Ins + FSH) were added. After the culture period, the follicles were processed
for ultrastructure analysis and qPCR.

To better examine follicular morphology, transmission electron microscopy (TEM) was
performed to analyze ultrastructure of follicles from the fresh control, as well as from
treatments that provided the best results regarding in vitro culture parameters. Groups
(treatments) containing 10 isolated follicles were fixed in Karnovsky solution (4%
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer; pH 7.2) for 3 h
at room temperature (RT, approximately 25 °C) and then embedded in droplets of 4% low
melting agarose. After three washes in sodium cacodylate buffer, specimens were post-fixed in
1% osmium tetroxide, 0.8% potassium ferricyanide and 5 mM calcium chloride in 0.1 M
sodium cacodylate buffer for 1 h at RT. The samples were then dehydrated through a gradient
of acetone solutions and thereafter embedded in SPIN-PON resin (Sigma Company, St Louis,
MO). Afterward, semi-thin sections (3 um) were cut, stained with toluidine blue and analyzed
by light microscopy at a 400x magnification. Ultra-thin sections (60-70 nm) were obtained
from preantral follicles classified as morphologically normal from semi-thin sections.
Subsequently, ultra-thin sections were contrasted using uranyl acetate and lead citrate, and
examined under a Morgani-FEI transmission electron microscope operating at 80 kV.

For RNA isolation, 2 pools of 10 follicles from the 0 ng/ml insulin group and the 10
ng/ml group alone, or with FSH, were collected and stored in microcentrifuge tubes (1.5 ml),
frozen in liquid nitrogen and stored at -80 °C until RNA extraction. Total RNA was isolated
using a TRIzol Plus Purification Kit (Invitrogen, Sdo Paulo, Brazil). The RNA preparations
were submitted to DNase | and treated with the RNeasy Micro Kit (Invitrogen Life
Technologies). Complementary DNA (cDNA) was synthesized from the RNA (0.15 pg from
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each sample) using Superscript™ 1l RNase H-Reverse Transcriptase (Invitrogen Life
Technologies).

The gqPCR reaction was carried out in a final volume of 20 pul containing the following:
1 ul of cDNA each, 1x Power SYBR® Green PCR Master Mix (10 ul), 7.4 pul of ultra-pure
water and 0.4 uM of both sense and antisense primer. Gene-specific primers for amplification
of different transcripts are shown in Table 1. Two candidate reference genes, p-actin (ACT) and
glyceraldehyde-3-phosphate-dehydrogenase (GADPH) were selected as endogenous controls to
study the expression stability and for normalization of gene expression in all samples. Primer
specificity and amplification efficiency were verified for each gene. The expression stability of
these genes was analyzed by the BestKeeper software (Pfaffl et al. 2004). BestKeeper
highlighted GAPDH as the reference gene with the least overall variation.

Table 1. Oligonucleotide primers used for PCR analysis of goat follicles.

Target gene  Primer sequence (5" — 3) Sense  Position GenBank

accession n°

GAPDH ATGCCTCCTGCACCACCA s 287-309  Gl:27525390
AGTCCCTCCACGATGCCAA as 440-462  (Capra hircus)
B-Actin ACCACTGGCATTGTCATGGACTCT s 187-209  G1:28628620
TCCTTGATGTCACGGACGATTTCC as 386-410  (Capra hircus)
FSHR AGGCAAATGTGTTCTCCAACCTGC s 250-274  Gl: 95768228
TGGAAGGCATCAGGGTCGATGTAT as 316-340  (Capra hircus)
INSR ATGCCCTGGTGTCACTTTCCTTCT a 516-540  G1:26000722
TTAGGTTCTGGTTGTCCAAGGCGT as 620-644  (Ovis aries)
P-450AROM  CGGCATGCATGAGAAAGGCATCAT a 407-431  GI:23506123
ACACGTCCACATAGCCCAAGTCAT as 594-618  (Capra hircus)

s,sense; as, antisense

The cycle profile for the first PCR step was an initial denaturation and polymerase
activation for 15 minutes at 94 °C, followed by 40 cycles of 15 seconds at 94 °C, 30 seconds at
60 °C and 45 seconds at 72 °C. The final extension was performed for 10 minutes at 72 °C. The

specificity for each primer set was tested with a melt curve, carried out between 60 and 95 °C
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for all genes. All amplifications were carried out in Bio-Rad iQ5. The delta-delta-CT method
(Livak and Schmittgen, 2001) was used to transform CT values into normalized relative

expression levels.

Statistical analysis

Analysis of follicular survival, antrum formation, retrieval of grown oocytes for IVM
and meiotic resumption after in vitro culture were completed by counting the number of viable
follicles in relation to all of the follicles available. For these discrete variables, analyses were
carried out as a dispersion of frequency using the chi-squared test, and the results were
expressed as percentages. Follicular diameter data (continuous variables) were submitted to the
Shapiro-Wilk and Bartlett tests to confirm normal distribution and homogeneity of variances,
respectively. With respect to the requirements underlying the Analysis of Variance, ANOVA
was executed using PROC GLM of SAS (2002) followed by the Student-Newman-Keuls
(SNK) test for comparison of the means. Because of the heterogeneity of variances, the
Kruskal-Wallis non-parametric test was used for comparisons among values recorded on
different days of culture and for hormonal assay. These results were expressed as the means +
standard deviation (SD), and differences were considered significant when P<0.05.

For real-time RT-PCR treatment, the control samples were randomly assigned in blocks,
and the relative expression values (2-AACt) were subjected to the Shapiro-Wilk normality test
using the univariate procedure of the SAS 9.0 software package. The relative expression was
logarithmically transformed (log10(X +1)) for normal distribution adjustment. Log-transformed
relative expression was evaluated by analyzing the variance using the ANOVA procedure.
Statistical significance of the differences between the control, and the treatments were assessed
with the T test (P<0.05) of SAS 9.0.

Results
A total of 509 secondary follicles (experiment 1: 156 follicles; experiment 2: 243

follicles; experiment 3: 110 follicles) were isolated from goat ovaries, while 406 were selected

for in vitro culture.
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Follicular survival from goat preantral follicles cultured in vitro

Figure 1 shows a goat ovarian follicle before culture (Fig. 1A) or after 6 (Fig. 1B), 12
(Fig. 1C) and 18 d (Fig. 1D) in culture as well as the cumulus-oocyte before (Fig. 1E) and after
in vitro maturation (Fig. 1F, G). Follicles with oocytes extruded (Fig. 1H) and those that were
degenerated (Fig. 11) are also displayed. The preantral follicles selected for culture had
centrally located oocytes and granulosa cells surrounded by normal intact basement membranes
(Fig. 1A). However, some follicles in culture ruptured their basal cell membrane, presenting
follicular extrusion rates ranging from 7.9% (0 ng/ml insulin, experiment 1) to 27.1% (10 ng/ml
insulin, experiment 2). The extrusion rates among treatments did not vary within each day of

observation in their respective experiments (P>0.05).

Figure 1. Stereomicrography of normal goat ovarian follicles before culture (A) or cultured in
vitro in the treatment group with insulin, 0 ng/ml plus FSH for 6 d (B), 12 d (C) and 18 d (D).
Normal follicles from the insulin-free group (0 ng/ml insulin) with FSH after 6 d of culture
showing the formation of the antral cavity (black arrow). (E) Compact cumulus-oocyte
complexes obtained from 18 d cultured follicles in the presence of insulin (10 ng/ml) and (F)

expansion of their cumulus cells after maturation in vitro. (G) Oocytes after enzymatic and
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mechanical stripping. (H) A follicle from a group with 5 ng/ml insulin showing an extruded
oocyte after 18 d of culture. (I) Degenerated follicles after 18 d of culture in a medium
containing 10 pg/ml insulin with darkening of the oocytes (white arrow). Scale bars represent
100 um (A-D; F; H-I), 50 um (E) and 150 um (G). O: oocyte, CG: granulosa cells, A: antrum,
cc: cumulus cells.

The percentage of follicles that survived is shown in Figure 2. In general, the follicular
survival, either in the presence or absence of FSH, decreased significantly from day 6 to 12 in
all the treatments, with no further significant alteration thereafter (Fig 2A and 2B). When the
treatments were compared with each other within the same culture period, only the FSH
(experiment 2), with the insulin added at high concentrations (10 ug/ml), significantly reduced
the follicular survival from day 12 onward compared with the control group (0 ng/ml of insulin
- Fig. 2A).

Insulin

(A)

EOng/ml w5ng/ml & 10 ng/ml ®10 pug/ml

Follicular survival (%)

DO D6 D12 D18

Culture period (day)
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Insulin + FSH (B)

@Ong/ml wSng/ml & 10 ng/ml = 10 pg/ml
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Follicular survival (%)
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Do D6 D12 D18

Culture period (day)

Figure 2. Survival of preantral follicles isolated from goats after in vitro culture in the medium
without FSH (A) and with FSH (B) in the presence of different concentrations of insulin (0, 5
and 10 ng/ml or 10 pg/ml) for 18 d. “B Comparison among treatments within the same day of

culture; *¢ Comparison between days of the same treatment (P<0.05).
Follicular growth rate

Average values related to follicular growth during in vitro culture of isolated goat
preantral follicles are described in Figure 3. An analysis of follicular diameter in both
experiments showed a progressive and significant follicular growth in all treatments from day 0
until the day 12 of culture (Fig. 3A e 3B). Moreover, only in the presence of FSH (experiment
2) was there a further increase in diameter observed after 12 d of culture in the control medium
without insulin and with the addition of 10 pg/ml insulin.

When the treatments were compared with each other, only in the absence of FSH
(experiment 1) was it observed that from day 12 onwards, growing follicles in the medium with
10 ng/ml and 10 pg/ml of insulin increased their follicular diameter when compared with the

control without insulin (P<0.05).
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Figure 3. Follicular diameter of preantral follicles isolated from goats with normal morphology
after in vitro culture in medium without FSH (A) and with FSH (B) in the presence of different
concentrations of insulin (0, 5 and 10 ng/ml or 10 pg/ml) for 18 d. *® Comparison among
treatments at the same day of culture; **“¢ Comparison between days in the same treatment
(P<0.05).
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Antral cavity formation

Table 2 shows the antrum cavity formation in goat ovarian follicles during in vitro
culture. In general, the percentage of antrum formation increased significantly from day O to
day 6 of culture in all the treatments (with or without FSH). There was no subsequent
significant increases, except in the control medium (0 ng/ml insulin) with FSH, which
continued to show a progressive increase in the antrum formation until day 12 (P<0.05).

Only from the day 12 of culture in treatments without FSH did the addition of 10 pg/ml
of insulin to the culture medium reveal a percentage of antrum formation significantly lower

than of the insulin-free control group (0 ng/ml).

Table 2. Antrum formation (%) during in vitro culture of goat isolated preantral follicles in
medium without FSH (experiment 1) and with FSH (experiment 2) in the presence of insulin at

different concentrations (0, 5 and 10 ng/ml or 10 pg/ml) for the day 18 of treatment.

Treatments
i DO D6 D12 D18

Experiment 1

0 ng/mL 0 (0/38)° 84.2 (32/38)"®®  94.7 (36/38)"" 94.7 (36/38)""

5 ng/mL 0 (0/40) 67.5 (27/40)%®  80.0 (32/40)"" 80.0 (32/40)"®°

10 ng/mL 0 (0/39)° 92.3 (36/39)""  92.3 (36/39)"" 92.3 (36/39)"®°

10 pg/mL 0 (0/39) 74.3 (29/39)%° 76.9 (30/39)%° 76.9 (30/39)%°
Experiment 2

0 ng/mL 0 (0/55)° 81.8 (45/55)"" 100.0 (55/55)° 100.0 (55/55)°

5 ng/mL 0 (0/61)° 95.1 (58/61)"" 95.1 (58/61)" 95.1 (58/61)"

10 ng/mL 0 (0/70) 85.7 (60/70)"®° 94.3 (66/70)" 94.3 (66/70)"

10 pg/mL 0 (0/57) 91.2 (52/57)"%° 94.8 (54/57)" 94.8 (54/57)"

ab Different lowercase letters indicate statistically significant differences (P<0.05) among days
of culture in same experiment. *® Different uppercase letters indicate statistically significant

differences (P<0.05) between treatments in the same experiment.
Growth, recovery rate and chromatin configuration of oocytes from goat preantral follicles

Table 3 shows the oocyte recovery rates, oocyte diameter, the percentage of viable

oocytes and chromatin configuration observed after in vitro culture in the absence (experiment
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1) or presence (experiment 2) of FSH. For both experiments, at the end of in vitro culture the
mean diameters of oocytes from cultured follicles were similar to the insulin concentrations
tested, ranging from 110.91 + 16.41 (treatment with 5 ng/ml insulin without FSH) to 127.72 +
15.38 (treatment with 5 ng/ml insulin with FSH).

In general, in experiment 1, oocyte recovery rates, the percentage of viable oocytes as
well as oocytes resuming meiosis were unaffected by the addition of insulin (P>0.05). In
contrast, in the presence of FSH with the addition of 10 ng/ml insulin, the meiosis resumption
rate significantly increased when compared with the insulin-free control. This was despite
having caused a lower recovery rate in fully grown oocytes (P<0.05). Moreover, the meiosis
resumption rates with 10 ng/ml insulin were significantly higher than the other concentrations
tested (except for 5 ng/ml insulin), having a greater number of oocytes with germinal vesicle

breakdown (n = 12) and in metaphase Il (n = 2).

Table 3. Oocyte recovery rates after culture, oocyte diameter (mean + SD, including the zona
pellucida), percentage of viable oocytes, percentage of germinal vesicle stage oocytes,
resumption of meiosis and configuration of chromatin observed in oocytes from preantral
follicles grown in vitro in medium without (experiment 1) or with (experiment 2)
FSH.

Treatments Oocyte Oocyte Oocyte Germinal

Resumption of meiosis (%6)
Insulin recovery rate diameter viability (%) vesicle (%)
(%) >110 pm (mean + SD) Total GVBD Ml MiII

Experiment 1

0 ng/ml 57.9(22/38) 121.37+7.68 100 (22/22)  68.2(15722)  318(7/22)  100.0(7/7)  0(0/7) 0(0/7)
5 ng/ml 550 (22/40) 110911641 100 (22/22)  68.2(1522)  318(7/22)  714(57) 285(27)  0(0/7)
10 ng/ml 538(21/39) 113.68+2534 100 (21/21) 524 (11/21)  47.6 (10/21)  60.0 (6/10) 40.0 (4/10) 0 (0/10)
10 pg/ml 461 (18/39) 121.18+12.20 100 (18/18)  83.4(1518) 166 (3/18)  66.6(2/3) 33.3(U3)  0(0/3)

Experiment 2

0 ng/ml 81.8 (45/55)  120.80 £16.26 100 (45/45)  88.9(40/45)"  11.1(5/45)®  60.0 (3/5)  20.0(1/5)  20.0 (1/5)
5 ng/ml 68.8 (42/61)"® 1277241538 100 (42/42)  73.8(31/42)"® 26.2 (11/42)"® 455 (5/11) 455 (5/11) 9.0 (1/11)
10 ng/ml 65.7 (46/70)® 12717 £14.83 100 (46/46)  58.7 (27/46)®  41.3(19/46)" 63.2(12/19) 26.3(5/19) 10.5 (2/19)

10 pg/ml 66.7 (38/57)"® 120.14+15.34 100 (38/38)  79.0(30/38)"  21.0(8/38)°  75.0(6/8) 12.5(1/8) 125 (1/8)

AB Different uppercase letters indicate statistically significant differences (P<0.05) between

treatments of the same experiment.’

302



It is important to note that mature oocytes were only observed in treatments containing
FSH. Figure 4 illustrates viable oocytes labeled with calcein-AM (Fig. 4A,-C,) presenting with
anucleus in GV (Fig. 4As3), Ml (Fig. 4B3) and MII (Fig. 4Cs).

Figure 4. Morphology of oocytes destined to IVM, after in vitro culture of goat preantral
follicles in medium containing 0 ng/ml of insulin (A;-As) and 10 ng/ml alone (B1-Bs) or with
FSH (C1-Cs). Bright-field visualization of oocytes (A1, B1, C1) and characterization of a viable
oocyte after staining with calcein-AM (A2, B2, C,) and germinal vesicles (A3), germinal vesicle
breakdown (Bs) and metaphase Il (Cs) after Hoechst 33342 staining under fluorescence (Scale

bars: 50 um; 400x magnification).

Effect of insulin alone or associated with FSH on the estradiol secretion of cultured follicles

Figure 5 shows the estradiol levels in culture medium from ovarian follicles cultured
with or without insulin (10 ng/ml) and/or FSH. According to figure, only FSH alone or in
association with insulin, there was a significant increase in estradiol levels from day 6 to day

12, it remaining constant after this period. It is highlighted that the levels of estradiol from
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treatment FSH associated with insulin were significantly higher when compared to other

treatments.

=9=0-MEM+ < fIns =A=FSH =@®=Ins + FSH
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Figure 5. Estradiol levels for goat ovarian follicles during culture in control medium without
insulin (Control), with insulin alone at concentrations of 10 ng/ml (Ins), with FSH alone (FSH)
or with insulin and FSH (Ins + FSH) at day 18. Significant differences over time (uppercase) or

between the insulin dosage groups (lowercase) are indicated by different letters (P<0.05).

Effect of insulin alone or associated with FSH on the ultrastructural features of cultured

follicles

The ultrastructural pattern described below was observed in normal preantral and antral
follicles from the fresh control as well as in all cultured follicles (Fig. 6). Transmission electron
microscopy of isolated follicles (insulin 10 ng/ml alone or with FSH) at 18 d of culture was
performed to assess the ultrastructure in comparison to normal follicles from the fresh control
group (day 0). At least five follicles per group were analyzed. Normal follicles contained an
oocyte displaying a homogenous cytoplasm, ample round mitochondria with continuous
membranes and few peripheral cristae (Fig. 6A-C). Small Golgi apparatus cisternae (Fig. 6C)

and some vesicles (Fig. 6A-C) were also observed. Smooth endoplasmic reticulum was present,
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either as isolated aggregations or as a complex association with mitochondria (Fig. 6D). The
nuclei of oocytes were observed only in a few of the analyzed ultrathin sections due to the large
diameter of studied follicles. Oocytes were usually round and well delineated by an intact
nuclear envelope; a nucleolus could also be occasionally identified. Oocytes were surrounded
by a well-developed zona pellucida, which was thicker in cultured follicles than in preantral
follicles before culture, and contained a vast number of transzonal processes (cytoplasmic
projections) arising from both granulosa cells and the oocyte (Fig. 6A-D). Granulosa cells were
small and showed a high nucleus-to-cytoplasm ratio (Fig. 6A;-D1). Their irregularly shaped
nuclei contained loose chromatin in the inner part and small peripheral aggregates of condensed
chromatin, which was also often observed centrally in the nuclear matrix (Fig. 6A;; Cs; D).
The cytoplasm exhibited a great number of mitochondria with some elongated forms containing
parallel cristae (Fig. 6C1). A well-developed smooth endoplasmic reticulum and vesicles were
also observed (Fig. 6As; Dy).
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Figure 6. Electron micrographs of control and cultured follicles. A: preantral follicle from the
fresh control group (scale bar: 10 um), with a granulosa cell from the same follicle presented in
detail (A1, scale bar: 2 um); B: antral follicle retrieved from experimental ovaries and
immediately fixed (scale bar: 5 um), with a granulosa cell from the same follicle presented in
detail (B3, scale bar: 5 um); C: antral follicle from the 10 ng/ml insulin alone group (scale bar: 5
pum), with a granulosa cell from the same follicle presented in detail (C4, scale bar: 2 um); D:
antral follicle from the 10 ng/ml insulin associated with FSH group (scale bar: 2 pm), with a
granulosa cell from the same follicle presented in detail (D1, scale bar: 2 pm). Arrows indicate
follicular cell processes transversally sectioned. O: oocyte; GC: granulosa cell; ZP: zona
pellucida; m: mitochondria; ser: smooth endoplasmic reticulum; v: vesicle; fcp: follicular cell

process; nu: granulosa cell nucleus; go: Golgi apparatus.
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Expression of FSHR, INSR and P-450AROM in goat preantral follicles cultured in vitro

The effects of insulin alone or associated with FSH were evaluated on the FSHR, INSR
and P-450AROM mRNA expression levels by real-time PCR (Fig. 7). The mRNA expression
for FSHR, INSR and P-450AROM were detected in all the treatments. After 18 d of culture,
regardless of whether FSH was present, the addition of insulin (0O and 10 ng/ml) did not
significantly affect the expression of the FSHR mRNA (Fig. 7A). Interestingly, we found that
the addition of FSH to the culture medium significantly reduced the mRNA expression for
INSR compared with the control (0 ng/ml insulin) and insulin (10 ng/ml) treatments.
Nevertheless, the opposite effect on this parameter was observed when FSH was associated
with insulin (Fig. 7B). Finally, the highest levels of mMRNA expression for P-450AROM were
observed when FSH was associated with insulin (P<0.05; Fig. 7C).
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Figure 7. Relative expression of mMRNA (means £ SD) of (A) FSHR; (B) INSR and (C) P-
450AROM after 18 d of culture in the control medium without insulin (Control), with insulin
alone at concentrations of 10 ng/ml (Ins), with FSH alone (FSH) or with insulin and FSH (Ins +
FSH). Different letters denote a significant difference (P<0.05).
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Discussion

Although the role of insulin as a regulator of growth and steroidogenesis in ovarian
tissues is well documented, the effect of insulin at lower concentrations on isolated goat
preantral follicular cultures has not been previously examined. For the first time, the present
study evaluated the effect of different concentrations of insulin alone or in association with FSH
on the in vitro culture of isolated goat preantral follicles and their effects on the expression for
FSHR, INSR and P-450AROM mRNA levels in ovarian follicles after culture.

In this study, only the addition of a high insulin concentration (10 pg/ml), in the absence
of FSH, reduced follicular survival starting from day 12 of culture compared with the control.
Insulin is commonly used in cultured cells and tissues to increase cell viability due to its ability
to remove pro-apoptotic molecules and phosphatidylinositol-3 kinase activation (LeRoith et al.
1995; Loubhio et al. 2000). In addition, insulin regulates important intracellular processes, such
as amino acid transport, glucose and lipid metabolism, gene transcription and protein synthesis
(Cheatham and Khan, 1995). However, at high concentrations, insulin appears to have a toxic
effect on follicle cells. This hypothesis was corroborated by recent studies showing that basic
culture medium containing 10 pg/ml insulin (ITS) have not been able to maintain ultrastructural
integrity and, therefore, the viability of caprine preantral follicles cultured for 7 d (Chaves et al.
2010; Faustino et al. 2011). In contrast to our results, the findings of Xu et al. (2010)
demonstrated that in vitro culture of isolated secondary follicles from Rhesus monkeys for 40 d
with high-dose insulin (5 pg/ml) did not impair survival, and also promoted a greater follicular
growth compared with the culture of 50 ng/ml insulin. This discrepancy may be attributed to
culture conditions (for instance, insulin concentration and period of culture) and the difference
between the species. When FSH was added to the medium, it was found that follicular survival
was no longer hampered by the high insulin concentration (10 pg/ml), suggesting that the
beneficial effects of FSH on follicular survival overlaps with the negative effects of insulin
alone at high concentrations. In goats, the beneficial effects of FSH on follicle survival have
been well established (Matos et al. 2007; Magalh&es et al. 2009; Saraiva et al. 2011).

In relation to follicular growth, the present study found a higher follicular diameter after
using insulin (5, 10 ng/ml and 10 pg/ml) in the absence of FSH. The lack of additional effects
of insulin in the presence of FSH may be due to the known effect of FSH on follicular growth.
Insulin appears to stimulate proliferation of the granulosa cells in a concentration-dependent
manner (Saumande, 1991). It is known that insulin has specific effects on granulosa and theca

cell function (Yen et al. 2004) and on several growth factors such as insulin-like growth factor |
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(IGF-1). Insulin stimulates granulosa and thecal cell proliferation and mitogenesis and
synergizes with gonadotropins to stimulate granulosa and thecal cell steroidogenesis (Silva and
Price, 2000). Several studies in different species have shown that the association between
insulin and FSH favors follicular growth (cattle: Machado et al. 2006, murine: Liu et al. 2002,
primates: Xu et al. 2011, buffalo, Gupta et al. 2002, goats: Saraiva et al. 2011 and canine:
Serafim et al. 2010).

The current study demonstrated that, despite the presence of FSH and/or insulin, all the
treatments promoted a significant increase in antrum formation by day 6. These results are in
disagreement with those reported by Itoh et al. (2002), which revealed that the addition of
insulin alone initiated antrum formation within 7 d of culture, while preantral follicles grown in
the control basal medium without insulin throughout the entire culture period failed to form an
antral cavity. Although the FSH played an important role in the follicular diameter increase in
our study, it had no additional effect in antrum formation, which is confirmed by a previous
study reporting that FSH is not required in vivo until antrum formation (Wrigth et al. 1999).

The parameters evaluated in the oocyte showed that, in the absence of FSH, insulin did
not affect the oocyte recovery rate, the percentage of viable oocytes, or the percentage of
oocytes that resumed meiosis. On the other hand, only in the presence of FSH did the addition
of 10 ng/ml insulin increase the meiotic resumption rate when compared with the control-free
insulin group, enabling the production of mature oocytes (metaphase Il). Concurrent use of
gonadotropins and insulin was considered optimal for the culture of preantral follicles in the
mouse (Eppig et al. 2000). Amsterdam et al. (1988) agreed that a combined treatment with
insulin and FSH markedly increased gap junction and microvilli formation and enhanced the
development of the smooth endoplasmic reticulum and the Golgi complex relative to treatment
with either hormone alone. However, it has been reported that mammalian oocyte or follicle
growth, in the presence of prolonged elevated insulin levels, has a negative impact on oocyte
developmental competence (Dumesic et al. 2002). This fact confirms our results where the
presence of FSH with or without high insulin concentrations (10 pg/ml) was not satisfactory to
promote meiotic resumption in oocytes from goat preantral follicles. This suggests that high
insulin levels in vitro may induce a delay in meiotic resumption. These findings are especially
relevant because 10 pg/ml insulin is widely used in goat ovarian follicle culture, suchas an ITS
component.

Based on the results concerning the survival, growth and meiotic resumption, the goat
follicles cultured in 10 ng/ml insulin with or without FSH were submitted to ultrastructural
analysis and gPCR. All follicles examined, non-cultured or cultured for 18 d, showed an
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ultrastructure pattern that was normal. This fact proves that the culture conditions using insulin
at 10 ng/ml, within the physiological range of insulin concentration reported in biological fluids
(0.5 - 10 ng/ml) (Diamond et al. 1985), was able to maintain cell ultrastructure similar to that
found in vivo (non-cultured control), even after a prolonged period of in vitro culture.

After 18 d of in vitro culture, the follicles cultured with insulin alone or combined with
FSH did not alter their relative FSHR mRNA expression levels. Similar to our study, Sanchez et
al. (2011) demonstrated that transcript levels in oocytes from antral follicles treated with an
elevated FSH dose, but exposed to low insulin levels, are not different from those obtained
from oocytes from in vivo primed mice. Some studies report that insulin acts directly,
increasing the expression for FSHR (Van den Hurk and Zhao, 2005, Shimizu et al. 2008).
However, this was not observed here.

On the other hand, it was found that supplementation of the medium with the
combination of insulin (10 ng/ml) and FSH promoted an increase in INSR mRNA levels.
Insulin acts through its own receptor to modulate the response of granulosa cells to
gonadotropins (Willis et al. 1996). Interestingly, goat ovarian follicles cultured in the presence
of FSH alone had a lower expression for INSR. The new results described here show that the
expression for INSR is closely related to the association between FSH and insulin. Similar to the
results found in this study regarding goat follicles, Shimizu et al. (2008) suggest that FSH may
regulate the expression of the INSR gene in bovine GCs. In addition, in vivo, FSH can influence
granulosa cell responses to insulin via the regulation of receptors for insulin and IGF-I
(Vendola et al. 1999).

The combination of FSH and insulin (10 ng/ml) also showed the highest levels of
mRNA expression for P-450AROM which were associated to the highest level of estradiol
production. In the ovary, P-450AROM is a steroidogenic enzyme that is crucial for catalyzing
estrogen from androgens (Kandiel et al. 2010). The primary stimulator for P-450AROM
expression and enzyme activity is FSH, as demonstrated in ruminants (Campbell et al. 1996,
Gutiérrez et al. 1997). However, Silva and Price (2002) also reported that insulin has an
essential role for P-450AROM expression. Aromatase activity is stimulated by low doses of
FSH when insulin is present at 0.5 to 10 ng/ml, whereas this response is lost in the presence of
higher (100 ng/ml) concentrations of insulin. Insulin acts through its own receptor to modulate
the response of granulosa cells to gonadotrophins (Willis et al. 1996). Insulin at physiological
concentrations enhances estradiol production in granulosa cells (Willis et al. 1996). In
monkeys, insulin associate with FSH has been shown to promote theca and granulosa cell

steroidogenesis (Xu et al. 2010).
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In conclusion, low concentrations of insulin (10 ng/ml) with FSH were more efficient in
promoting oocyte meiosis resumption in goat preantral follicles. This combination of hormones
also stimulated follicular development and maintained follicular survival as well as increased
estradiol secretion. In addition, the interaction of the two hormones (FSH and insulin)
positively influenced the mRNA expression for INSR and P-450AROM after culture. The
results of this study highlight how prolonged exposure to elevated levels of insulin during
follicular growth may compromise oocyte maturation. Thus, we have revealed how a new basic
medium, combining FSH and low concentration of insulin, can influence the development of in
vitro isolated preantral goat follicles. For the first time, this study shows how these hormones
influence follicle growth, oocyte maturation, estradiol secretion and mRNA expression for
INSR, FSHR and P-450AROM in this species.

Acknowledgments

This research was supported by grants from CNPQ (RENORBIO: grant number
554812/2006-1) and FINEP-Brazil. R. N. Chaves is a recipient of a grant from CNPq (Brazil).
The authors thank Anelise Maria Costa Vasconcelos Alves and Casie Bass for his technical
support in previous studies.

Conflict of interest

The authors declare that there is no potential conflict of interest that can be perceived as

prejudicing the impartiality of the research reported.

Author contributions

All authors were involved in all phases of the research and manuscript preparation.

References

Acevedo N, Ding J & Smith GD 2007 Insulin Signaling in Mouse Oocytes. Biology of
Reproduction 77 872-879.

312



Amsterdam B, May JV & Schomberg DW 1988 Synergistic Effect of Insulin and Follicle-
Stimulating Hormone on Biochemical and Morphological Differentiation of Porcine Granulosa
Cells in vitro. Biology of Reproduction 39 379-390.

Ben Said S, Lomet D, Chesneau D, Lardic L, Canepa S, Guillaume D, Briant C, Fabre-
Nys C & Caraty A. 2007 Differential estradiol requirement for the induction of estrus behavior
and the luteinizing hormone surge in two breeds of sheep. Biology of Reproduction 76 673-680.
Campbell BK, Scaramuzzi RJ & Webb R 1996 Induction and maintenance of estradiol and
immunoreactive inhibin production with FSH by ovine granulosa cells cultured in serum-free
media. Journal of Reproduction and Fertility 106 7-16.

Chaves RN, Martins FS, Saraiva MVA, Celestino JJH, Lopes CAP, Correia JC, Lima-
Verde IB, Matos MHT, B&o SN, Name KPO et al. 2008 Chilling ovarian fragments during
transportation improve viability and growth of goat preantral follicles cultured in vitro.
Reproduction Fertility and Development 20 640-647.

Chaves RN, Alves AMCV, Duarte ABG, Araudjo VR, Celestino JJH, Matos MHT, Lopes
CAP, Campello CC, Name KPO, Bao SN et al. 2010 Nerve Growth Factor Promotes the
Survival of Goat Preantral Follicles Cultured in vitro. Cells Tissues Organs 192 272-282.
Cheatham B & Chan CR 1995 Insulin action and the insulin signaling network.
Endocrinology Review 16 117-142.

Crozet N, Dahirel M & Gall L 2000 Meiotic competence of in vitro grown goat oocytes.
Journal of Reproduction & Fertility 118 367-373.

Diamond MP, Webster BW, Carr RK, Wentz AC & Osteen KG 1985 Human follicular
fluid insulin concentrations. The Journal of Clinical Endocrinology & Metabolism 61 990-992.
Duleba AJ, Spaczynski RZ, Olive DL & Behrman HR 1997 Effects of insulin and insulin-
like growth factors on proliferation of rat ovarian theca-interstitial cells. Biology of
Reproduction 56 891-897.

Dumesic D, Schramm R, Peterson E, Paprocki A, Zhou R & Abbott D 2002 Impaired
developmental competence of oocytes in adult prenatally androgenized female rhesus monkeys
undergoing gonadotropin stimulation for in vitro fertilization. The Journal of Clinical
Endocrinology & Metabolism 87 1111-1119.

Eppig JJ, Hosoe M, O’Brien MJ, Pendola FM, Requena A & Watanabe S 2000 Conditions
that affect acquisition of developmental competence by mouse oocytes in vitro: FSH, insulin,
glucose and ascorbic acid. Molecular and Cellular Endocrinology 163 109-116.

Faustino LR, Rossetto R, Lima IM, Silva CM, Saraiva MV, Lima LF, Silva AW, Donato
MA, Campello CC, Peixoto CA et al. 2011 Expression of Keratinocyte Growth Factor in Goat

313



Ovaries and Its Effects on Preantral Follicles Within Cultured Ovarian Cortex. Reproductive
Science “in press’.

Fouladi-Nashta AA & Campbell KHS 2006 Dissociation of oocyte nuclear and cytoplasmic
maturation by the addition of insulin in cultured bovine antral follicles. Reproduction 131 449-
460.

Gupta PSP, Nandi S, Ravindranatha BM & Sarma PV 2002 In vitro culture of buffalo
(Bubalus bubalis) preantral follicles. Theriogenology 57 1839-1854.

Gutiérrez CG, Campbell BK &Webb R 1997 Development of a long-term bovine granulosa
cell culture system: induction and maintenance of estradiol production, response to follicle-
stimulating hormone, and morphological characteristics. Biology of Reproduction 56 608-616.
Itoh T, Kacchi M, Abe H, Sendai Y & Hoshi H 2002 Growth, Antrum Formation, and
Estradiol Production of Bovine Preantral Follicles Cultured in a Serum-Free Medium. Biology
of Reproduction 67 1099-1105.

Kandiel MM, Watanabe G & Taya K 2010 Ovarian expression of inhibin-subunits, 3[3-
hydroxysteroid dehydrogenase, and cytochrome P450 aromatase during the estrous cycle and
pregnancy of shiba goats (Capra hircus). Experimental Animal 59 605-614.

Kawauchi T, Chihama K, Nabeshima Y & Hoshino M 2006 Cdk5 phosphorylates and
stabilizes p27kip1 contributing to actin organization and cortical neuronal migration. Nature
Cell Biology 8 17-26.

Latham K, Bautista F, Hirao Y, O’Brien M & Eppig J 1999 Comparison of protein
synthesis patterns in mouse cumulus cells and mural granulosa cells: effects of follicle-
stimulating hormone and insulin on granulosa cell differentiation in vitro. Biology of
Reproduction 61 482-492.

LeRoith D, Werner H, Beitner-Johnson D & Roberts Jr CT 1995 Molecular and cellular
aspects of the insulin-like growth factor I receptor. Endocrinology Review 16 143-163.

Liu HC, He Z & Rosenwaks Z 2002 In vitro culture and in vitro maturation of mouse
preantral follicles with recombinant gonadotropins. Fertility and Sterility 77 373-383.

Livak KJ & Schmittgen TD 2001 "Analysis of relative gene expression data using real-time
quantitative PCR and the 2 **“; method". Methods 25 402-408.

Louhio H, Hovatta O, Sjoberg J & Tuuri T 2000 The effects of insulin and insulin-like
growth factors | and Il on human ovarian follicles in long-term culture. Molecular Human
Reproduction 6 694-698.

314



Machado R, Da Silva JCB, Barbosa RT, Bisinotto RS, Siqueira AFP & Binelli M 2006
Remocao farmacoldgica ou mecénica do foliculo dominante como estratégia anti-luteolitica em
bovinos. Acta Scientiae Veterinariae 34 344-349.

Magalhdes DM, Araujo VR, Lima-Verde 1B, Matos MHT, Silva RC, Lucci CM, Bao SN,
Campello CC & Figueiredo JR 2009 Impact of pituitary FSH purification on in vitro early
folliculogenesis in goats. Biocell 33 91-97.

Matos MHT, Lima-Verde IB, Luque MCA, Maia Jr JE, Silva JRV, Celestino JJH,
Martins FS, Bao SN, Lucci CM & Figueiredo JR 2007 Essential role of Follicle Stimulating
Hormone in the maintenance of goat preantral follicle viability in vitro. Zygote 15 173-182.
May JV, McCarty KJr, Reichert LEJr & Schomberg DW 1980 Follicle stimulating
hormone mediated induction of functional luteinisating hormone/human chorionic
gonadotrophin receptors during monolayer culture of porcine granulosa cells. Endocrinology
107 1041-1049.

Pfaffl MW, Tichopad A, Prgomet C & Neuvians TP 2004 Determination of stable
housekeeping genes, differentially regulated target genes and sample integrity: BestKeeper-
Excel-based tool using pair-wise correlations. Biotechnology Letters 26 509-515.

Sénchez F, Romero S & Smitz J 2011 Oocyte and Cumulus Cell Transcripts from Cultured
Mouse Follicles Are Induced to Deviate from Normal In vivo Condition by Combinations of
Insulin, Follicle-Stimulating Hormone, and Human Chorionic Gonadotropin. Biology of
Reproduction “in press’.

Saraiva MVA, Celestino JJH, Araujo VR, Chaves RN, Almeida AP, Lima-Verde IB,
Duarte ABG, Silva GM, Martins FS, Bruno JB et al. 2011 Expression of follicle-stimulating
hormone receptor (FSHR) in goat ovarian follicles and the impact of sequential culture medium
on in vitro development of caprine preantral follicles. Zygote 19 205-214.

Sasaki S 2002 Mechanism of insulin action on glucose metabolism in ruminants. Animal
Science Journal 73 423-433.

Saumande J 1991 Culture of bovine granulosa cells in a chemically defined serum-free
medium: the effect of insulin and fibronectin on the response to FSH. The Journal of Steroid
Biochemistry and Molecular Biology 38 189-196.

Serafim MK, Araujo VR, Silva GM, Duarte AB, Almeida AP, Chaves RN, Campello CC,
Lopes CA, Figueiredo JR & da Silva LD 2010 Canine preantral follicles cultured with

various concentrations of follicle-stimulating hormone (FSH). Theriogenology 74 749-755.

315



Shimizu T, Murayama C, Sudo N, Kawashima C, Tetsuka M & Miyamoto A 2008
Involvement of insulin and growth hormone (GH) during follicular development in the bovine
ovary. Animal Reproduction Science 106 143-152.

Silva JM & Price CA 2000 Effect of FSH on steroid secretion and messenger ribonucleic acid
encoding cytochromes P450 aromatase and cholesterol side chain cleavage in bovine granulosa
cells in vitro. Biology of Reproduction 62 186-191.

Silva JM & Price CA 2002 Insulin and IGF-I are necessary for FSH-induced cytochrome P450
aromatase but not cytochrome P450 side chain cleavage gene expression in oestrogenic bovine
granulose cells in vitro. The Journal Endocrinology 174 499-507.

Van Den Hurk R & Zhao J 2005. Formation of mammalian oocytes and their growth,
differentiation and maturation within ovarian follicles. Theriogenology 63 1717-1751.

Vendola K, Zhou J, Wang J, Famuyiwa O, Bievre M & Bondy C. 1999 Androgens promote
oocyte insulin-like growth factor | expression and initiation of follicle development in the
primate ovary. Biology of Reproduction 61 353-357.

Willis D & Franks S 1995 Insulin action in human granulosa cells from normal and polycystic
ovaries is mediated by the insulin receptor and not the type-1 insulin-like growth factor
receptor. The Journal of Clinical Endocrinology & Metabolism 80 3788-3790.

Willis D, Mason H, Gilling-Smith C & Franks S 1996 Modulation by insulin of follicle-
stimulating hormone and luteinizing hormone actions in human granulosa cells of normal and
polycystic ovaries. The Journal of Clinical Endocrinology & Metabolism 81 302-309.

Wrigth CS, Havotta O, Margara R, Trew G, Winston RML, Franks S & Hardy K 1999
Effects of Follicle-Stimulating Hormone and serum substitution on the in vitro growth of
human ovarian follicles. Human Reproduction 14 1555-1562.

Xu J, Bernuci PB, Lawson MS, Yeoman RR, Fisher TE, Zelinski MB & Stouffer RL 2010
Survival, growth, and maturation of secondary follicles from prepubertal, young, and older
adult rhesus monkeys during encapsulated three-dimensional culture: effects of gonadotropins
and insulin. Reproduction 140 685-697.

Xu J, Lawson MS, Yeoman RR, Pau KY, Barrett SL, Zelinski MB & Stouffer RL 2011
Secondary follicle growth and oocyte maturation during encapsulated three-dimensional culture
in rhesus monkeys: effects of gonadotrophins, oxygen and fetuin. Human Reproduction 26
1061-1072.

Yaseen MA, Wrenzycki C, Herrmann D, Carnwath JW & Niemann H 2001 Changes in the

relative abundance of mRNA transcripts for insulin-like growth factor (IGF-1 and IGF-II)

316



ligands and their receptors (IGF-IR/IGF-1IR) in preimplantation bovine embryos derived from
different in vitro systems. Reproduction 122 601-610.

Yen HW, Jakimiuk AJ, Munir | & Magoffin DA 2004 Selective alterations in insulin
receptor substrates-1, -2 and -4 in theca but not granulosa cells from polycystic ovaries.
Molecular Human Reproduction 10 473-479.

317



15. CONCLUSOES

Os resultados deste estudo permitiram concluir que:

A adicdo de 1 ng/mL de NGF ao meio de cultivo promoveu a manutencdo da viabilidade
e integridade morfoldgica e ultraestrutural de foliculos pré-antrais caprinos ap6s 7 dias

de cultivo in vitro.

A utilizagdo de FGF-10 no meio de cultivo, na concentragcdo de 50 ng/mL, manteve a
viabilidade e a ultraestrutura, além de promover o crescimento de foliculos pré-antrais

caprinos apos 7 dias de cultivo in vitro.

O emprego da insulina assegurou a manutencdo da sobrevivéncia folicular, e quando
adicionada na concentracdo de 10 ng/mL estimulou a ativagdo e o crescimento dos
foliculos pré-antrais caprinos, permitindo ainda a manutencdo da viabilidade e

integridade ultraestrutural folicular durante 7 dias de cultivo in vitro.

A tilizagdo de 10 ng/ml de insulina, promoveu a manutencdo da sobrevivéncia,
formacéo de antro e crescimento folicular. Porém, somente quando a insulina (10 ng/ml)
foi associada ao FSH, houve o favorecimento da retomada da meiose e maior producao
de estradiol, além de aumentar a expressdéo de RNAm para aromatase e receptor de

insulina em foliculos caprinos cultivados in vitro por 18 dias.
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16. PERSPECTIVAS

O uso de técnicas reprodutivas assistidas em cabras tem crescido consideravelmente no
Brasil nos ultimos anos, devido a melhoria dos sistemas de producdo, com o0 maximo objetivo
de fornecer produtos especializados e regularidade para o mercado consumidor. No entanto,
observa-se que, apesar dos avangos da pesquisa cientifica, & necessaria uma aplicabilidade
maior de tais técnicas no campo, diretamente nos sistemas de producédo, com o objetivo final de
disseminar o conhecimento adquirido nos centros de pesquisa.

A biotécnica de MOIFOPA pode ser uma grande aliada, uma vez que é de grande
importancia para a pesquisa fundamental, por contribuir para a elucidagdo dos mecanismos
implicados na foliculogénese nesta fase, e para a reproducdo animal, possibilitando o
isolamento de milhares de foliculos a partir de um Gnico ovério e o posterior cultivo in vitro dos
oocitos neles contidos, até o estagio de maturacéo e fecundacéo in vitro.

A equipe de pesquisa do LAMOFOPA-UECE foi a primeira no mundo a maturar
oocitos e produzir embriGes a partir do cultivo in vitro de foliculos pré-antrais caprinos.
Entretanto, apesar de ter representado um avango na técnica, as taxas de maturacéo de odcitos a
partir de foliculos pré-antrais caprinos bem como de outras espécies, sdo ainda baixas quando
comparadas a o6citos crescidos in vivo puncionados a partir de foliculos antrais. Este fato deve-
se, provavelmente, a falhas no desenvolvimento folicular ocorridas durante o cultivo in vitro.

Inimeros fatores de crescimento e/ou hormdnios, bem como seus receptores e suas vias
de sinalizagdo tem sido identificados trabalhando em conjunto para o desenvolvimento folicular
através de mecanismos enddcrinos, autdcrinos e paracrinos. Os resultados desta tese também
evidenciaram a participacdo do NGF, FGF-10 e insulina no desenvolvimento de foliculos pré-
antrais caprinos cultivados in situ e em foliculos secundarios avangados isolados (com
insulina). Desta forma, as informagdes aqui obtidas poderdo ser utilizadas para aperfeicoar a
elaboracéo e o fornecimento de meios de cultivo capazes de propiciar 6timas condi¢fes para um
completo crescimento folicular, preservando a viabilidade celular e revolucionando a produgdo
in vitro de embribes. Entretanto, estudos complementares poderdo ser realizados visando a
utilizacdo destas substdncias em associacdo e em diferentes momentos de adicéo,
caracterizando um meio de cultivo dindmico, sobre o desenvolvimento de foliculos pré-antrais

in situ e/ou isolados.
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